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Overview:  Electrostatic Intermolecular Interactions 

fixed angle 

angle averaged 

induced dipole 

ion 

polarization non-polar molecule 

polar molecule ion 
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Crucial Question: How does 
the interaction energy 
depend on separation? 
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3. The interaction of a point charge Q with a 
thermally fluctuating permanent dipole p 

Now, all θ are possible 
 
How to properly average over θ? 
 
Use Boltzmann statistics 
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Quick Review: Calculating Thermodynamic Averages 
Question :   What is the most likely value you will measure for some 
quantity  “y”  in a system that is in thermodynamic equilibrium with 
a reservoir at temperature T? 

Some physical 
quantity, y Energy,  E Multiplicity,  w 

y1 E1 w1 

y2 E2 w2 

y3 E3 w3 

   
yN-1 EN wN 

yN EN-1 wN-1 

Energy,  E 

Some physical quantity, y 

 

= =

=

∑ r r
r

r r

y y y P

P probability that quantity y is observed

w1 

w2 
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wN-1 

wN 
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How big is kBT? 
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If varible y is continuous, replace sums by integrals.
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Working out the math (see Appendix for details) 
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Interaction potential energy between a 
point charge Q with a thermally 
fluctuating permanent dipole p 

from P1_Wk1_L3 
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Summarizing the Results 
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z: Ion-Dipole Separation (nm) 

fixed; 30o 

75o 

105o fixed; 150o 

angle 
averaged 

p= 1 D 
Q=+1e- 

T=300 K 
κ=2.5 
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Induction: polarizing a non-polar molecule 
Any molecule not having an intrinsic dipole moment can be 
polarized by an external electric field.  

E 

Highly magnified! 
Schematic 
electronic   

charge cloud pinduced 

oinducedp Eα=
 

non-polar 
molecule 

( )α πε α α ≡ ≈  
2 3

04 ; " "o
C munits electronic polariability volume RN

 αo is called the electronic polarizability 

        For water, α =α o/4πεo = 1.48x10-30 m3 

→ R=0.114 nm – compare to RH20 ≈ 0.135 nm 

diam≈2R -   + 

8 

The origin of E can 
be an ion, a 
molecule with 
permanent dipole, 
etc. 

• α has units of m3.   
• to a good approximation, α is proportional to molecule size: 

P1_Wk1_L4 
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4. The interaction of a point charge Q with a 
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Direction of induced 
dipole is locked by the 
direction of E from ion. 

C1_Wk1_L4 

Schematic 
electronic   

charge cloud 



10 

Working out the math 
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The electrostatic interaction between an ion of charge 
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Li ion induces dipole in ethanol molecule 

Material Chemical Formula 
κ, 

dielectric 
constant1 

p,            
dipole 

moment     
(in  Debye)2,3 

αo/4πεo 
polarizability 

volume  
(in  10-30 m3) 

Ethanol (CH3)CH2OH 24 1.7 5.1 

from C1_Wk1_L3 
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Up next, what happens if 
there are no ions? 

 
Molecule-molecule  

(or atom-atom) 
dipolar interactions 

P1_Wk1_L4 
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Appendix 1: Weighting the angle of the dipole  
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Appendix 2: Derivation of the angle-averaged  
point charge-dipole interaction  

You might be tempted to just perform the angle average of U(z,θ) 

The result is zero because  it calculates the angle average for a  free dipole  
in which  all angles are equally likely.  Instead, a weighted angle average 
must be performed that preferentially weights those angles with lowest 
energy. This requires  the Boltzmann weighting factor 
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16 

( )
( )

( )

( ) ( )

π π θ

θ

π π θ

π θ

π θ

π
β θ

θ

βθ

θ

θ

θ

θ

θ

ϕ θ θ
θ

ϕ θ

θ θ

θ

θ θ
β θ

θθ

−

−

−

−

−

−

≡ =

=

= − =

∫ ∫

∫ ∫

∫

∫

∫

2 ( , )

( , )
0 0

2 ( , )

0 0

( )

0
( )

0

( , )
0

sin

sin

sin

sin

si

( , )
( ) ( , )

( )

(
n

sin

)
, ( , ) ( )

B

B

B

o
B

o
B

B

U z
k T

U z
k T

U z
k T

U z f
k T

o

U z f
k T

f

U z
k To

o
B

d U z e d
U z U z e

d e d

U z f e d

e d

f e d
U z

define then U z e U z
k T

e d

( ) ( )

( )

( )
( ) ( )

π

π
β θ

π π
β θ β θ

π
β θ

θ
β

θ θ

θ

θ
β

θ
θ

θ
θ

 
=  

 
   

= ×   
    
 
 

∫

∫

∫ ∫
∫

0

0

0 0

0

ln

1l

sin

sin sin n
sin

f
o

f f

f

dU z e d
d

dsince e d f e d
d

e d

( )
π

β θ θ θ∫
0

sinfe dThis means you only need 
to evaluate the integral 

P1_Wk1_L4 

and then take a derivative 
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