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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 



Supercooling…… 
•  The equilibrium phase diagram 



Supercooling…… 
•  The red dots 



Why supercooling is possible ? 
Classical Nucleation Theory 



https://www.youtube.com/watch?v=wzHXiGdMvkU 



Why do we care about 
supercooled water ? 

Thermodynamic anomalies 
becomes pronounced on 

supercooling !  



Water is an unconventional liquid (anomalies) 

One of these anomalies is well known to all of you !    



Ice is less dense than water…. 



http://www.lsbu.ac.uk/water/anmlies.html 





Thermodynamic Anomalies 

Supercooling enhances the fluctuations….. 



There must be (at least) two local 
structures 

Tetrahedral 
Linear Hydrogen Bonds 

“less tetrahedral” 
Bent, distorted, bifurcated 
Interpenetrated  

Low Entropy 
Large Volume 

Large Entropy 
Small Volume 



Red/Blue: Large/Small Local Density 



Why don’t we keep supercooling ? 
The black barrier disappears ! 

Size of the nucleous 



But crystallization 
prevails below -38 C 



The early explanations…… 

• Re-entrant spinodal (Speedy) 

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



Stretching water….. 



Speedy Reentrant Spinodal 



Singularity Free 



What happen in the no-man 
region? 

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

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

Several scenarios are possible 



Computer simulations…. 

Classical models for water 

ST2 

SPC/E 

TIP4P, TIP4P/2005 

(+ lattice models) 



• 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”). 

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

This model reproduces the anomailies…. 



The ST2-RF model reproduces the anomalies…. 
ST2 
EXPERIMENTS 

Density Compressibility  Specific Heat 



Why Simulations 

• Clean Samples (no impurities) 
•  Small samples (200-1000 water 

molecules) 
• Relatively short times (ms) 

• NO SPONTANEOUS CRYSTALLIZATION  



The very first data….. (1990) 

235 K 

290 K 

250K 

A van der Waals loop at low T !!!!! 

Calculating the equation of states at low T  



1992 

P.H. Poole, I. Saika-Voivod, 
F. Sciortino 
Density minima and the 
liquid 
Liquid phase transition  
J. Phys. Cond. Matt.17, 
L431-L437, 2005 

   

P. H. Poole, F. Sciortino, U. 
Essmann, H. E. Stanley 
Phase behavior of metastable water 
Nature 360, 324-328, 1992 

235 K 

290 K 

250K 



A complex scenario of thermodynamic anomalies 
                          (Widom line) 



Two (or more) disordered solid forms (glasses)
… 

http://www.nims.go.jp/water/ Osamu Mishima 

V-HDA LDA 



Liquid-liquid phase transition in supercooled water

temperature 

pr
es

su
re

 
LDL 

gas 

liquid 

HDL 

Tg 

high 
density 
glass 

low 
density 
glass 

Tm 

LDL = low density liquid 
HDL = high density liquid 

Widom line 

O. Mishima,  
http://www.nims.go.jp/water/ 

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

Two forms of 
amorphous ice 



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 



Experiments – two forms 



Experiments: two forms 



Experiments: confinement 



Experiments: confinement 



Experiments: from the amorphous glass side 



Relevance to protein (glass transition)  ? 



Relevance to protein (glass transition) ? 



Recent two-state 
models with LL CP 



From review to recent results…. 









Response: 

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

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



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





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

A new direction: Colloidal Physics 



Colloidal Molecules 

Monomer swollen 	

cross-linked polymer particles 	




How to make a “flexible” tetrahedral fluid 
(Seeman, Luo) 





We are starting to “build”  
molecules with valence 4   

Can we learn  
something about 

Liquid-liquid  
transitions with 

these new tetrahedral  
particles ? 



What is controlling crystallization in an open diamond structure 
Which model parameters ?  

Small angle widths favor crystallization !    
Why ? 

Crystal 
States 

Arrested 
(glass) 
states 

   
Flavio Romano, Eduardo Sanz and FS 
Crystallization of tetrahedral patchy particles insilico 
J. Chem. Phys. 134, 174502 (2011)  



ΔS….            

Sxt    --- Vibrational Entropy 

Sfluid --- 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 Sxt -Sfluid 

This suggests that, going in the opposite direction, adding  
flexibility can  EVEN change sign to Sxt –Sfluid and provide 
stability to the liquid phase !!!! 

ΔS= Sxt -Sfluid  



No liquid phase   
at low T 



Liquid phase stable down to low T !!!!!!  



Can  we continuously go from a metastable LL critical point to  
a stable LL critical point by destabilizing the crystal ? 



The water and silicon 
case (possibly) 

“directional bonds” 

Role of the bond flexibility on the phase behavior  
             (at a fixed intermediate softness) 

(flexibility typical of water and silicon) 



Search for 
intermediate flexibility 
valence four colloidal 
particles  

Intermediate bonding angles…. 



Does it also apply to (ST2) water ? 

A continuous 
modification  
of the ST2 model 



Flexibility and structure 

Ivan Saika-Voivod, Frank Smallenburg, and FS 
Understanding tetrahedral liquids through patchy colloids 
J. Chem. Phys. 139, 234901 (2013) 



Evidence of the LL CP  
in ST2 and with  
added flexibility 

P(N) SUS GCMC 



The original 
ST2 case  High density liquid 

Low density liquid 



The original 
ST2 case  High density liquid 

Low density liquid 



The original 
ST2 case  

The flexible 
ST2 case 

High density liquid 

Low density liquid 

Low density liquid 

High density liquid 



ST2 Effect of flexibility on melting temperature 
          and liquid-liquid critical temperature 





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 I and 
liquid(s). The LL in ST2  is NOT the reflection of a 
transition  between liquid and crystal* but a genuine 
                         second order transition)    



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 ?   



Collaborators:   too many ! 

The most recent 

Laura Filion,  Frank Smallenburg (Rome, Utrecht) 

Peter Poole, Ivan Saika-Voivod (Canada) 

Francis Starr (US)  

Thanks for your attention ! 


