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The Liquid-Liquid Critical Point in Water

Supercooled Water....

The anomalies

The early explanations

The liquid-liquid critical point hypothesis

Some experimental results supporting the LLCP
idea

The recent debate

Some recent results
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Why supercooling is possible 7
Classical Nucleation Theory
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Why do we care about
supercooled water ?

Thermodynamic anomalies
becomes pronounced on
supercooling !






Ice Is less dense than water....
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TOPICAL REVIEW

Supercooled and glassy water
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Figure 3. A schematic comparison of the isobaric temperature dependence of the density p, thermal
expansion coefficient o, isothermal compressibility K7 and isobaric heat capacity ¢, for water and
a simple liquid.
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There must be (at least) two local
structures
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Red/Blue: Large/Small Local Density
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Supercooling enhances fluctuations
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Supercooled water




The early explanations......
* Re-entrant spinodal (Speedy)

* Percolation of fully bonded molecules
(Stanley-Teixeira). Singularity Free
Scenario



Anomalies in bulk supercooled water at
negative pressure
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What happen in the no-man
region?

Why fluctuations are increasing in supercooled states ?
(do fluctuations keep increasing on cooling ?)

Several scenarios are possible

Smooth cross-over from dense to less dense configurations at all P
Abrupt cross-over from dense to less dense configurations P> Pc



Computer simulations....
Classical models for water

ST2
SPC/E
TIP4P, TIP4P/2005

(+ lattice models)



Search for the origin of the anomalies via computer simulations (1990)
ST2 model of water

e ST2 water pair potential of Stillinger and
Rahman (JCP, 1974).

* Five-site rigid molecule: one O atom,
two H atoms, and two “lone pair” sites.

* Direct interactions smoothly tapered to
zero. Long-range electrostatics
approximated by reaction field method
(“ST2-RF*). . __
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Why Simulations

Clean Samples (no impurities)

Small samples (200-1000 water
molecules)

Relatively short times (ms)

NO SPONTANEOUS CRYSTALLIZATION
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Density minimum and liquid-liquid phase transition
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Two (or more) disordered solid forms (glasses)

http://www.nims.go.jp/water/ Osamu Mishima
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Liquid-liquid phase transition in supercooled water
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density 4
glass
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Two forms of Tg .

amorphous ice

Widom line LDL = low density liquid
HDL = high density liquid

temperature

* Poole, Sciortino, Essmann, Stanley, Nature (1992)



Why is this hypothesis worth investigating ?

 New phenomenon, perhaps not only limited to water
(what are the ingredients to generate a LL critical point?)

(Franzese, Jagla, Buldyrev, Gallo, Sastry, Angell, ..... )
« Explains the anomalies in water as originating from the
LDL-HDL critical point. A link between the LL-CP and

ambient T properties.

- Rationalize the amorphous polymorphism phenomenon



Structures of High-Density and Low-Density Water
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FIG. 1. Values of the measured OO partial structure factors
of water at 268 K and pressures of 26 MPa (a = 0.4) (b),
209 MPA (a = 0.63) (c), and 400 MPa (@ = 0.8) (d) for
several O values. The remaining curves (@) and (e) corre-
spond to the linear extrapolation of these data to @ = 0.0 and

a = 1.0, respectively, corresponding to number densities 0.0295
and 0.0402 molecules/A°, respectively. The circles show the
measured or extrapolated data as appropriate, while the lines
show EPSR fits to these data.

