
Computational studies of the liquid-liquid 
transition in supercooled water

(45 years in 45 minutes)
one molecule – two liquids 


Francesco Sciortino 

Sapienza University of Rome, Italy
francesco.sciortino@uniroma1.it
http://www.roma1.infn.it/~sciortif/

XFEL Virtual Satellite Meetings
 Studying molecular water
Date: Friday, 21 January 2022
Time: 09:00 - 16:30
Organizer: Chris Milne



The “liquid”  in the P-T  plane

Supercooled and stretched liquid states !
(limited by nucleation or dynamic arrest) 

Gas-Crystal



Thermodynamic Anomalies

Supercooling enhances fluctuations…..


TMD



There must be regions with…….

Tetrahedral Linear 
Hydrogen Bonds “less tetrahedral”

Bent (bifurcated) HB
Interpenetrating 

Low Entropy
Large Volume

Large Entropy
Small Volume

Directional interactions
Limited number of bonds
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In the case of water... some 
additional lines.
Let’s focus on the TMD(P) !!!
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Speedy’s thermodynamic 
argument
The re-entrant spinodal
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Vaporizing on constant P cooling !!!!



Interlude: The re-entrant Spinodal #
in a colloidal system: Janus particles



• 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….



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

ST2 model of water

Density Compressibility Specific Heat



1992

Liquid-Liquid critical point hypothesis

The very first data….. (1990)

235 K

290 K

250K

A van der Waals loop at low T !

A different scenario for ST2 water...



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

Liquid-Liquid critical point hypothesis
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Other molecular models:    TIP4P-2005#
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Pc=1861 bar
Tc=172  K  Real (computer) time:

several hundred of cores and GPUs 
running 1.5 years

T=177  K  



TIP4P/Ice#
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Pc=1725 bar
Tc=188.6  K  

Real time (computer time)  - 1 year





TIP4P/2005  
N=36424,  
1.012 g/cm3

TIP4P/Ice
N=10000,
1.015 g/cm3

T=191 K

LSI index  


Structure factor and 
compressibility

Consistence with 
Ising critical 
exponents(𝜈 = 0.63; 𝛾 = 1.26)

30000
molecules



Structural changes close to the critical point



Structural changes on increasing P  (TIP4P/Ice T=188 K  IS)

Low density liquid
      (coexisting)

High  density 
Liquid
(coexisting)

From HDL to VHDL 

High density liquid
      (coexisting)



Chemical Distance =
Smallest number of HB 
connecting two molecules 

A new way to look at  structural changes 
                                                        (in network forming liquids)

Central Molecule

Chemical Distance D=1

Chemical Distance D=2

Chemical Distance D=3

Chemical Distance D=4

Chemical Distance D=5




Central Molecule

Chemical Distance D=1

Chemical Distance D=2

Chemical Distance D=3

Chemical Distance D=4

Chemical Distance D=5


Chemical Distance =
Smallest number of HB 
connecting two molecules 

Looking for structural information

Associating chemical 
distance D to ring length  L 

D =2
L =4

D =2
L =5

D =2
L =6

D =2
L =7
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Molecules far in 
# of bonds but 
close in space !

Possible order 
parameter


Foffi, Russo, Sciortino JCP 2021

P=1800 bar, T=188 K

P=1800 bar, T=188 K

Peak ??
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P=1800 bar, T=188 K, ρ=1.06 g/cm3

P=13000 bar, T=188 K, ρ=1.33 /cm3g
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# of bonds but 
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Possible order 
parameter


R=6 A
Specific 
geometry  of 
dense states




D=4
L=8
R=6 A

D=4
L=8
R=3.2 A 
(σLJ=3.16)

Characteristic geometries….

Interstitial molecules



A closer look at interstitial molecules 

D=3
L=8
interstitial
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A complex scenario of thermodynamic anomalies

density

density

Specific heat

TMD avoids collision with spinodal !



Experiments on  stretched water.  (Caupin)

density

compressibility



Measurements  of KT at 
ambient P

(also Cp .. see Ander’s 
talk)

and older simulations



The liquid-liquid critical point 
scenario  and the amorphous 
phases

Two liquids à Two glasses



Two amorphous states (LDA,HDA) in water 



A comparison between a simulated  “quenched” HDL 
and experimental HDA



How general is the LL phenomenon ? 

Vasisht, V. V.; Saw, S.; Sastry, S. Liquid-Liquid 
Critical Point in Supercooled Silicon. Nat. Phys. 
2011, 7, 549−553.

Simulations:

Water
Silicon
Carbon dioxide
Carbon
Hydrogen
Nitrogen

Experiments:

Water
Triphenill phosphite
Phosphorous
Sulfur
Tin
Tellurium




S8-polymer





Others…. rigid tetrahedral particles 
(interpenetration at work)



Can we create a colloidal water ?#
(directional interactions ‒ softness- 
interpenetration)



Getting closer to the #
real colloidal world

Science  Vol. 351,  pp. 582-586  2016:



Triblock Janus particles  (S. Granick)

(submitted)



Conclusions:

The LLPT hypothsis provides an elegant scenario to 
interpret the origin of the thermodynamic anomalies in 
water (Cp, KT, TMD) as well as of the observed amorphous 
polyAmorphism. 

A liquid-liquid transition has been definitively proved  
numerically for  (several) molecular water models.

Sophisticated experiments (Nilsson’s talk) are entering in 
the no-mans land, providing strong evidence consistent 
with the LLCP.   

Colloidal systems, where crystallization can be tamed, will 
in the future offer a way to carefully  study the LLCP 
physics.

a



Thanks for your attention




