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Hydrophobicity 

          

       

Attraction vs 
repulsion 

Wetting vs  
de-wetting 
 

1 2 

(water-surface)attraction  << (water-water)attraction 

Qc= contact angle 

Qc < 90o Qc > 90o 

Can be Has to be 

Δγ = γsl - γsv =  - γ cosΘc Young eq. 



              What water does next to hydrophobic particles ? 
                                            Size matters ! 

             small                                                                    large 

Luzar, Faraday Disscuss. (1996); Berne, PNAS (1996); Lum et al, J. Phys. Chem. (1999) 

(not larger than correlation 
length of solvent) (extended mesoscopic 

nonpolar surfaces) 

< nHB >surface ~ < nHB >bulk	


Direct exp. observation:  
Soper & Finney, PRL (1993); 
Soper & Luzar, J. Phys.  
Chem. (1996) 

Entropic cost, 
No significant 
energetic effect 

< nHB > = f(x)	


Geometric restriction; 

# of molecules ABLE to 
form H bond reduced 

Pronounced energetic effect 



How much is H bonding 
reduced ? 

Surface vibrational spectroscopy 
(Shen et al, Science 1994) 
Computer simulations 
(Rossky et al, J. Chem. Phys. 1984) 
Analytical models  
(Luzar et al, Chem. Phys. Lett. 1983)  
 

~ 25 % 

Each H2O sacrifices one bond (~ 7 kBT)      Energy change > VDW attraction   
                           with the surface 

Cheng & Rossky, 
Nature, 2000 

Less favorable water-water 
binding energy: 

EWW(bulk) ~ -20 kcal/mol 

EWW(interface) ~ - 14 kcal/mol 

inverted 
clathrate 

  Melittin-dimer 

(bad energy associated with surface tension) 
Free energy penalty 

 Nano length scales 



What happens if water is confined between two hydrophobic surfaces ? 

Water in confined spaces…… 

H2O 

H2O 
H2O 

H2O 
H2O 

H2O 

H2O 

H2O H2O 

H2O 

H2O 

H2O 

Depletion of H bonds 

Anisotropy of local pressure & 
possible “cavitation” (evaporation) 

Give rise to attractive 
forces between surfaces Spontaneous nucleation of vapor phase (cavity) 

in water between hydrophobic surfaces: 
• Formation of self-assembly 
 



                            Thermodynamic argument: 
 
Competition between bulk energetics (favoring the liquid phase) 
 
                      and surface energetics (favoring the vapor) 

vs	
 liquid vapor D	


L	

surface-induced phase transition 

Wl ~ - PV + 2L2γsl  =  Wv ~ -PvV + 2L2γsv + bLDγ	


finite lateral size 

P = bulk pressure 
Pv<< P = pressure of coexisting vapor 
V = L2D = volume of confined fluid 
b = geometry-dependent constant O(1) 
Δγ= γsl - γsv =  - γ cosΘc 

 

Lum & Luzar, Phys. Rev. E 1997 

  
DC =

2Δγ
P + bγ / L

Creation of 
liquid/vapor 
interface 

L       0;   Dc       L 

L        ; Kelvin eq.; Dc       cosΘc 

∝
∝∞



 	
Density in  
confinement 

Surface 
separation 

DC 

liquid vapor 

 

Equilibrium treshold separation (Kelvin eq.): 

DC  = 2(γsl – γsv)/ ρΔµ  ~ 2(γsl – γsv)/ P 
          surface      liquid     chemical    pressure 
           tension     density    potential 

H2O between hydrocarbon surfaces: DC ~ 102 nm 

Experiments (SFA) 
detect water well below 
100 nm ! ? 
Christenson & Claesson, Adv. 
Colloid 

 Interface Sci. (2001) 

 



 	


Surface 
separation 

liquid vapor 

vapor 

Liquid 

 0               <N> -NV 

ΔG* 

Activation barrier 
ΔG(N) 

Density in  
confinement 

                                              equilibrium 
vapor                  liquid    metastable 	

	

     DC        DC  
  kinetic                   	


Activation barriers inaccessible to direct measurements              Time & 
length scales over which drying transition spontaneously occurs not      
well characterized! 

