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FIGURE 13.6

Precession of L and § about J for
Russell-Saunders coupling. The
individual I couple and s couple
form resultant L and 8§ before
coupling to form J.

Jj-j Coupling

538 Chapter 13 Foundations of Chemical Spectroscopy

absence of an external field, L and $ prece:
keep the total angular momentum a constant ¢
coupling, J precesses relatively more slowly :

In Russell-Saunders coupling, which appli
L and to form § is strong. This means that the
states of considerably different energies. On ¢
to form J is weak, resulting in J values that d¢

The selection rules that apply to transition
summarized as

AS =0
AL =04
A =0,z

There is a further restriction, known as the Leape
with odd terms:

g5 g U <> U

This is a symmetry effect. In addition
J =0« J:

The underlying reason behind these selection r
of spin angular momentum; there therefore mt
when a photon 1s absorbed or emitted.

For heavy atoms (i.e., for atoms of high :
of coupling, known as j-j coupling. The spin-o
cause the individual [ and s vectors for each ele
vectors. These in turn couple to form a total J f
explained in terms of enhanced spin-orbit inter
outermost electrons by all the remaining electro
changes very rapidly as a function of distance
penetrates deeply into the shielding electron ¢
number of electrons. there is an increase in the
magnetic field felt by an electron in a heavy alc
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Statistical Weighting Factor

my
Center of mass N2

FIGURE 13.10

{a) A diatomic molecule. (b) A linear
triatomic molecule.

The rotational spectrum of a diatomic mol
molecule to be a rigid rotor. The solution of t
{Section 11.10; Eq. 11.208) shows that the
given by the equation

1_
L=J7U+ 1);:;

where J is the rotational quantum number. Tl
by Eq. 11.209,

,
h-

82l

E;=JUJ+1

where / is the moment of inertia and J can hs

Each rotational level with quantum numt
arises in the same way that the m; values come
the hydrogen atom. That 1s, the angular mome:
along the Z axis may have 2J + 1 different
space with respect to a fixed axis. Each of the ¢
equally probable. A statistical weighting fact:
each rotational level. The relative population of
tor and also on the Boltzmann factor (Eq. 15.34
decreases as the energy increases. The combin:
intensity of the rotational states to initially incre
increases.

The moment of inertia of a diatomic molecu
(see Figure 13.10a). The moment of inertia abc
axis) is zero. The moments about any axes at rig]
are given by

fe= m;rlz + m:

where r; and r, represent the distances of the
respectively, from the center of mass of the molec
the values of ry and r; are given by

1%)
ry = ————Fj r
my + niy

2
"

Substitution of these expressions into Eq. 13.54 ,

My 9
| e
my + nis
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608 Chapter 13 Foundations of Chemical Spectroscopy

FIGURE 13.11 _
The constant 28 spacing of a
pure rotational spectrum is shown
in (a). The linearly increasing
energy differences between the
corresponding transitions are

~ shown in (b).

2B 28 2B 2B Lines observed
i 1 ¥ 1 inthe spectrum
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EXAMPLE 13.7 Absorption by H*>Cl occurs in the far in
cm™!, and the spacing between the neighboring lines is 20
moment of inertia and the internuclear distance in H**Cl.

Solution From Eq. 13.62, with J = 0 (which gives the spac

L . =
B = 2” e 20 89;““ ) _ 10.445 cm~!

From Eq. 13.63 the moment of inertia is

il ok 6.626 x 107*(J 5)
T 872Bc 872 x 10.445 (cm') x 2.998 x 10"

= 2.680 x 107" kg m*

I

The reduced mass w for a diatomic molecule is given by Eq. 1:
atomic masses are given in Table 13.2.
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Such distances are known to still better accuracy. : SRy : 'f_;- P i

Linear Triatomic Molecules

T A D

The moment of inertia of a linear triatomic molecule is given by

gz p g AR (miriz mmsiza) (13.65) i
where m = m 4+ m, + m3 and the individual atomic masses and positions are shown
in Figure 13.10b. There are now two distances, r3 and ry3, to determine and this may :
be done by studying two molecules that are isotopically different. For example, i
deuterium may be substituted for hydrogen in HCN, and the pure rotational spectra :