in each phase (Fig. 3). Here we discover that the first
coordination shell is tetrahedral in shape for both high-
and low-density forms of water. The coordination number
of this shell is about four water molecules in each case.
The second shell retains its overall orientational symmetry
between the two forms, but for LDW it sits at approxi-
mately the tetrahedral distance (~4/8/3 times the near
neighbor distance), while for HDW it has substantially col-
lapsed, to a point where it is almost coincident with the first
shell. This also implies that the distribution of the O-O-O
angle between three neighboring molecules is almost flat
in HDW, while it is peaked at ~70° in LDW (data not
shown). The evidence here supports therefore the no-
tion that water can exist in two distinct structural forms,
depending on the density. The primary distinction be-
tween these forms is the distance of the second shell away
from the first, and the breaking of the hydrogen bonds
between the two shells which occurs in HDW.
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Evidence of two distinct local structures of water
T T e from ambient to supercooled conditions
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Figure 4 | Water spectrum and vibrational components. The Fourier
transform of the time-dependent OKE response, I'Q(w), is directly related to
the frequency-dependent spectrum measured in the dynamic light-
scattering experiments. The imaginary part of the Fourier transform of the
HD-OKE data (open circle), after which the contribution of the instrumental
function has been removed by de-convolution, and of SMC fits (red line) at
247, 258, 273, 293 and 313K are reported. The SMC model enables to
disentangle the dynamical features that generate the simulated response
function. The contributions of the three slave correlators are reported in the
figure as magenta-blue-orange lines. Moreover, a simple damped harmonic
oscillator (dark yellow) has been added to the SMC response to reproduce
the very high-frequency vibrational contributions (v>400 cm ~); this does
not affect the response function in the lower frequency range, where the
dynamics relevant to our investigation takes place. The simulation of
HD-OKE data by SMC model requires two vibrational modes to fit the
intermolecular stretching band of water (blue and orange lines). The
characteristics of these two modes are clearly different in terms of
spectrum shape and temperature dependence.

»

conswt of aggregates of a small number of molecules; being
mostly localized in space (at least in the temperature range
investigated), their dynamics show negligible coupling with the
structural relaxation. The two local configurations of liquid water
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Pressure Dependence of Fragile-to-Strong Transition and a Possible Second Critical Point
in Supercooled Confined Water
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FIG. 3 (color online). The pressure dependence of the FS
dynamic transition temperature, 7;, plotted in the P-T plane

p,...l...mom . | Pressure2000bar e (solid circles). Also shown are the homogeneous nucleation
(e) temperature line, denoted as T [25], crystallization tempera-
Py 3 . tures of amorphous solid water [26], denoted as Ty, and the

temperature of maximum density line, denoted as TMD [27].

: *  Experiment Data /
L rakeledene ] lee o Gudears This experimental result further supports that the FS tran-
e ‘ sition we observed at 225 K at ambient pressure is caused

FIG. 2 (color online). Temperature dependence of (7r) plotted by the crossing of the Widom line in the one-phase region
in log({(r7)) vs To/T or 1/T. Data from ambient pressure, 400,

800, 1200, 1600, and 2000 bars are shown in panels (a), (b), (c), above the critical point [23].
(d), (e), and (f), respectively.
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Experimental Evidence for a Liquid-Liquid Crossover in Deeply Cooled Confined Water
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(Received 16 June 2014; published 21 November 2014)

T In conclusion, the pressure-dependent ENS data pre-
141 (a) ‘j sented in this work shed light on the physical state of
i - deeply cooled water confined in the 3D disordered SiO,
12 =71 7 matrix and, together with calorimetric data, provide new
10 _ 7 - ) experimental evidence of the presence of a crossover in the
i - | behavior of confined water occurring at about 230 K. In
N’i 8k ,»{' _ fact, at 210 K water is in a liquid state, as shown by the fact
o | _e”" | that it exhibits an anomalous pressure effect (increasing
g 6 L _-"® _ MSD as pressure is increased) and confirmed by the
| 8- d thermodynamic transitions probed by DSC; however, the
T S —— § - comparatively small pressure effect indicates the presence
P == .§- ---- % """ % . of an almost fully developed, locally icelike, hydrogen
2 © . bond network less deformable by pressune and sug
00 1 i 1 i 1 1 " 1 1 1 s l i ‘ : :
0 200 400 600 800 1000 1200
P/ bar : ally |
. tetrahedrally ooordmated hydrogen bond network is not
p - FIG. 2 (color online). (a) MSD. and (b) R(P)= fully developed and is therefore more deformable by a
. MSD(P)/MSD(P = 20 bar) as a function of pressure. Black
- open circles, T = 210 K red circles, T = 250 K. Dashed lines
are linear fits.
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Water's second glass transition