•  How high is the barrier, ΔG* = ? 

•  How ΔG* scales with surface separation D ?  

•  When is spontaneous evaporation of water in a hydrocarbon-like   
confinement kinetically viable ? 



ΔG*(kT) 

D/a 

ΔG*       D2 

� 

∝

role of contact angle 

  

Extrapolating to 
lower contact angles 

Free energy barrier scaling 

 SPC water for infinite plate geometry 

What do these scaling results imply? 
 
In most naturally occurring systems  
cannot expect to observe  
spontaneous evaporation, except  
from molecular-sized confinements in  
which barrier to evaporation becomes 
thermally accessible 

Luzar, J. Phys. Chem. B (2004) 



•  Understanding hydrophobic forces in nature where multiple length scales are 
present: 
Hydrophobic interaction = solvent induced interaction            traditionally  
                                                    explained by equilibrium thermodynamics 
(reversible work for changing areas of solutes exposed to water) 

vapor 

water ΔG* 
            D = 1.4 nm 

       ΔG* ~ 20 kBT 

    Rate (for micron  
sized area):             

    ~ O(1 x 1011 s-1) 

Metastable 

D ~ 2 – 3 nm 

ΔG*     D2 

Rate ~ O(1 x 10-11 s-1) Hydrophobic 
interaction under 
kinetic control ! 

� 

∝

Leung, Bratko and Luzar, 
Phys. Rev. Lett. (2003) 



Biological relevance of confinement induced capillary 
evaporation?? 



22 July 2004 



Water..now you see it, now 
you don’t 

A computer simulation study of water drying at the interface of protein chains 

Hang et 
al, JCP 
2004 



Selection of Proteins 
 

Employing	  a	  scoring	  func1on	  based	  on	  distribu1on	  of	  hydrophobic	  
residues	  on	  surfaces	  forming	  confinement	  to	  screen:	  
400	  dimer,	  tetramers	  and	  	  mul1-‐domain	  proteins	  in	  PDB	  
	  
Picked: 50 top candidates (10 tetramers, 20 dimers, 20 multidomain proteins) for 
all-atom simulations"
"
 direct observation of “dewetting”: 2 tetramers, 4 dimers, 1 multidomain 
protein………….but not in most other candidate systems although they got high 
hydrophobic score.!

L 
Hua, X. Huang, P. Liu, R. Zhou and B. J. Berne, J. Phys. Chem. B 111, 9069 
(2007); Berne, Weeks and Zhu, Annual Rev. Phys. Chem. 2009 



~18oCθ

A B 

Why melittin tetramer is so special? 

Grey – hydrophobic 
residues 

Green & Blue – 
hydrophilic residues 

Wang, Bratko 
and Luzar, 
PNAS 2011 



Melittin tetramer all atom simulations - Dc for cavitation: 
1) Liu, Huang, Zhou and Berne, Nature 2005: ~ 5.5-7 A (equivalent to 2-3 
water diameters) 

2) Giovambattista, Debenedetti and Rossky, PNAS 2009: ~ single water 
layer (note: this is for flattened melittin) 

 Can we rationalize this difference in Dc on simple thermodynamic 
grounds?   
YES - difference in Dc reflects the fact that 
thermodynamic critical distance for plate geometry < 
than Dc for hemisphere geometry 

If R in nanometer range,  

For plate geometry with lateral size of 
plates L in nanometer range,  

Central hydrophobic portion of melittin has  

For hemisphere geometry with  Wang et al PCCP 2011 

Hemisphere geometry: 



In the “squeeze limit” of two hard plates 
approaching each other, the water 
vaporizes. 

Probe thermodynamic equation with molecular simulations- only at small 
separations.  