~ TABLE 13.2 Relative Atomic Masses for Several Isotopes*
Isotope Rel. Atomic Mass % Natural Abundance

'H 1.007 825 035(12) 99.985(1)

*H 2.014 101 779(24) 0.015(1)
TH 3.016 049 27(4) - .
He 3.016 029 31(4) 1.38(3)x 10~* f
‘He 4.002 603 24(5) 99.999863(3) i
g & 12 exactly (by definition) 98.90(3)
A 13.003 354 826(17) 1.10(3) i
e 14.003 241 982(27) ~
¥N 14.003 074 002(26) 99.634(9)

PN 15.000 108 97(4) 0.366(9)
220 15.994 914 63(5) 99.762(15) &
o 7O 16.999 131 2(4) 0.038(3) i
30 17.999 160 3(9) 0.200(12) 1
32Cl 34.968 852 721(69) 75.77(7) gl
2Cl 36.965 902 62(11) 24.23(7) i
2Br 78.918 336 1(26) 50.69(7) i
S1Br 80.916 289(6) 49.31(7)
A 126.904 473(5) 100 {4
*The data are from “Isotopic composition of the elements, 1989, Pure and : :

Applied Chemistry, 63, 991-1002 (1991). They are the recommendations of b
the IUPAC Commission on Atomic Weights and Atomic Abundances. The i
numbers in parentheses are the uncertainties relating to the last digits quoted. '
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J. Stark received the Nobel prize in
physics in 1919 for discovering the
Stark effect in 1913.

Center of mass

Mofg Myre

1 1 |
D I T i R 1
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™ + I F# ™)

Potential
energy

0 Extension, x

FIGURE 13.13

{a) The displacements of the
masses my and my during the
vibration of a diatomic molecule.
(b} The potential-energy curve (a
parabola) for a harmonic oscillator.

German physicist Johannes Stark (1874
2J + 1 degenerate rotational energy leve
structure is observed for all lines with .
to particular observed spectral lines, sir
not be the one for J = 0. Since the n:
unambiguous assignments can be made.

A second advantage of the Stark ef
found because the absorption line shift i
field and on the dipole moment.

by 13.4 VIBRATIONAL-ROTATIONAL SPECTRA OF MC:!

The spectra observed in the infrared re;
nied by rotational transitions. Infrared
band corresponding to changes in the v
in the band corresponding to a superin
The infrared bands obtained with
sharp lines, since the molecules can
liquid phase or in solution, however
bands are blurred. It is not possible t«
In aqueous solution, s.nce water abs
masks the spectrum of the so'lure. M
made with the substance 7 (he gas
common modern technic ¢ is to dis
usually potassium brom: . The samp
which is then pressed 1 a transpa:
supported in the beam ¢ e infrared

Diatomic Molecul

The simplest infrared  -ctra are tho.
studied in the gas phe  In Section !
harmonic oscillator, a  the energy (E
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where v is the vibra  1al quantun
related to the force cc rant k in the
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FIGURE 13.14

The actual potential-energy curve
for a diatomic molecule (solid
curve) with a parabola imposed
on it (dashed line). The lowest
horizontal lines, representing the

quantized vibrational energy levels,

are approximately equally spaced.
However, as the curve deviates
from the parabola, the levels
become closer together.

Potential energy

/
g

Zero point (E= Zhv)

Y/

Internuclear distance

spectrum with rotational changes superimposed. The situation is represented schemat-
ically in Figure 13.15 which shows two vibrational states corresponding to v = 0 and
v = 1. The rotational quantum numbers in the v = 0 state are designated J” and those
in the v = 1 state are J'. To the extent that the behavior is harmonic, the average
internuclear distance is r, for all vibrational states, so that the rotational constant B
may be assumed to be the same for all values of v and J.

