5. Rotatiomal Spectroscopy

&1 Linear, Symmetric Rotor, Spherical Rotor, and Asymmetric Kotor
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where the summation is over all the vibrations and d; is the degeneracy of the ith
vibration.
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E The rotational term values in lincar polyatomic molecules are, like those in diatomics,
= dependent on the vibrational state and are also given, for any non-degenerate state, by

equation (4.52). However, an N-atomic linear polyatomic molecule has (3N—5)
é vibrations (see Section 1.3.1) and B, is given by "

E B,= B.—) a(v+dj/2) (4.56)
= :
E

We shall not be dealing with vibrational motion in detail until Chapter 5 but we
require here to use the results of solving the equations of motion for vibration in some
simple cases. ‘

In the linear molecule HCN there are four normal modes of vibration. These are
illustrated in Figure 4.16 in which the arrows attached to the nuclei are vectors
representing the direction and relative magnitudes of the motions of the nuclei in the
various normal modes. Both the CN stretching and CH stretching vibrations, v, and v,
respectively, are non-degenerate (d;=1 in equation 4.56) but the bending vibration v, is
doubly degenerate (d;=2). The reason for the double degeneracy is that if the bending
occurs in the xz-plane, where z is the direction of the internuclear axis, then the vectors
representing this motion have no components in the perpendicular yz-plane. Similarly,
bending in the yz-plane has no component in the xz-plane. Therefore vibrations in the
xz- and yz-planes are independent but are degenerate which means that they have
different wave functions, ¥,(xz) and ¥,(yz), but it requires the same energy to excite
each of them.




Bending vibrations of all linear molecules are of particular importance in the
observation of rotational transitions in excited vibrational states because, like v, in
HCN, they have fairly low fundamental wavenumbers. This means that at least the
v=1 level for such a vibration may be appreciably populated at normal temperatures.
They are also important because there is an additional angular momentum associated
with such a vibration.

We can see from Figure 4.16 that a rotation, clockwise or anti-clockwise, of the
vectors representing the v, vibrational motion of HCN converts one of the motions
illustrated into the other. Therefore when the molecule is in any excited vibrational state
involving v, there is a vibrational angular momentum about the internuclear axis. The
magnitude of this momentum is /A where, in general, for a vibration v,

i v;, U,‘—z, U,'—4, oo oy =i
in which v, is the vibrational quantum number for the normal mode v;. For example, in

HCN

Taking into account this additional angular momentum the term values of equation
(4.52) are modified to

F(J)) = BJJ(J+1)=1*]=DJJ(J+1)—1?)? (4.57)
H C N Label Description Wavenumber /cm !
O O- o v, (N stretch 2089

i v, bend 712

@O0

s e e v; CHstretch 3312

Figure4.16 The normal modes of vibration of the HCN molecule



Figure 4.17 Coriolis interaction between (a) v, fe

. 1
and v,, and (b) the two components of v, of the 8 1
/ H HCN molecule. Vibrational motion excited by Figu(e 4.18 The effects of /-type doubling on
Z Coriolis interaction is shown by broken lines rotational levels in a linear molecule. The

transitions shown are allowed b
selection rules

where
J= I, M+, 1) +2, ...

which means that the J=0 level is missing for v,=/=1, as are the J=0, 1 levels for
v,=I/=2, and so on.

According to equation (4.57) the term values are independent of the sign of /, but this
is true only if we neglect Coriolis interaction.

If a nucleus in a molecule is moving linearly in a vibrational motion and the molecule
is also rotating then the nucleus experiences a Coriolis force f, given by

Je =2mv,wsin ¢ (4.58)

y electric dipole

i @ @ ap > P

iy

Ag



N iy

where m is the mass of the nucleus, v, its apparent velocity with respect to the coordinate
system attached to the rotating molecule,  the angular velocity of rotation referred to
a fixed coordinate system, and ¢ the angle between the axis of rotation and the direction
of motion with velocity v,. Clearly, if ¢=0, there is no Coriolis force. Figure 4.17(a)
shows the Coriolis forces experienced by the nuclei of HCN when the molecule is
vibrating in the v, normal mode and also rotating about an axis perpendicular to the
plane of the figure and through the centre of gravity. The effect of the Coriolis forces is
to make the molecule bend but with a wavenumber the same as that for v,. If the
fundamental wavenumbers of v, and v, are similar then v, is excited simultaneously
with v,.