Fig 4.10 Contact value of the wall-fluid distribution function as a function 
for the separation between surfaces. In this grand canonical ensemble 
simulation, the water-water interaction was modeled with a combination of 
hard sphere, dipolar and orientation-dependent adhesive potentials. From 
Luzar et al., J. Chem. Phys.86,2955 (1987) 

F / S = ρkBT ρc − ρ∞[ ]

P = ρckBT
contact theorem 

a) GCMC   solvation force 

µ,V ,T =  const       

 

 

 

 

 

→ θc = 180°
L = ∞
γ ls = 50mN /m
ΔP = 2x103atm

 
D 

2(γ gs − γ ls )
Pl − Pg + 0

D = 5A
ο

GCMC→ 4 A
ο
, D − σ

σ
= 0.3

✔ 

Interactions between interfaces in liquids          143	
Interactions between interfaces in liquids          143	


Repulsion 

Attraction 

ρ = 0.1→
evaporation 



Liquid confined to 1 - 2 molecular layers,which prevents molecules from having 
neighbors, vaporizes 

Wallqvist & Berne, JPC 99, 2885 
(1995) 

MD at P=const 

✔
 

θc = 1800

Δσ  72mN /m
P = 1atm = const

L = 6A
ο

D = 2Δσ
ΔP + 2σ /L

 6A
ο

D  L
RER water 

(same authors) 

b) 



 

• Modified Kelvin eq. works down to molecular length 
scales! 

 

 

 

 

*
 
 
- R. Evans, in Liquids at Interfaces, Les Houches 
1988, book: 1990 
 
- J. Teixeira and A. Luzar, in Physics of liquid water, 
Les Houches 1999 
 
- Faraday Discussions 146, 2010 



-  Liquid next to single wall wets or de-wets  

-  Liquid confined between two walls condenses or evaporates 

In prototypical biophysical confined systems one can make further 
distinction between two possible scenarios: 
 
(1) Cavitation effect: ρwater decreases and vapor bubble forms. 
Laplace P pulls solutes together and squeezes remaining water out 
of hydrophobic gap.  
This effect can drive hydrophobic assembly. 
 
(2) Water expulsion scenario: water gradually expelled from 
collapsed interior when solutes approach each other. 
This effect accompanies hydrophobic collapse in protein folding. 



Selection of Proteins 
 

Employing	  a	  scoring	  func1on	  based	  on	  distribu1on	  of	  hydrophobic	  
residues	  on	  surfaces	  forming	  confinement	  to	  screen:	  
400	  dimer,	  tetramers	  and	  	  mul1-‐domain	  proteins	  in	  PDB	  
	  
Picked: 50 top candidates (10 tetramers, 20 dimers, 20 multidomain proteins) for 
all-atom simulations"
"
 direct observation of “dewetting”: 2 tetramers, 4 dimers, 1 multidomain 
protein………….but not in most other candidate systems although they got high 
hydrophobic score.!

L 
Hua, X. Huang, P. Liu, R. Zhou and B. J. Berne, J. Phys. Chem. B 111, 9069 
(2007); Berne, Weeks and Zhu, Annual Rev. Phys. Chem. 2009 

“dewetting” = capillary evaporation (pathway trough cavitation) 
 
Alternatively: if water evacuates from confinement in 
liquid state = this process is spontaneous expulsion of water 



• Modified macroscopic thermodynamic  eq. works down to 
molecular length scales 

 I. Continuum thermodynamics 

 II. Molecular thermodynamics 

• New effects at the nanoscale   

(water orientational preference....….) 



          

       

Θc= contact angle 

Qc < 90o 
Qc > 90o 

Δγ = γsl - γsv =  - γ cosΘc 

Property central to interfacial thermodynamics: 

which determines whether surface  de-wets, 

wets, 

Young eq; 

What factors control it? 

1) Surface roughness (superhydrophobic) 

2) Chemistry (surface patterning) 
 3) water “impurities” (e. g. gas) 
4) How nature does it? Very effectively: by bringing  

charges in = effect of electric field! 



Effect of E - established method to tune surface wettability 

Macroscopic prediction (Young-Lippmann eq):  reduction of 
contact angle;  

 depends only on absolute strength E, not on its direction  

Orientational differences between surface and bulk molecules 
(affecting molecular polarizability) ignored! 

 

Matter only in small systems, nanodroplets…, nanopores….ion 
channel….nanofluidics…. 

In-silico experiment: nanodroplet, nanopore 

 

cosθc ∝ const × E2



  

       

How E effects emptying/filling of 
nanopores? 