For strict harmonic motion the selection rules for vibrational-rotational transi-

tions are usually
Av =41 and m = (13.87)
(

In other words, the vibrational state can only change to a neighbrri=~ ~»e_and at
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.5 620  Chapter 13 Foundations of Chemical Spectroscopy

L Morse (b. 1903). This equation, known as the Mo

l ] E,=D,(1—e™

Energy

; where x = r — r, (i.e., the extension of the bon
i N Lot LR l_ and D, and a are constants. The curve represent
{ | 0 x=r—r, Figure 13.17. When x =0, £, = 0; when x apj
i 0 Y D,. The quantity D, 1s‘l;herefore the classical dis
‘ intemuclear-distance, & the experimental dissomatiqn energy plus the zerc

the equation is that if the form of the potential-en
FIGURE 13.17 spectroscopic data, the curve can be fitted to the N
The potential-energy curve pre- then known, and the dissociation energy D can ¢

dicted by the Morse equation, discussion see Example 13.10 and Section 13.6.
& y Eq. 13.104,
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Normal Modes of Vibration

A diatomic molecule vibrates according to a simple
tional frequency. The vibrational motions of molect
are a superposition of a number of basic vibratior
vibration. In order to bring out this concept, we wil
a linear triatomic molecule.

The linear triatomic system 1s shown schema
E | treatment we will ignore bending vibrations and v
.;{ along the axis of the molecule. The center of mass i
i } moments are taken about the origin when the molec

o

gll!: Stretching Vibrations mi(riz — y) = may + mj(

where y is the distance between the center of mass ar
are displaced to the right by the distances x;, x;, an

| my(riz —y — x1) = ma(y + x2) + ma(r
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FIGURE 13.18

(@) Stretching vibrations of a
linear triatomic molecule. {b) The
Symmetric stretching (breathing)
vibration of a linear triatomic
molecule. (¢) The antisymmetric
stretching vibration. (d) The two
degenerate bending vibrations.

13.4 Vibrational-Rotati

and

mymaxs + kazlmix; + (m;

To solve these equations, we look for solutions ¢
X, = A COS 27

X3 = A3C08 27

with the same frequency v for both displacemer
¥ = —4ntix, =

--\:3 = —-47&'41)2)53

i

where A has been written for 472v2. Insettion ¢
and 13.111 leads to two simultaneous equation:

[—Amymy + kio(my + m3)].
mykax) + [—Anipms + ko3l

Equations of this type are only consistent

—imymo + kyp(my + my)
mikas — AN

This determinental equation is a quadratic equ
my + ms ms -+ nms k
mimsz n25

Its solution gives two values of A and there
equation may be written as

A —bA+¢

and the roots are

|
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o
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FIGURE 13.19

Normal modes of vibration. (a) The
carbon dioxide molecule, which
belongs to the point group Dap.
(b) The water molecule, which
belongs to the point group C,,.
The character tables for these
point groups are to be found in
the appendix to Chapter 12 (pp.
S77-579).

13.4 Vibrational-Rota

generally a large number of sets of bands ¢
transitions, because of the various vibrational
ferent normal modes of vibration. Each one of
corresponding to whether the rotational quar
level 1s lower or higher, respectively, than in tt
is also allowed, and then there is additionally

The presence of infrared bands is restric
that a diatomic molecule can give a vibration
permanent dipole moment. This rule is a speci
for vibrational-rotational transitions, namely
give rise to an oscillating dipole moment. For
molecule to have a permanent dipole moment,
dipole moment, the moment remains zero th
possible for a more complex molecule initiall;
an oscillating moment during the course of it:
normal modes of vibration of the carbon diox
In the purely symmetric mode the dipole mon
the vibration, and this vibration is not active
vibrations give rise to a small moment, and
spectrum, although it may be of weak intensii
other hand, produces an oscillating dipole m
from this motion. The carbon dioxide spectrun
1s allowed, so that there is a Q-branch.

