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Nov. 7 - Week 8: Intermediate Test (ELG 116)



Key concepts Lecture 3

• The interaction energy is the average sum of all 
interactions for a given molecule; depends on position

• The pair potential (w): interaction energy between a pair
• Relationship between interaction energy and pair potential
• Importance of kT

• Properties of covalent bonds
• Force relevant for charge-charge interactions
• Properties of Coulombic interactions
• The Born energy and its use



Topic 2: Driving forces and interactions in liquids

Overview
Covalent interactions
• Interactions involving charges
• Interactions involving polar molecules
Interactions involving non-polar groups 

Material to study for Topic 2: Chapters 3-6:
JN Israelachvilli: Intermolecular and surface forces:
Notes & Chapter 3: paragraphs: 3.1 – 3.8
Notes & Chapter 4: paragraphs: 4.1 – 4.7; 4.9-4.11
Notes & Chapter 5: paragraphs: 5.1 - 5.4; 5.6; 
Notes & Chapter 6: paragraph: 6.1;



Topic 2: Driving forces and interactions in liquids
Lecture 4:

Interactions involving charges:
Ion-ion interactions in crystals (exercise 9)
Ion-ion interactions in liquids: Debye-Hückel theory (ex. 10,11) 

Material to study for Lecture 3:
JN Israelachvilli: Intermolecular and surface forces:
Chapter 3.1 – 3.8



Ion – ion interactions in liquids:
Debye-Hückel theory

Review from course MSE304 by M. Ceriotti







𝜌𝜌± = 𝑒𝑒𝑛𝑛0𝑒𝑒−𝑧𝑧±𝜓𝜓(𝑟𝑟)/𝑘𝑘𝑘𝑘



𝑬𝑬(𝒓𝒓) = −𝜵𝜵𝜓𝜓(𝒓𝒓)

𝜵𝜵 � 𝑬𝑬(𝒓𝒓) =
𝜌𝜌(𝒓𝒓)
𝜀𝜀0𝜀𝜀

Definition of electrostatic potential

Gauss’ Law

𝛻𝛻2𝜓𝜓 𝒓𝒓 = −𝜌𝜌(𝒓𝒓)
𝜀𝜀0𝜀𝜀

Poisson equation

+





C = constant that is 
determined by the 
symmetry / asymmetry 
of electrolyte; 1:1 
electrolyte, C=2

Question 10



+



𝜓𝜓 𝑟𝑟 =
𝑒𝑒 𝑒𝑒−𝜅𝜅𝜅𝜅

4𝜋𝜋𝜀𝜀0𝜀𝜀𝜀𝜀

𝜅𝜅 =
2𝑒𝑒2n0

𝜀𝜀0𝜀𝜀𝜀𝜀𝜀𝜀
=

2𝑒𝑒2Nav1000 I
𝜀𝜀0𝜀𝜀𝜀𝜀𝜀𝜀

Ions in solution
Potential around a positive ion

Debye screening parameter for a monovalent 
symmetric electrolyte

1/𝜅𝜅 Debye length [m] 

𝜅𝜅 = decay constant

n0

Ionic Strength [M]I

Number density of ions in bulk solution [# / m3]

𝐼𝐼 =
1
2
�
𝑖𝑖

𝑐𝑐𝑖𝑖 𝑧𝑧𝑖𝑖2 Takes into account both the number of ions (c [M]) as 
well as the charge per ion – better representation of the 
effect of an electrolyte than the concentration



𝜓𝜓 𝑟𝑟 =
𝑒𝑒 𝑒𝑒−𝜅𝜅𝜅𝜅

4𝜋𝜋𝜀𝜀0𝜀𝜀𝜀𝜀

𝜅𝜅 =
2𝑒𝑒2n0

𝜀𝜀0𝜀𝜀𝜀𝜀𝜀𝜀
=

2𝑒𝑒2Nav1000 I
𝜀𝜀0𝜀𝜀𝜀𝜀𝜀𝜀

Debye Length

Average distance
Between ions 

Ions in solution
Potential around a positive ion

Debye screening parameter for a monovalent 
symmetric electrolyte

1/𝜅𝜅 Debye length [m] 

𝜅𝜅 = decay constant

1:1 electrolyte



Examples:

Salting in and salting out
Self-assembly
Interfaces



Interfaces

Typical representation of an electrode in a solution

1. Inner Helmholtz plane (IHP), center of solvent adsorbed to surface
2. Outer Helmholtz plane (OHP), centers of hydrated counter ions
3. Diffuse layer, 
4. Solvated ions (cations) 
5. Specifically adsorbed co-ions
6. Molecules of the solvent



Interfaces



Overview
Covalent interactions
Interactions involving charges:
Ion-ion interactions in crystals
Ion-ion interactions in liquids – Debye-Hückel theory 

Material to study, lecture 3:
JN Israelachvilli: Intermolecular and surface forces:
Chapter 3.1 – 3.8

Topic 2: Driving forces and interactions in liquids



Interactions involving polar molecules
Charge-dipole interactions
Hydration shells
Angle averaged potentials

JN Israelachvilli: Intermolecular and surface forces:
Chapter 4: paragraphs: 4.1-4.7; 4.9-4.11. 