There are many cases known in which Coriolis interaction occurs between two
fundamental vibrations accidentally having similar wavenumbers. The effect is to
distort the rotational energy levels and transitions. In the case of HCN, Coriolis
interaction between v, and v, is small because of their very different wavenumbers,
2089cm™"' and 712cm ™', respectively. However, the two components of v, undergo a
rather special type of Coriolis interaction. As Figure 4.17(b) shows, the rotational
angular momentum about the z-axis due to excitation of v, creates Coriolis forces on the
nuclei which convert one component of v, into the other. Since the two interacting
vibrations in this case have the same wavenumber the interaction is large-—a so-called

first-order Coriolis interaction. The effect of this is to modify the term values of equation
(4.57) to

FJ,1*) = B [J(J+ 1)—1?)
+(q/D Wi+ DI + 1) = D,[J(J + 1) =12 (4.59)

where g; is a parameter which depends on the coupling between the rotational and

_vibratiopal motions for vibration i (in this case i = 2). The effect of the term involving g,
1s to split the term values which differ only in the sign of / by an amount equal to
(@/2)(w,+ 1)J(J+1). The splitting is known as I-type doubling. It decreases with

increasing_ [/| and is appreciable only for |/|= 1. Some of the rotational energy levels for
[/|=1 are illustrated in Figure 4.18.

ﬂ’\’ "P 'W’ “" !“” '\? !\? '\? I\P ® ® P u\? 4 S G I



- The components of the doubled levels are distinguished by their parity and are
labelled + or —. This label refers to behaviour of the wave function , which is the
product ¥, of the wave function for electronic and nuclear motions, under the
operation of inversion with respect to space-fixed axes. The allowed transitions are
governed by the parity selection rulet

+ & - + — } — -

An alternative conventiont for labelling the levels is that those with parity +(—1)’
are labelled e and those with parity —(—1)’ are labelled /. For half-integral values
of J, in molecules with non-zero electron spin, +(—1)’"'? levels are labelled e and
—(=1)’ Y levels are labelled f. These labels are also given in Figure 4.18. The
allowed transitions are then

e— fie——e fe— [ forAJ=0
e—— fie——re, f— f forAJ=+1

Whichever way the selection rules are formulated it is clear that the allowed transitions
are those shown in Figure 4.18. These include direct /-doublet transitions, between the
upper and lower components, with AJ=0. The frequency v at which such a transition is
observed is given by

v=(g/D(vi+1)JJ+1) (4.60)



The parameter g; 1s small and for a linear molecule with three dissimilar atoms, such as
HCN, g, for the bending vibration is given, for |/|=1, by

2
et {1 14y c%i[w%/(wf—wé)]} -y

) =
W i*2

where the {,;, namely {,, and ({53, are Coriolis coupling constants. These are a measure
of the Coriolis interactions between v, and v, and between v, and v;, respectively. Both
these interactions usually make only a small contribution to ¢, since (v —w3) is large,
s0 4, can be written approximately as

42 ~ 2B}w, (4.62)

Comparison of equations (4.61) and (4.62) shows that much the greatest contribution to
q 1s due to the first-order Coriolis interaction between the two degenerate components
of v,. Equation (4.62) shows that g; tends to be large for light molecules since these have
large values of B.. In HCN, for example, ¢, =224.47 MHz, and transitions between the
two components of the /-doubled levels lie in the microwave region for low J: but, in the
linear molecule HCNO, ¢,=23.6722MHz and ¢s=34.6391 MHz for the bending
vibrations v, and vs so that such transitions are of sufficiently high frequency to fall in
the microwave region only for fairly high values of J. Investigations at high J have
shown that small extra terms have to be added to equation (4.60).

t «~ indicates that the transition is allowed, whichever is the upper state, and «» indicu.lcs that it is forbidden.
1 See Brown, J. M. eral. (1975). J. molec. Spectrosc., 58, 500 for a discussion of conventions.
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Figure 5.7 Eight components, with K =0 to 7 and separated by centrifugal distortion, of the
J = 8 -7 microwave transition of SiH,NCS.
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