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Before we dive into today’s lecture…

• Why do I talk about electrostatics before Van der Waals? Because it is the basic 
interactions that underline VdW forces (as you will see).

• Why do I go through the derivation in (sometimes painstaking) detail rather than feeding 
you the results (like I did in Lecture 4)? Because this is not a higher level elective: rather 
than teaching you the results, I’d much rather teach you how to think, or rather, how our 
scientific forebearers thought about this stuff so that one day you will be able to do one 
better.

• Trust me that all of you already know the math. Calculus, linear algebra and differential 
equations are more than enough for what is needed to understand what I told and am 
about to tell you. The details I provide in this class, however, do not assume you still 
remember the details from these math classes. As long as you have taken these classes, 
the math that I provide is entirely self-enclosed and are designed to be able to draw 
those memories out. 

• So, what I aim to teach you is already in your head, all I am trying to do is just to connect 
the right dots and show you the train of thought.



https://www.science.org/
doi/10.1126/science.106
3821

















Interactions Involving Polar Molecules 

• Most molecules carry no net charge, but many possess an electric dipole. For 
example, in the HCl molecule the chlorine atom tends to draw the hydrogen’s 
electron toward itself, and this molecule therefore has a permanent dipole. 
Such molecules are called dipolar or simply polar molecules. 

• The dipoles of some molecules depend on their environment and can change 
substantially when they are transferred from one medium to another, especially 
when molecules become ionized in a solvent. 

• For example, the amino acid molecule glycine contains an acidic group on one 
side and a basic group on the other. In water at neutral pH, the NH2 group 
acquires a proton and the OH group loses a proton to the solution to produce a 
dipolar molecule: 













Ion-Dipole Interactions 

• One the first types of electrostatic pair interaction we shall consider is that 
between a charged atom and a polar molecule—for example, between Na+ and 
H2O. As an illustrative example, we shall derive the interaction potential for this 
case from basic principles. 







Some more details…

• the free energy for the interaction of a charge Q and a “point dipole” u (for 
which l = 0) in a medium is

• Note that since the electric field of the charge acting on the dipole is

in general the energy of a permanent dipole u in a field E may be written as  



Ion-Dipole Interactions 
• Thus, when a cation is near a 

dipolar molecule, maximum 
attraction (i.e., maximum 
negative energy) will occur 
when the dipole points away 
from the ion (θ = 0°), while if 
the dipole points toward the 
ion (θ = 180°) the interaction 
energy is positive and the 
force is repulsive. 

• Figure shows how the pair-
potential w(r) varies with 
distance for a monovalent 
cation (z = +1) interacting 
with a dipolar molecule of 
moment 1 D in a vacuum. 



Ion-Dipole Interactions 



Ion-Dipole Interactions 

• the field at A due to the charge –q at B 
is of magnitude 

• It acts along the AB direction—that is, 
at an angle -φ/2 to r 

• Similarly, the field at A due to the 
charge +q at C is of magnitude 



Ion-Dipole Interactions 

• the field at A due to the charge –q at B 
is of magnitude 

• It acts along the AB direction—that is, 
at an angle -φ/2 to r 

• Similarly, the field at A due to the 
charge +q at C is of magnitude 

• For r » l, the angle φ is small and may 
be approximated by 



Ion-Dipole Interactions 

• Resolving the total field at A into its 
components E∥ and E⊥ parallel and 
perpendicular to r, we obtain 
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• The magnitude and direction ψ of the 
resulting dipolar field at A is therefore 
given by

• with 



Ion-Dipole Interactions 

• Resolving the total field at A into its 
components E∥ and E⊥ parallel and 
perpendicular to r, we obtain 

• The magnitude and direction ψ of the 
resulting dipolar field at A is therefore 
given by

• with

• therefore,

• with 



Ion-Dipole Interactions 



Ions in Polar Solvents 

• When ion-water interactions take place in bulk water, the above energies are 
reduced by a factor of about 80, the dielectric constant of water. Even then, 
however, the strength of the interaction will exceed kT for small divalent and 
multivalent ions, and it is by no means negligible for small monovalent ions. 
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Ions in Polar Solvents 

• When ion-water interactions take place in bulk water, the above energies are 
reduced by a factor of about 80, the dielectric constant of water. Even then, 
however, the strength of the interaction will exceed kT for small divalent and 
multivalent ions, and it is by no means negligible for small monovalent ions. 

