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Electrical	
  Double	
  Layers	
  
Models:	
  

§  Poisson-­‐Boltzmann	
  Theory	
  
§  Compact-­‐Diffuse	
  Layer	
  Models	
  	
  
	
  	
  	
  	
  	
  (Kilic	
  et.	
  al.	
  2007)	
  
§  Mean-­‐Field	
  Models	
  (Borukhov	
  et.	
  al.	
  2000)	
  

z 

V 

Compact	
   Diffuse	
  

We	
  need	
  be\er	
  polariza(on	
  models	
  to	
  depict	
  reality.	
  

All	
  layers	
  modeled	
  by	
  bulk	
  
dielectric	
  constant	
  

D = εE = ε0E +P



Objec(ve	
  

∇•D = ρ f
M

Macroscopic	
  Electrosta(cs:	
  

	
  	
  	
  	
  	
  à	
  macroscopic	
  free-­‐charge	
  density	
  
	
  
	
  	
  	
  	
  	
  à	
  macroscopic	
  electric	
  displacement	
  D

ρ f
M

How	
  do	
  we	
  calculate	
  “P”	
  using	
  Molecular	
  
Informa(on	
  using	
  Molecular	
  Dynamics?	
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D = ε0E +P = εE
E
ε
P

	
  	
  	
  	
  à	
  macroscopic	
  electric	
  field	
  
	
  	
  	
  	
  à	
  dielectric	
  constant	
  	
  
	
  	
  	
  	
  à	
  macroscopic	
  polariza(on	
  



Today…	
  

§ 	
  	
  Polariza(on	
  in	
  terms	
  of	
  molecular	
  posi(ons	
  and	
  
	
  charges.	
  	
  

§ 	
  	
  Dielectric	
  constant	
  of	
  bulk	
  water	
  
	
  

§ 	
  	
  Applica(on	
  to	
  electrical	
  double	
  layers	
  
	
  
§ 	
  	
  At	
  the	
  interface	
  	
  

§  Water	
  at	
  the	
  interface:	
  Dipole	
  and	
  Quadrupole	
  Moments	
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Microscopic-­‐Macroscopic	
  Connec(on	
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Coarse	
  
Grain	
  

Can	
  we	
  derive	
  macroscopic	
  electrosta4cs	
  equa4on	
  from	
  
the	
  microscopic	
  electrosta4cs	
  equa4on?	
  

O 
H H 

Mandadapu	
  et.	
  al.	
  J.	
  Chem.	
  Phys.	
  (2013);	
  
	
  Jackson,	
  Classical	
  Electrodynamics	
  (1999)	
  

y	
  

ΓΕ	



Γφ	



Macroscale	
  

x	
  

Microscale	
  



Microscopic-­‐Macroscopic	
  Connec(on	
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  Mandadapu	
  et.	
  al.	
  J.	
  Chem.	
  Phys.	
  (2013)	
  

Coarse-­‐graining	
  Charge:	
  

Coarse-­‐graining	
  func7on	
  

Phase-­‐space	
  
distribu7on	
  

yïx

1

0

g(y,x)

Intermediate	
  asympto(c	
  length	
  scale	
  
Or	
  	
  

Coarse-­‐graining	
  length	
  scale	
  	
  

Δ(y-­‐x)	



Proper4es	
  of	
  coarse-­‐graining	
  func4on	
  :	
  

Δ(y− x) = 0, when x ∈∂R

Δ(y− x)dx
R
∫ =1

supp Δ << R
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Coarse-­‐graining	
  the	
  microscopic	
  electrosta(c	
  equa(on:	
  

Macroscopic	
  electric	
  field	
  

Macroscopic	
  
free	
  charge	
  

Gives	
  rise	
  to	
  dipole	
  and	
  quadrouple	
  moments	
  
when	
  expanded	
  around	
  the	
  center	
  of	
  mass	
  of	
  
the	
  solvent	
  molecule.	
  	
  



Macroscopic	
  
Dipole	
  Moment	
  

Macroscopic	
  
Quadrupole	
  Moment	
  

Order	
  of	
  Coarse	
  Graining	
  func4on	
  Δ:	
  
	
  

§ 	
  Constant:	
  	
  	
  	
  gives	
  only	
  dipole	
  moment	
  
§ 	
  Linear:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gives	
  up	
  to	
  quadrupole	
  moment	
  

	
  
Mandadapu	
  et.	
  al.,	
  J.	
  Chem.	
  Phys	
  (2013)	
  



Scalable	
  Implementa(on	
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Processor	
  1	
   Processor	
  2	
  

Compute	
  all	
  proper(es	
   Propor(onal	
  weighing	
  of	
  
coarse-­‐graining	
  func(ons	
  



Bulk	
  Water-­‐TIP3P(Valida(on)	
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e1	
  
e2	
  

e3	
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Equation (18)
Equation (19)

Δ(z− z ') =
1
Al

l − z− z '
l

#

$
%

&

'
(  if  | z− z ' |< l

0  else             
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Equation (19)

Quadrupole	
  moments	
  are	
  negligible	
  
in	
  the	
  bulk.	
  No	
  surprises	
  !	
  

