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Lecture	  I	  
 

Nuclea5on	  and	  the	  	  
rare	  event	  problem	  in	  
molecular	  simula5ons
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1. First	  order	  phase	  transiHons	  	  	  

2. NucleaHon	  and	  growth	  

3. Time	  scale	  problem	  in	  molecular	  simulaHon
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Fahrenheit’s	  discovery

Daniel	  Gabriel	  Fahrenheit	  	  
*	  	  1686	  Danzig	  
†	  1736	  Den	  Haag

D.G.	  Fahrenheit,	  Proc.	  Roy.	  Soc.	  London	  33,	  78	  (1724)	  



Stöckel, Weidinger, Baumgärtel, Leisner, J. Phys. Chem. A 109, 2540 (2005)

J = nucleation rate 

Fahrenheit’s	  experiment	  revisited



Record	  low	  temperature	  for	  water

liquid droplet at -46° Celsius

J.A.	  Sellberg	  et	  al.,	  Nature	  510,	  381	  (2014)



Supercooling	  occurs	  in	  many	  substances

D. Turnbull, J. Chem. Phys. 20, 411 (1952)  
U. Gasser, E.R. Weeks, A. Schofield, P.N. Pusey, D.A. Weitz, Science 292, 258 (2003)  
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Classical	  nuclea5on	  theory
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J = c exp{���G⇤}

Nuclea5on	  rate

Tm	  =	  melHng	  temperature	  
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Molecular	  dynamics	  simula5on

ṗi = Fi(q)

q̇i = pi/mi



Modelling	  water

QMC DFT atomisHc	  
(SPC,	  TIP3P,	  TIP4P,..)	  
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Long	  5me	  scales

Experimental nucleation rates J = 104-109 cm-3 s-1

N = 1000 
V = 3 x 10-20 cm3 

1 event per  1010-1015 sec 
1025-1030 MD steps

≈30 Å



Crystalliza5on	  of	  supercooled	  water

P. Geiger and C. Dellago, JCP (2013)



Cavita5on	  -‐	  water	  at	  nega5ve	  pressure

snapping	  shrimpcavitaHon	  at	  propeller

r
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P=-120 MPa
P=296 K
N=2000



Free	  energy	  of	  bubble	  nuclea5on
βF

p = -105 MPa p = -135 MPa p = -165 MPa



Structural	  transforma5on	  in	  CdSe

Wurtzite

2.5	  GPa

S. H. Tolbert and A. P. Alivisatos, JCP 102, 4642 (1995); Science 265, 373 (1994)
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Forward	  and	  backward	  transi5on

M. Grünwald and C. Dellago, Nano Lett. (2009)



Transforma5on	  kine5cs	  -‐	  long	  5me	  scales

K. Jacobs, D. Zaziski, E. C. Scher, A. B. Herhold, and A. P. Alivisatos, Science 293, 1803 (2001) 



Processes	  dominated	  by	  rare	  events

chemical	  reacHons

phase	  transiHons

protein	  folding transport/ion	  channels

surface	  processes



Rare	  but	  important	  events

τrxn τmol

Time scale gap:  τrxn     τmol    

ΔF ≫ kBT 