Katrin Amann-Winkel®', Catalin Gainaru®', Philip H. Handle®, Markus Seidl®, Helge Nelson®, Roland Bohmer®,
and Thomas Loerting®

“Institute of Physical Chemistry, University of Innsbruck, A-6020 Innsbruck, Austria; and Prakultat Physik, Technische Universitat Dortmund, D-44221
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an observation ruling out a connection of water’s “old” ambient-
pressure glass transition at T ; ~ 136 K with the recently re-
ported high-pressure glass transitions of water (12-15). That is,
the single 7 scenario in Fig. 14 does not describe water. Instead,
- we suggest that the here-reported 7, at ambient pressure con-
y, Blgoooag o133 nects with the high-pressure glass transition, whereas the liquid
N S S emanating from LDA is thermodynamically not continuously
connected with high-pressure water, in accord with the double T
scenario depicted in Fig. 1B and with simulations of the ST2
water model, but not of the SPC/E model (17). Just like in our
experiments, ST2 water shows the low-pressure glass transition

dielectric loss € (a.u.)

./B  LDA-LDL-I

10 T a1 a1 a1l lc A

10* 10" 10° 10 10° 10° 10°
frequency v (Hz)

Fig. 3. Dielectric loss spectra of (A) HDL and (B) LDL are plotted as con-
nected open symbols for several temperatures. (A) At 126 K the plusses re-
flect measurements acguired while HDL transforms to LDL. The crosses
demonstrate that the relaxation in LDL is slower than in HDL. For compari-
son, the dielectric loss spectrum of ultraviscous glycerol (at T = 196 K, loss
divided by 60) (44) is added (dashed line). (B) The transformation of LDL to
cubic ice (stars) takes place above 151 K and is recognized from a shift of the
spectra to lower frequencies.
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Observation of fragile-to-strong dynamic crossover
in protein hydration water
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water at ambient pressure (15). The Widom line is originated
from the existence of the second critical point of water and is the

50
T(K)

extension of the 11qu1d—11qu1d coex1stence lme into the one—phase

B reglon Therefore
10 3 - | V 5 xre
2 ThlS dynamlc crossover, when crossmg the Wldom line, causes
el the layer of the water surrounding a protein to change from the
v “more fluid” high-density liquid form (which induces the protein
ol 'p" " S rosult to adopt more flexible conformational substates) to the “less
. 2 . T Arhenius law
06 0.7 08 0.9 1.0 11
T, T=176 K

Fig. 3. Evidence for the dynamic transition. (A) The temperature depen-
dence of the mean-squared atomicdisplacement of the hydrogen atom at 2-ns
time scale measured by an elastic scan with resolution of 0.8 ueV. (8) Tem-
perature dependence of the average translational relaxation times plotted in
log({rr}) vs. To/ T, where Tyis the ideal glass transition temperature. Here, there
is a clear and abrupt transition from a Vogel-Fulcher-Tammann law at high
temperatures to an Arrhenius law at low temperatures, with the fitted cross-
over temperature T; = 220 K and the activation energy £5 = 3.13 kcal/mol
extracted from the Arrhenius part indicated in the figure.
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Glass Transition in Biomolecules and the Liquid-Liquid Critical Point of Water

Pradeep Kumar,' Z. Yan,' L. Xu,! M. G. Mazza,' S. V. Buldyrev,”' S.-H. Chen,’ S. Sastry,* and H. E. Stanley’
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*Javaharlal Nehru Center for Advanced Scientific Research, Jakur Campus, Bangalore, 560061, India
(Received 29 May 2006; published 27 October 2006)

Y- — —
220 2% 0 %0 0 W W 3h v W
T(K) TI(K)

FIG. 2. The specific heat of the combined system (a) lysozyme
and water and (b) DNA and water display maxima at 250 * 10
and 250 * 12 K, respectively, which are coincident within the
error bars with the temperature 7, where the crossover in the

behavior of {x?) is observed.
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Simulations of Supercooled Water
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Two-state thermodynamics of the ST2 model for supercooled water
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PHASE-BEHAVIOR OF METASTABLE WATER
By: POOLE, PH; SCIORTINO F ESSMANN U; etal.
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B The putative liquid-liquid transition is a liquid-solid transition in
atomistic models of water

David T. Limmer! and David Chandler!® “*) Download

+ VIEW AFFILIATIONS

a) Electronic mail: chandler@berkeley.edu.