• For small or multivalent ions in highly polar solvents such as water, the strong 
orientation dependence of their ion-dipole interaction will tend to orient the 
solvent molecules around them, favoring (θ = 0°) near cations and (θ = 180°) 
near anions.

• Thus, in water Li+, Be2+ (Beryllium), Mg2+, and Al3+ ions have a number of water 
molecules orientationally bound to them. Such ions are called solvated ions or 
hydrated ions, and the number of water molecules they bind—usually between 
4 and 6 is known as their hydration number. 







Ions in Polar Solvents 

• Closely related to the hydration number is the effective radius or hydrated 
radius of an ion in water, which is larger than its real radius (i.e., its crystal lattice 
radius), as shown in Table on the previous slide. 

• Because smaller ions are more hydrated due to their more intense electric field 
they tend to have larger hydrated radii than larger ions. However, very small 
ions such as Be2+ have lower hydration numbers because they are too small for 
more than 4 water molecules to pack around them. 

• Hydration numbers and radii can be deduced from measurements of the 
viscosity, diffusion, compressibility, conductivity, solubility, and various 
thermodynamic and spectroscopic properties of electrolyte solutions, and the 
results rarely agree with one another.



Dipole-Dipole Interactions 

• When two polar molecules are near each other, there is a dipole-dipole 
interaction between them that is analogous to that between two magnets. 



“Parallel” “In line”





Dipole-Dipole Interactions 

Caveat: This is true only for the same value of r. Most dipolar molecules are also anisotropic in 
shape being longer along the direction of the dipole, so in practice the centers of two such 
cigar-shaped molecules can come significantly closer together when they align in parallel, 
thereby making this interaction the more favorable one. 







Rotating Dipoles and Angle-Averaged Potentials 

• At large separations or in a medium of high ε, when the angle dependence of 
the interaction energy falls below the thermal energy kT, dipoles can now rotate 
more or less freely. 

• the values of cos θ, sin θ, and so on, when averaged over all of space are zero, 
the angle-averaged potentials are not zero, since there is always a Boltzmann 
weighting factor that gives more weight to those orientations that have a lower 
(more negative) energy. 

• In general, the angle-averaged free energy w(r) of an instantaneous orientation- 
dependent free energy w(r, Ω) is given by 

• where dΩ = sinθ dθdφ corresponds to the polar and azimuthal angles θ and φ 
and the integration is over all of angular space. The denominator in the above 
equation is:



Recall for spherical coordinates



Rotating Dipoles and Angle-Averaged Potentials 

• Since the angle-averaged free energy w(r) of an instantaneous orientation- 
dependent free energy w(r, Ω) is given by 

• Taylor expand:

• Recall the free energy for the charge-dipole interaction is

• the angle-averaged free energy for the charge-dipole interaction is therefore







Rotating Dipoles and Angle-Averaged Potentials 

• Since the angle-averaged free energy w(r) of an instantaneous orientation- 
dependent free energy w(r, Ω) is given by 

• Taylor expand:

• Recall the free energy for the dipole-dipole interaction is

• the angle-averaged free energy for the dipole-dipole interaction is therefore



“Parallel” “In line”



The Boltzmann-averaged interaction between two permanent dipoles is usually referred to 
as the orientation or Keesom interaction. It is one of three important interactions, each 
varying with the inverse sixth power of the distance, that together contribute to the total 
van der Waals interaction between atoms and molecules. 





