
ELECTRICAL PROPERTIES OF MOLECULES: DIPOLE
MOMENT AND POLARIZABILITY

INTRODUCTION

This document provides study materials with a focus on the electrical properties of
molecules, specifically dipole moment and polarizability. These properties are
crucial for understanding molecular interactions, chemical bonding, and the
behavior of substances in electric fields.

DIPOLE MOMENT AND POLARIZABILITY (05 LECTURES)

Dipole Moment

A dipole moment ($\mu$) arises in a molecule when there is an uneven
distribution of electron density, leading to a separation of positive and negative
charges. This can be permanent (due to differences in electronegativity and
molecular geometry) or induced by an external electric field.

Key aspects:

Permanent Dipole Moment: Exists in molecules with polar bonds and a
geometry that does not cancel out the bond dipoles (e.g., H2O, NH3).

Induced Dipole Moment: Created when an external electric field distorts the
electron cloud of an atom or molecule, even if it doesn't have a permanent
dipole (e.g., noble gases, non-polar molecules like CH4 in an electric field).

Numerical Problems Area: Calculating the magnitude and direction of the net
dipole moment of a molecule from individual bond moments and its geometry.
Units are typically Debye (D).

Polarizability

Polarizability ($\alpha$) is a measure of how easily the electron cloud of an atom
or molecule can be distorted by an external electric field, inducing a dipole
moment. It is a fundamental property that influences intermolecular forces and
dielectric behavior.

• 

• 



Key aspects:

Atomic/Molecular Polarizability: Higher for larger atoms/molecules with
more diffuse electron clouds.
Types of Polarization: Electronic (distortion of electron cloud), Ionic
(displacement of ions in ionic crystals), and Orientational/Dipolar (alignment
of permanent dipoles in polar molecules).

Numerical Problems Area: Relating molecular size, shape, and electron
distribution to polarizability. Comparing polarizabilities of different species.

DIELECTRIC CONSTANT AND POLARIZATION

When a substance is placed in an external electric field, the molecules within it
become polarized. The dielectric constant ($\epsilon_r$ or D) is a measure of a
material's ability to store electrical energy in an electric field, which is directly
related to the extent of polarization.

The relationship between the electric field (E), electric displacement (D), and
polarization (P) is:

D = $\epsilon_0$E + P = $\epsilon_0\epsilon_r$E

Where $\epsilon_0$ is the permittivity of free space.

Polarization (P) represents the dipole moment per unit volume.

Numerical Problems Area: Calculating dielectric constant from polarization, or
vice versa, given material properties and applied field. Relating dielectric constant
to the presence and behavior of dipoles.

Molar Polarization

Molar Polarization ($P_M$) is the contribution to the dielectric constant per mole
of substance. It is a more fundamental quantity that can be related to the
molecular properties (polarizability and permanent dipole moment).

For non-polar molecules, molar polarization is primarily due to electronic and
atomic polarization, and is temperature-independent.

For polar molecules, molar polarization includes orientational polarization (the
alignment of permanent dipoles with the field), which is temperature-dependent.
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Numerical Problems Area: Calculating molar polarization from experimental data
(dielectric constant, density, molar mass) and relating it to molecular structure.

CLAUSIUS-MOSOTTI AND DEBYE EQUATIONS

These equations provide a quantitative link between macroscopic dielectric
properties and microscopic molecular characteristics.

Clausius-Mosotti Equation (for Non-Polar Molecules)

This equation relates the dielectric constant ($\epsilon_r$) and density ($ ho$) of a
non-polar substance to its molar polarizability ($P_M$, which is equivalent to the
atomic/electronic polarizability $\alpha$ multiplied by Avogadro's number $N_A$ in
some contexts, or the macroscopic quantity $\frac{N_A \alpha}{3\epsilon_0}$).

The equation is commonly expressed as:

$P_M = \frac{\epsilon_r - 1}{\epsilon_r + 2} \frac{M}{ ho}$

Where M is the molar mass.

Application: Used to determine the molar polarizability of non-polar substances
from their dielectric constant and density. This, in turn, gives insight into the size
and shape of the electron cloud.

Numerical Problems Area: Calculating molar polarizability or dielectric constant
using this equation given other parameters.

Debye Equation (for Polar Molecules)

The Debye equation extends the concept to polar molecules by including the
contribution of permanent dipole moments ($\mu$). It shows how molar
polarization varies with temperature.

$P_M = \frac{4\pi N_A}{3} (\alpha + \frac{\mu^2}{3kT})$

Where:

$P_M$ is the molar polarization
$N_A$ is Avogadro's number
$\alpha$ is the molecular polarizability (electronic and atomic)
$\mu$ is the permanent dipole moment
$k$ is the Boltzmann constant
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$T$ is the absolute temperature

The term $\frac{4\pi N_A \alpha}{3}$ represents the temperature-independent
electronic and atomic polarization, while $\frac{N_A \mu^2}{3kT}$ represents the
temperature-dependent orientational polarization.

Application: The temperature dependence of $P_M$ (or $\epsilon_r$) allows for
the determination of the permanent dipole moment ($\mu$) of a molecule.

Numerical Problems Area: Determining the dipole moment by measuring the
dielectric constant at different temperatures and plotting $P_M$ vs $1/T$. The
slope gives $\mu^2$. Calculating molar polarization at a specific temperature.

DETERMINATION OF DIPOLE MOMENTS

The dipole moment of a molecule can be determined experimentally using various
methods, often relying on the principles discussed above:

From Temperature Dependence of Dielectric Constant: By measuring the
dielectric constant of a substance at various temperatures and applying the
Debye equation, the permanent dipole moment can be calculated. Plotting
$P_M$ versus $1/T$ yields a straight line whose slope is proportional to $
\mu^2$.
From Measured Molar Polarization: If the molar polarizability ($\alpha$) is
known (e.g., from refractive index measurements using the Clausius-Mosotti
relation), the dipole moment ($\mu$) can be calculated from the temperature-
dependent molar polarization ($P_M$) using the Debye equation.
Spectroscopic Methods: Techniques like microwave spectroscopy can directly
provide information about rotational energy levels, which are influenced by
dipole moments, allowing for their precise determination. (Note: Derivations
for these methods are beyond the scope of this document).

Numerical Problems Area: Comprehensive problems involving measuring $
\epsilon_r$ at different temperatures, calculating $P_M$, plotting, and determining
$\mu$. Problems that combine information from refractive index and dielectric
constant measurements.
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SUGGESTED NUMERICAL PROBLEMS

Calculate the molar polarization of a gas at 298 K, given its dielectric constant

(er = 1.02), density (ρ = 1.5 kg/m3), and molar mass (M = 44 g/mol). Assume it

is non-polar and use the Clausius-Mosotti relation for polarizability.
A polar molecule has a permanent dipole moment of 1.5 D. Calculate its molar
polarization at 300 K, assuming its electronic polarizability volume is 2.0 x

10-30 m3. (Use $\alpha_{el} = \frac{4\pi\epsilon_0 \alpha_{vol}}{3}$ and $\mu$
in SI units).
Experimental data for the dielectric constant of a polar liquid at different
temperatures is given: (T=273K, er=35) and (T=373K, er=25). Calculate the

permanent dipole moment of the molecule. (You will need to assume a
density and molar mass, or use molar polarization calculated from er and T).

Determine the dipole moment of a molecule if its molar polarization is 100

cm3/mol at 300 K and 50 cm3/mol at 500 K.
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