J. Chem. Phys. 135, 134503 (2011); http://dx.doi.org/10.1063/1.3643333

...... This result excludes the possibility of the proposed liquid-liquid critical point for the
models we have studied. Further, we argue that behaviors others have attributed to a
liquid-liquid transition in water and related systems are in fact reflections of transitions
between liquid and crystal. © 2011 American Institute of Physics.
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three variants of the ST2 model at temperatures where others report evidence of liquid-liquid coexistence for
nce require changes in convexity, as re-weighting through Eq. (2) in that case can produce two basins of equal
he value p + Ap at which there is equal statistical weight. For the three variants considered, the only changes
een a liquid (low Qg) and a crystal (high Qg). (a) Free energy for the ST2a variant at 7 = 230 K and p = 2.2
variant at 7 = 230 K and p = 2.2 kbar with N = 216. (c¢) Free energy for the ST2c variant at T =235 K and p
of the different variants. Contour lines are separated by 1.5kg T and statistical errors over the surfaces average
ge with system size. For example, as N grows, the mean value of Qg in the liquid basin will vanish as 1/N'/2,




Response:

Prove that Chander’s calculations
are wrong (Poole, Debenedetti and coworkers)

Better understand the connection between
crystal formation and liquid-liquid transition



Metastable liquid—liquid transition in a molecular
model of water

Jeremy C. Palmer, Fausto Martelli, Yang Liu, Roberto Car, Athanassios Z. Panagiotopoulos
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Free energy surface of ST2 water near the liquid-liquid phase transition
Peter H. Poole, Richard K. Bowles, Ivan Saika-Voivod, and Francesco Sciortino
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Nanoscale Dynamics of Phase Flipping
in Water near its Hypothesized
Liquid-Liquid Critical Point
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Study of the ST2 model of water close to the liquid-liquid critical point
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Colloidal Molecules
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cross-linked polymer particles

Colloidal molecules with well-controlled bond angles+

Daniela J. Kraft,” Jan Groenewold and Willem K. Kegel

Soft Matter, 2009, 5, 3823-3826 | 3823
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Phase behavior and critical activated dynamics of
limited-valence DNA nanostars
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We are starting to “build”
molecules with valence 4

Can we learn
something about
Liquid-liquid
transitions with
these new tetrahedral
particles ?
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AST AS= S, -Squig

S, --—- Vibrational Entropy

S;.q - Vibrational Entropy + “Configurational Entropy”

The crystal is stable when it has a vibrational
entropy sufficiently large to compensate for
the configurational entropy of the fully bonded
disordered fluid network !

The more directional the bonding is, the larger is S, -S;4

This suggests that, going in the opposite direction, adding
flexibility can EVEN change sign to S, —S;,,; and provide
stability to the liquid phase !!!!
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Liquids more stable than crystals in particles with
limited valence and flexible bonds
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Role of the bond flexibility on the phase behavior
(at a fixed intermediate softness)
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Erasing no-man'’s land by thermodynamically
stabilizing the liquid-liquid transition in
tetrahedral particles

Frank Smallenburg', Laura Filion? and Francesco Sciortino'



Intermediate bonding angles....
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i-m Effect of flexibility on melting temperature

"and liquid-liquid critical temperatlre
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New work Conclusions

Bond flexibility is the key parameter controlling
crystallization in diamond structures.

The liquid-liquid phase separation is a genuine
feature of tetrahedral particles interacting if some
interpenetration (softness) is allowed

For the ST2 model, a very mild addition of flexibility
Is sufficient to invert the relative stability of ice | and
liquid(s the reflection of a
transition between liquid and crystal



Conclusions...... after 20 years ....

We still do not know for sure if there is a
LL critical point in water... (but two distinct Tg)

We do know much better under which conditions
tetrahedral interacting particles do show a
stable or metastable LL transition

Can the LL transition have biological relevance ?
(if it is the source of the anomalies....).
How relevant is confinement in namoscopic pores ?
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