Topic 2: Driving forces and interactions in liquids



Polar molecules
All heteronuclear groups are (di)polar:

𝑞𝑞−𝑞𝑞

𝒍𝒍

𝒖𝒖 = 𝒍𝒍𝑞𝑞
Unit: Debye [D]
1 D = 3.33 10-30 Cm

Dipole increase with 
increasing difference in 
electronegativity



Dipole moment also in 
molecular ions 

Ion pairs in solution 

Macromolecular dipoles 
(proteins, DNA, RNA,..)

Dipoles in molecules

Water:
u=1.85 D 
(gas phase)

D
ipole 𝒖𝒖

O
HH

0.28 nm

δ-

δ+



Dipole moments add up as vectors

Dipole moments [D]



Dipoles in molecules
C6H5Cl

Dipoles are 
additive by 
vector addition



Dipolar Self-Energy

Just like the Born energy it requires energy to create a dipole

The procedure to compute the self energy of a dipole is 
identical to that of an ion; we compute the self energy of 2 
displaced charged objects and add their contributions –
because of the superposition principle of electrostatics.



Charge dipole interactions

Are important to understand dipolar liquid – ion interactions

𝒖𝒖 = 𝒍𝒍𝑞𝑞

𝑄𝑄

+𝑞𝑞

𝐫𝐫
−𝑞𝑞

𝒖𝒖
θ

Interaction potentials can be summed:

𝑤𝑤 𝒓𝒓 = 𝑤𝑤(𝒓𝒓)𝑞𝑞𝑞𝑞 + 𝑤𝑤(𝒓𝒓)−𝑞𝑞𝑞𝑞

𝑤𝑤 𝒓𝒓 = −𝒖𝒖 � 𝑬𝑬(𝒓𝒓)𝑄𝑄

w 𝑟𝑟 = −𝑢𝑢𝑢𝑢 cos 𝜃𝜃
4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟2



Charge dipole interactions

-125

125

w
(r)

 [k
T]

𝜀𝜀 = 1 in air

Free 
rotation

Rotation determined 
by interaction

∞



Ion-dipole energy for Na+ - H2O pair: 39 kT

This interaction promotes the nucleation of 
rain drops in thunder clouds

Example of interaction



Charge dipole interactions

Are important to understand dipolar liquid – ion interactions

𝒖𝒖 = 𝒍𝒍𝑞𝑞

𝑄𝑄

+𝑞𝑞

𝐫𝐫
−𝑞𝑞

𝒖𝒖
θ

𝑤𝑤 𝒓𝒓 = −𝒖𝒖 � 𝑬𝑬(𝒓𝒓)𝑄𝑄

Properties:
• Depend on orientation of 

dipole
• Long range (w~1/r2)
• ~40 kT or less; depends on 

medium

w 𝑟𝑟 = −𝑢𝑢𝑢𝑢 cos 𝜃𝜃
4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟2



Charge dipole interactions & hydration shells
Hydration shells around ionic groups exist of water molecules that are 
restricted in their motion by the ion

Hydration shell or solvation shell: the shell of water molecules 
that is restricted by the electrostatic field of the ion or ionic groups 
(or through other interactions). For charge-dipole interactions we 
can approximate this with the shell within 𝑤𝑤 𝑟𝑟 > 𝑘𝑘𝑘𝑘

𝑤𝑤 𝑟𝑟 > 𝑘𝑘𝑘𝑘

Hydration radius (RH)

RH

Na+ Cl+



High salt concentration
At concentrations ~ > 1 M there is also the possibility of ion pairing

Na+ Cl+

+ 5 H2O+

Ion pairs in 
MgSO4 solution



Size and charge are main drivers 
for hydration shell:

Hydration shells

w 𝑟𝑟 = −𝑢𝑢𝑢𝑢 cos 𝜃𝜃
4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟2



Key concepts Lecture 4

• Ions interact in liquids through screened potentials that 
arise from + and – charges interacting via Boltzmann 
weighted interactions

• Debye-Hueckel theory describes this interaction in the limit 
of a weak potential compared to thermal energy

• Impacts surface structure, protein folding, self-assembly

Dipole-charge interactions

• Dipolar self-energy
• Force relevant for charge-dipole interactions
• Properties of charge-dipole interactions
• Hydration shell definition


	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34