Δ(z− z ') =
1
Al
  if  | z− z ' |< l

0  else             

Polariza(on	
  as	
  a	
  (me	
  average	
  at	
  the	
  center	
  of	
  the	
  
simula(on	
  box	
  for	
  varying	
  averaging	
  length	
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Bulk	
  Water-­‐TIP3P(Valida(on)	
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e1	
  
e2	
  

e3	
  

Applied	
  field	
  

Δ(z− z ') =
1
Al
  if  | z− z ' |< l

0  else             

Polariza(on	
  vs.	
  Resultant	
  electric	
  field	
  	
  

ε
ε0
= 73 Note	
  that	
  the	
  resultant	
  electric	
  fields	
  

are	
  supposed	
  to	
  be	
  averaged	
  with	
  the	
  
same	
  averaging	
  volume.	
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Water	
  at	
  the	
  Interfaces	
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e1	
  
e2	
  

e3	
  

Applied	
  field	
  

Δ(z− z ') =
1
Al

l − z− z '
l

#

$
%

&

'
(  if  | z− z ' |< l

0  else             

Dipole	
  and	
  Quadrupole	
  Moments	
  across	
  the	
  channel	
  
width	
  for	
  averaging	
  length	
  of	
  0.05	
  Angstroms.	
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Quadrupole	
  moments	
  are	
  NOT	
  
negligible	
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  the	
  interface	
  !!!	
  



Electrical	
  Double	
  Layer	
  –	
  Water	
  +	
  KCl	
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e1	
  
e2	
  

e3	
  Applied	
  field	
  

KCl	
  concentra(on:	
  100mM	
  
Debye	
  length	
  :	
  1nm	
  

Δ(z− z ') =
1
Al
  if  | z− z ' |< l

0  else             

Polariza(on	
  across	
  the	
  channel	
  width	
  for	
  
averaging	
  length	
  of	
  0.05	
  Angstroms.	
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Δ(z− z ') =
1
Al
  if  | z− z ' |< l

0  else             

Averaging	
  length	
  =	
  0.1	
  Angs.	
   Averaging	
  length	
  =	
  0.5	
  Angs.	
  

Averaging	
  length	
  =	
  2.0	
  Angs.	
  Averaging	
  length	
  =	
  1.0	
  Angs.	
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Δ(z− z ') =
1
Al
  if  | z− z ' |< l

0  else             

INTERMEDIATE	
  ASYMPTOTIC	
  	
  
LENGTH	
  SCALE	
  !!!	
  

Barenbla\,	
  Scaling	
  (2003)	
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Electrical	
  Double	
  Layer	
  –	
  High	
  Charge	
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Lee,	
  Templeton,	
  Mandadapu,	
  Zimmerman,	
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  Chem.	
  Theor.	
  Comp	
  (2013)	
  



Electrical	
  Double	
  Layer	
  –	
  Anode	
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Electrical	
  Double	
  Layer	
  –	
  Cathode	
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  Lee,	
  Templeton,	
  Mandadapu,	
  Zimmerman,	
  J.	
  Chem.	
  Theor.	
  Comp	
  (2013)	
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Electrical	
  Double	
  Layer	
  –	
  Cathode	
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Conclusions	
  
•  A	
  theore(cal	
  and	
  computa(onal	
  procedure	
  in	
  real	
  space	
  exists	
  

now	
  for	
  systema(cally	
  calcula(ng	
  the	
  moments	
  that	
  contribute	
  
to	
  the	
  total	
  polariza(on	
  vector.	
  

•  Intermediate	
  asympto(c	
  scales	
  and	
  therefore	
  length	
  scales	
  of	
  
the	
  diffuse	
  layers	
  can	
  be	
  found	
  for	
  various	
  concentra(ons	
  and	
  
surface	
  charges.	
  	
  

•  Quadrupole	
  moments	
  do	
  not	
  seem	
  to	
  be	
  negligible	
  at	
  the	
  
interface.	
  	
  

•  Study	
  polariza(on	
  in	
  stern,	
  compact	
  and	
  diffuse	
  layers.	
  
•  Develop	
  new	
  models	
  by	
  understanding	
  hydrogen	
  bonding	
  

networks.	
  	
  

Willard,	
  Chandler	
  (2008)	
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Computa(onal	
  sosware	
  –	
  	
  
AtC	
  package	
  of	
  LAMMPS.	
  	
  
Available	
  to	
  the	
  public:	
  

http://lammps.sandia.gov
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Advantages	
  -­‐	
  Polariza(on	
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  Irving	
  and	
  Kirkwood,	
  1950	
  

Coarse-­‐graining	
  the	
  microscopic	
  electrosta(c	
  equa(on:	
  

Macroscopic	
  electric	
  field	
  

Macroscopic	
  
Dipole	
  Moment	
  

Macroscopic	
  
Quadrupole	
  Moment	
  

Order	
  of	
  Coarse	
  Graining	
  func4on	
  Δ:	
  
	
  

§ 	
  Constant:	
  	
  	
  	
  gives	
  only	
  dipole	
  moment	
  
§ 	
  Linear:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gives	
  up	
  to	
  quadrupole	
  moment	
  

	
  



Descrip(ons	
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