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Tetrahedral structured: H20O, SiO2, BeF2, etc
Compounds: Y203-Al203, Fe-Co, Ce-Al, etc
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Materials share similar anomalous properties
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Materials share similar anomalous properties
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Materials share similar anomalous properties
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Materials share similar anomalous properties
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Understanding water anomalies

Scenarios and views
(with or without second critical point)

Liquid-liquid critical point (Stanley)
Two-state model (Anisimov)
Two-order parameter model (Tanaka)
Spinodal reentrant (Angell & Speedy)
Singularity-free (Sastry & Debenedetti)



Challenges remains to detect experimentally
Liquid-liquid hypothesis
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Can we construct a simple model that shows
stable LLCP and captures water-like anomalies?

How to understand properties of water in terms
of isotropic two-scale interactions

How confinement and surface chemistry affect
the anomalous properties and phase behaviors?



! Can we construct a simple model that shows
stable LLCP and captures water-like anomalies?

! How to understand properties of water in terms
of isotropic two-scale interactions

! How confinement and surface chemistry affect
the anomalous properties and phase behaviors?




Characteristics of model

> Accessible liguid-liquid critical point
(Testity the liquid-liquid phase transition hypothesis)

> Water-like anomalies
(Map simulation result to experimental results)



What makes water water
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Spherically symmetric potentials
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Characteristics:

® Coarse-grained spherical symertrical potential
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L. Xu et al., Phys. Rev. E 74, (2006)
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Equation of State
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Liquid polyamorphism
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Two glasses upon cooling
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Two glass states obtained upon cooling
Low density liquid = Low density amorphous (LDA)
High density liquid = High density amorphous (HDA)

Xu et. al., JCP (2009)



Phase diagram

| T
0.3 HDA _
I e LLCP (0.37,0.24) 1
mc\u | LDL spinodal 4= qqed® |
> 0.2 = .
5 B .l. O
2
= i P o
3 o1l LDA . 5 oL ]
=k &8 3
B £
0.0 _
L | | | | |
0.2 0.4 0.6

T in units of Uo/kB

Stable liquid-liquid
critical point (LLCP)

Density anomaly
(TMD and TmD)

LDA and HDA

Xu et al., J. Chem. Phys. , 2009; Xu et. al., J. Chem. Phys. 2011



Changes in thermal response functions
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Changes in compressibility
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Changes in structures: orientational order
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Changes in structures: translational order
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Changes in dynamics
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! Can we construct a simple model that shows
stable LLCP and captures water-like anomalies?

! How to understand properties of water in terms
of isotropic two-scale interactions

! How confinement and surface chemistry affect
the anomalous properties and phase behaviors?




Compare computation results with experiment
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Detection of second critical point in experiment
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Fractional Stokes-Einstein relation and its breakdown
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107 10° 10° 10

“ There exists a fractional Stokes-Einstein relation, the
breakdown temperature Tx~290K

“ Breakdown of Stokes-Einstein relation Tx~290K > Tw > Tg, not
directly associated with the Widom line

Xu et al., Nature Physics 2009



Changes in structure and breakdown of SER (EXP)
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= SER breakdown occurs at temperature where the local
structure of water changes

= Near the Widom line temperature, structure change is a
maximum



Low density glass to high density glass transition

Formation of new high density glasses by compression and
decompression along constant pressure

L. Xu et. al, J. Chem. Phys. 134, 064507 (2011)



Polyamorphism
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Mishima, L. D. Calvert, and E. Whalley, Nature (London) 310, 393
(1984)

HDA is stable at low pressure upon decompression

L. Xu, S. V. Buldyrev, N. Giovambattista, C. A. Angell, H. E. Stanley, JCP (2009)



Stability of liquid-liquid critical point and polyamorphism
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How to understand anomalies with two scales

Hard core

Potential energy U(r)

Linear ramp

Distance between particles r



Two “competing” length scales
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Temperature (K)

Materials with different types of coexistence line
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Supercritical phenomenon in different transitions

Liquid-gas transition _iquid-liquid transition
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Tracing critical point from supercritical region along
the Widom can be a rather general approach

Luo et. al., Phys. Rev. Lett. PRL 112, 135791(2014)



Conclusion | & 11

The two-scale model can reproduce water-like anomalies

Thermodynamic and dynamic quantities shows changes
upon crossing the Widom line, not upon crossing the
coexistence line

Provide a way for experiments to locate the possible
existence of liquid-liquid critical point

Maybe not hydrogen bond, not tetrahedral local structure,
but the two-scale matters for some of water-like
anomalies?



! Can we construct a simple model that shows
stable LLCP and captures water-like anomalies?

! How to understand properties of water in terms
of isotropic two-scale interactions

! How confinement and surface chemistry affect
the anomalous properties and phase behaviors?




Bulk and confined water
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Question:

s the phase diagram for confined system good to
represent the phase diagram of bulk water?



Difference between bulk and confined system

Bulk liquid: temperature T, pressure P

Confined liquid:

0]
€ [nfinite plates; T,P,D Pl kMO
€ Finite plates: T, P, D, R

€ Confined effect and surface interaction effect




Surface chemistry: hydrophobic or hydrophilic
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Effect of confinement on density anomaly

Hydrophobic Hydrophilic
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Hydrophobic surface: phase diagram shifts to low-temperature

Hydrophilic surface: phase behavior is not significantly affected

G. Sun, N. Giovambattista, L. Xu, J. Chem. Phys. (2015)



Equation of state for hydrophilic confinement
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Confinement effect on liquid-liquid critical point
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Confinement effect:
= second critical point shifts to high pressure when strongly confined
= phase behavior approaches to that of bulk liquid at larger separation

G. Sun, N. Giovambiattista, L. Xu, J. Chem. Phys. (2015)



Surface chemistry effect on liquid-liquid critical point

O - - o - - - -
Lwllilllll‘d():lo O3———T——71T——7T T 71— 7T T 1 71
Il
ﬁO.Os_ydrophot?lc . md =15 o
: | : L (44720 5, :
= 0af l - 1«
" ' hydrophilic T
e : = 0.1 .
A 1 O
FU 0.15F ! 1 ~
IQ | ._‘_./:/. | Q-‘U
— I ~
~ 02 : - 0 -
i [ i WY R ST RSN R SR AT R R
o5l L+ 1| N N R N T B 0O 01 02 03 04 05 06 07 08 09
0 01 0203040506070809 1 1.1 8/80

€ /80

Hydrophobic: Critcal point move to lower temperatures
Hydrophilic:
sSevere confinement, Tc lower than that of bulk

= Under not severe confinement, Tc 1s not much affected



Summary

v’ Phase behaviors depends on confinement and chemistry of surface

v'Hydrophilic confinement effect:

¢ No significant effect on the phase diagram for systems with more than 10
layers of water molecules

¢ Drastically changes the phase behavior for severe confined systems
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