 

E = 0 
  
DC =

2Δγ
P + bγ / L

Lum & Luzar,  
Phys. Rev. E (1997) 

E > 0 
  

DC =
2Δγ

P + bγ / L + ε0 E
2

/ 2

Dzubiella & Hansen,  
J. Chem. Phys (2004) 

Field-induced filling of a hydrophobic 
 nanopore   

Capillary evaporation 

Electrostriction: 



 

 

 E parallel; E perpendicular;  

= bulk;      = 2.7 nm;  = 1.64 nm  

reduced compressibility  

Relative increase in  
average liquid density 

Parallel and 
perpendicular field 

produce very different 
effect - why? 

Both gap widths above kinetic threshold 
of 1.3 nm 



Bratko, Daub, Luzar, Faraday Discuss. 141, 55 (2009) 

bulk 
value 

field direction 

Reduced compressibility of interfacial water!
under electric field, E 
 

E / (V nm-1) 

Θc~ 90o ( O ),70o (Δ) 

(E
) Θc~130o (   ,   ) SPC/E 

GCMC 

E 

Electrostriction: predicted by classical continuum physics 

However: our GCMC show a new effect: Direction of E matters!  

EII more efficient in attracting water to a pore  



 

 

Density profile of confined water; D = 2.7 nm; E=0.2 V/nm 

Peaks brought closer 
to walls  

Increased 
electrostriction in 

confinement  = all about 
contact layers 

E=0 
E|| 

E / Vnm-1 

P goes up a lot! 



 

 

Density profile of confined water 

E⊥

asymmetric 

Janus 
interface E=0 

E|| 
Where asymmetry 
comes from? 

Count the bonds….. 



 

 

E 

E 

Influence of field direction 
consistent with orientational 
preference that maximizes H 

bonds! 

conflict 

cooperation 

Density profile of confined water 

When E is applied in direction perpendicular to confining hydrophobic surfaces, 
competition between field-induced alignment and orientational preference of interfacial 

molecules relative to surfaces results in asymmetric wettability of opposing surfaces 
(Janus interface) 



     How to quantify wettability ? 

 

 

Wettability depends on the angle of the field 
relative to the surface! 

 

 

Torque on a wall of area A: 

 

 

Φ	
 E 

Δγ = γ solid/liquid − γ solid/vapor

What is the physical basis for the existence of torque? 

 

(change in surface free energy of wetting) 

= quantitative measure of hydrophobicity 

Driving force: free energy change 

τ (E,φ) = −A∂Δγ (E,φ) / ∂φ



    

Θc=130o 

D= 1.64 nm E = 0.2 V/nm 

10kT/nm2 

kT/nm2 

Surface free energy  
of wetting of both pore 
 walls as a function  
of field angle  

Can be reduced by rotating 
nanopore to align walls with 
the field 

Competition between electric and HB 
energy             field wants one 
orientation, H bonds want another… 

Resolving this competition by 
aligning the system           torque! 

Only part of 
the story! 

E 

Θc=93o 

Φ 



 

 

E 

E 

conflict 

cooperation 

E 

E 

repulsion 

attraction 

Orientational 
preference, specific 
to a particular liquid; 

water 

Universal advantage of 
aligning dipoles of any kind 
along rather than normal to 

surface (dipolar fluid - 
Schoen & Klapp)  

Sterically 
excluded dipole 

bad 

good 



       

E 
    

Total = left + right 

Because of water asymmetry, in       , water molecules 
exert torques of opposite signs on left and right walls 

 

E

D= 1.64 nm E = 0.02 V/A Θc=130o 

Polarity sensitive part (that is HB specific)?  
~ 1/3 of the total torque 

τ (E,φ) = −A∂Δγ (E,φ) / ∂φ

E Φ	




Torque = suggests a new mechanism to order 
nanoparticles 

 

Surface effect = it should work just the same on 
a nanoparticle as on a nanopore 

 

Try a reverse scenario from water in a nanopore:  

nanoparticle immersed in water 



E 

two heavy 
particles to 
restrict particle 
motion to rotation 
around fixed axis 

Nonpolar nanoparticle (area ~ 7 nm2) immersed in water 



E1 

ε1           ε2 
V1 

Continuum theory for energy U of an object of volume V2 and permittivity 
ε2 in the medium ε1. E1 = homogeneous field far from the particle  
                                 E2 = inhomogeneous field  inside V2 

    
U =

E


1

2
(ε2−ε1

V2

∫ )E


2(r

)d3r

,           | τ |  ~  ∂U

∂φ

V2 

Φ



 

simulated torque 

continuum estimate 

Continuum theory for energy U of an object of volume V2 and permittivity 
ε2 in the medium ε1. E1 is the homogeneous field far from the particle and 
E2 the perturbed field inside V2. 