Interactions Involving the Polarization of Molecules 

• We now enter the last large category of electrostatic interactions that we shall 
be considering: those that involve molecular polarization. This involves the 
dipole moments induced in molecules by the electric fields emanating from 
nearby molecules. 





Interactions Involving the Polarization of Molecules 

• We now enter the last large category of electrostatic interactions that we shall 
be considering: those that involve molecular polarization. This involves the 
dipole moments induced in molecules by the electric fields emanating from 
nearby molecules. 

• 3 sub-categories: (1) charge-polarizable dipole, (2) dipole-polarizable dipole, and 
(3) polarizable dipole – polarizable dipole interactions.

• Actually, we have already been much involved with polarization effects: 
whenever the macroscopic dielectric constant of a medium entered into our 
consideration, this was no more than a reflection of the way the molecules of 
the medium are polarized by the local electric field. Here we shall look at these 
effects in more detail, starting at the molecular level. 

• All atoms and molecules are polarizable. Their (dipole) polarizability 𝛼 is defined 
according to the strength of the induced dipole moment uind they acquire in a 
field E 



For a nonpolar molecule, the polarizability arises from the displacement of its negatively charged 
electron cloud relative to the positively charged nucleus under the influence of an external 
electric field. For polar molecules, there are other contributions to the polarizability, discussed 
later. For the moment, we shall concentrate on the polarizabilities of nonpolar molecules, which 
we shall denote by 𝛼0.

a one-electron 
“Bohr” atom 

The internal (restoring) force is 

the external force Fext on 
the electron due to the 
field E is 

at equilibrium



Since the electronic polarizability is associated with displacements of electron clouds, it has 
long been recognized that the polarizability of a molecule can be obtained by simply 
summing the characteristic polarizabilities of its covalent bonds, since these are where the 
polarizable electrons are mostly localized. 



The Polarizability of Polar Molecules 

• Up till now we considered the polarizability arising solely from the electronic 
displacements in atoms and molecules. 

• A freely rotating dipolar molecule (whose time-averaged dipole moment is zero) 
also has an orientational or a dipolar polarizability, arising from the effect of an 
external field on the Boltzmann-averaged orientations of the rotating dipole. 

• Thus, in the presence of an electric field E, these orientations will no longer 
time-average to zero but will be weighted along the field. 

• If at any instant the permanent dipole u is at an angle θ to the field E, 

• its resolved dipole moment along the field is u cos θ, and its energy in the field 
is uE cos θ: 

• so the angle-averaged induced dipole moment is given by 



Since uind is proportional to the field E, we see that the factor u2/3kT provides an 
additional contribution to the molecular polarizability. This is the dipolar or 
orientational polarizability, defined by 

For non-polar molecules, its polarizability is just 𝛼0. If it is a dipolar molecule, then its 
total polarizability will have a molecular component 𝛼0 as well as an angle averaged 
orientational component 𝛼dip.





Interactions between Ions and Uncharged Molecules 

• When a molecule of polarizability 𝛼 is at a distance r from an ion of charge ze, 
the electric field of the ion                                will induce in the molecule a dipole 
moment of  



Lecture 10 Poll: interactions between 
ions and uncharged molecules

https://forms.gle/QZAScSrbQ8Jmhzhh9Long URL

Short URL https://shorturl.at/ahyHS

You need to log in using your umich.edu account in order to access this poll

• A: 0.016 nm

• B: 0.16 nm

• C: 1.6 nm

• D: 16 nm

https://forms.gle/QZAScSrbQ8Jmhzhh9
https://shorturl.at/ahyHS
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Lecture 10 Poll: interactions between 
ions and uncharged molecules

You need to log in using your umich.edu account in order to access this poll

For a monovalent ion such as Na+, 
the electric field at a distance of 
0.4 nm from its center is 

The induced dipole moment on a 
methane molecule is 

this corresponds to a unit charge separation in the molecule of 

which is about 8% of the molecular radius of 
methane (of 0.2 nm). 
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