1.2 THE QUANTIZATION OF ENERGY

Towards the end of the last century experimental data were observed which
were quite incompatible with the previously accepted view that matter
could take up energy continuously. In 1900 Max Planck published the
revolutionary idea that the energy of an oscillator is discontinuous and that
any change in its energy content can occur only by means of a jump
between two distinct energy states. The idea was later extended to cover
many other forms of the energy of matter.

A molecule in space can have many sorts of energy; e.g., it may possess
rotational energy by virtue of bodily rotation about its centre of gravity: it
will have vibrational energy due to the periodic displacement of its atoms
from their equilibrium positions; it will have electronic energy since the
clectrons associated with each atom or bond are in unceasing motion, etc.
The chemist or physicist is early familiar with the electronic energy states of
an atom or molecule and accepts the idea that an electron can exist in one
of several discrete energy levels: he learns to speak of the energy as being
quantized. In much the same way the rotational, vibrational, and other
energies of a molecule are also quantized—a particular molecule can exist
in a variety of rotational, vibrational, etc., energy levels and can move from
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one level to another only by a sudden jump involving a finite amount of
energy. '

Consider two possible energy states of a system—two rotational energy
levels of a molecule, for example—labelled E;, and E, in the following
diagram. The suffixes I and 2 used to distinguish these levels are, in fact,

E,

* E,

quantum numbers. The actual significance of quantum numbers goes far
deeper than their use as a convenient label—in particular, we shall later see
that analytical expressions for energy levels usually involve an algebraic
function of one or more quantum numbers. Transitions can take place
between the levels E; and E, provided the appropriate amount of energy,
AE = E, — E,, can be either absorbed or emitted by the system. Planck
suggested that such absorbed or emitted energy can take the form of elec-
tromagnetic radiation and that the frequency of the radiation has the
simple form:

v=AE/h Hz
1.e.,
AE = hv joules (1.9)

where we express our energies E in terms of the joule, and h is a universal
constant—Planck’s constant. This suggestion has been more than amply
confirmed by experiment.

The significance of this is that if we take a molecule in state 1 and direct
on to it a beam of radiation of a single frequency v (monochromatic
radiation), where v = AE/h, energy will be absorbed from the beam and the
molecule will jump to state 2. A detector placed to collect the radiation
after its interaction with the molecule will show that its intensity has de-
creased. Also if we use a beam containing a wide range of frequencies
(‘white’ radiation), the detector will show that energy has been absorbed
only from that frequency v = AE/h, all other frequencies being undiminished
in intensity. In this way we have produced a spectrum—an absorption spec-
trum.

Alternatively the molecule may already be in state 2 and may revert to
state 1 with the consequent emission of radiation. A detector would show
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this radiation to have frequency v = AE/h only, and the emission spectrum
so found is plainly complementary to the absorption spectrum of the pre-
vious paragraph.

The actual energy differences between the rotational, vibrational, and
electronic energy levels are very small and may be measured in joules per
molecule (or atom). In these units Planck’s constant has the value:

h =663 x 10™?* joules s molecule ~ !

Often we are interested in the total energy involved when a gram-molecule
of a substance changes its energy state: for this we multiply by the Avo-
gadro number N = 602 x 10%3.:

- However, the spectroscopist measures the various characteristics of the
absorbed or emitted radiation during transitions between energy states and
he often, rather loosely, uses frequency, wavelength, and wavenumber as if
they were energy units. Thus in referring to ‘an energy of 10 cm™!’ he
means ‘a separation between two energy states such that the associated
radiation has a wavenumber value of 10 cm~!’. The first expression is so
simple and convenient that it is essential to become familiar with wavenum-
ber and frequency energy units if one is to understand the spectroscopist’s

language. Throughout this book we shall use the symbol ¢ to represent
energy in cm !,

It cannot be too firmly stressed at this point that the frequency of
radiation associated with an energy change does not imply that the tran-
sition between energy levels occurs a certain number of times each second.
Thus an electronic transition in an atom or molecule may absorb or emit
radiation of frequency some 10'® Hz, but the electronic transition does not
itself occur 10'3 times per second. It may occur once or many times and on

each occurrence it will absorb or emit an energy quantum of the appropri-
ate frequency.
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