1 

    
U =

E


1

2
(ε2−ε1

V2

∫ )E


2(r

)d3r

,           | τ |  ~  ∂U

∂φ

Nonclassical  
H bond effect 

strongly increases  
alignment trend! 

τ(E1, Φ)/Φ 



E 

E = 0.02 V/A 
Area ~O(1 nm2) 

< 200 ps! 

Molecular Dynamics: How long does it take for a nonpolar 
nanoparticle to respond to & reorient in electric field ? 

At t = 0, field E is applied normal 
 to the screen plane 

Φ 



 

 C
ω (t) = P[ω (0) ⋅ω (t)] Cθ (t) =

cos[θ(0)] ⋅ cos[θ(t)]
cos2θ

No field and no preferred 
orientation 

Normal orientation changing to 
aligned one in the field 



 

 C
ω (t) = P[ω (0) ⋅ω (t)] Cθ (t) =

cos[θ(0)] ⋅ cos[θ(t)]
cos2θ

 C(t)  exp[−t /τ r ]



 

~ 15 nm2 

~ 7 nm2 

Decay times from fits of Cω
1 (t) (solid symbols) and Cθ(t) (open symbols) to 

exp[−t/τr] at short times. Blue open symbols are numerical estimates of τr 
for ellipsoidal nanoparticles 

E = 0, reorentational t ~ 1 ns 
 
E > 0, reorentational t < 250 ps 



Ffrictional            volume 

           

Torque          volume 

 ∝

 ∝

Should end up with similar 
speed for all sizes of small 
nanoparticles! 

 

E > 0.015 V/A: 
alignment speed nearly 
independent of 
nanoparticle size  

~ 15 nm2 

~ 7 nm2 



    

 

Take home messages 

Demonstrate significant influence of field direction &  
polarity on surface wetting, when the latter is tuned by  

application of electric field; Janus interface;  

Eletrowetting at the nanoscale: 

E 

Our theory clarifies how interplay between 
orientational bias of H bonds and E they 
experience conspire to the NEW surface 

thermodynamics  

E 

Electric control of suspended nanoparticle orientation:  
Strong field-induced orientational forces acting on apolar surface through water 

mediation 

e.g. can be produced by applying 
voltage of ~0.1 V (average E ~ 
0.005 V/A) across 2 nm wide 
confinement without modifying 
surfaces themselves.   



  ε1

   ε2 ≠ ε1
In macro systems: 
classical contribution 
dominates 

To summarize: the torque on a nonspherical particle in 
an electric field arises from classical effect & important 
contribution from interfacial H bonding 

In nanoscale system: H-bond related asymmetry 
effects nearly double the field-induced torque  
 

  ε2
E 



  ε1

   ε2 ≠ ε1
In macro systems: 
classical contribution 
dominates 

In nanoscale system: H-bond related asymmetry 
effects nearly double the field-induced torque  
 

Material with                will still experience a torque due to 
H-bond angle preferences of interfacial water    ε2 ≈ ε1

  ε2
E 

To summarize: the torque on a nonspherical particle in 
an electric field arises from classical effect & important 
contribution from interfacial H bonding 



  ε1

   ε2 ≠ ε1
In macro systems: 
classical contribution 
dominates 

In nanoscale system: H-bond related asymmetry 
effects nearly double the field-induced torque  
 

Material with                will still experience a torque due to 
H-bond angle preferences of interfacial water    ε2 ≈ ε1

Reorentational time     fast dynamic response  
Attractive time scales for -bio & -chem sensors 

  ε2
E 

To summarize: the torque on a nonspherical particle in 
an electric field arises from classical effect & important 
contribution from interfacial H bonding 
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