These symmetry restrictions may be form
seen that the normal modes of vibration mi
species of the point group to which the mu
molecule is vibrating in a normal mode and
moment w. This dipole moment, being a vec
Z axes, and we can write these components
these components, 1., is affected by all the
as the normal mode of vibration itself. If thi
magnitude as the vibration occurs (i.e., will
hand, the component p, is of a different sy
its magnitude will remain unchanged as the
components jiy, [4y, and u. are of different
be no oscillation of the dipole moment and
corresponding to that normal mode of vibra
components is of the same species as the
allowed, that is, the vibration is infrared ac

Since the components iy, ity, and u
symmetry properties are the same as thos
The symmetry restriction can therefore be

There will be a vibrational-rotational ¢

of vibration only if that mode belong:
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H/
3 Foundations of Chemical Spectroscopy

BF, S

of vibration °
1 molecule 4a(e’) 4b(e’) 5(by) 6(b,)
ongs to the

e normal °
: molecule

relongs to

'@ character °

ndix to

’9).

We may illustrate this rule by some examples. Consider first the normal modes
of vibration for carbon dioxide, shown in Figure 13.19a. On p. 578 is an abbreviated
character table for D, which shows how the x, y, and z coordinates transform. The
purely symmetric vibration is of symmetry species T, and is designated o, (the
lowercase letters are used); however, none of the coordinates beloggi to this species,
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634 Chapter 13 Foundations of Chemical Spectroscopy

-

Loty |

/\‘3 metric complex destroys the center of symmetry allows

0& g <> g transition. This distortion allows a d <> d transit
plex shown.

EXAMPLE 13.9 From Fig. 13.23, list the allowed ele
from the ground state to the excited states of O, that are pe
selection rules.

Symmetrical molecule beginning Solution According to the se:lection ‘rules, starting witk
an asymmetrical vibration from the X state to a X state is permitted as well as to
.;L However, the excited 21, state is of an oxygen molecule i

Only a triplet state 1o a triple state transition is permitl
eliminate all transitions shown except the transition to the
is permitted as well as — < —.

The strongest bands in the absorption spectrum of t
so-called Schumann-Runge bands, at about 200 nm, ar
"L, « 7. This is the transition that is allowed in th
the selection rules previously given. The oxygen spectrum
bands that violate the selection rules. For example, at abou

Fesuliant asymimatical molsciis due to a ]E; - 3‘Zg“ transition, and there are very weak
- that arise from a ' A < *E transition. In both of these tra

of multiplicity, and both violate the g <4 g prohibition.
FIGURE 13.24 It is of some interest to note that these two excited st
A centrosymmetric complex is visible and in the infrared range. But in spite of the lar

parity forbidden in (a) from having the atmosphere, only a small fraction of the solar radiatios
a d « d transition. An asymmetric

g removed. This shows that the selection rule that transitions ¢
vibration (b) removes the center of flik tinlicity ; ¢ Ve ool

inversion and a eq « tyq transition OIS TUPROELES Pl RIOIEE ) obeyes:

becomes weakly allowed.

X
d=d » seme 77 i

'ﬂ E‘*% Since electronic spectra also involve vibrational changes,
bronic spectra. Each band in a vibronic spectrum is assc
vibrational energy and consists of many closely spaced rot
have on one side a sharp edge, or band head. Beyond this
falls sharply to zero, while on the other side of the band th
gradually and is said to be shaded or degraded.

In the Born-Oppenheimer approximation each electr
molecule is represented by a curve showing potential ene:
nuclear distance. On this curve the various vibrational st:
horizontal lines. For a molecule containing more than two :
principle be represented by a multidimensional surface in w
18 plotted against a number of distances and angles that spe

The Structure of Electronic Band Systems
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638 Chapter 13 Foundations of Chemical Spectroscopy

Linear
approximation

<1 w/em-

True curve—eN

| 0 1 S [ |

FIGURE 13.27

A Birge-Sponer extrapolation to
find v;,.. and the dissociation
energy. Energies in cm~' are
plotted against their corresponding
vibrational quantum numbers.

rather rigorously 10 a molecule as light as hydrogen. The absorption spectrum of Hj
shows bands corresponding to the ' <= 'EF and 'TIJ « 'S} transitions. In a
hydrogen arc lamp, molecules are produced in the 32; state, and the characteristic
emission is due to the transition 32; — 3%}, Information from these states can be
used to determine dissociation energies as earlier discussed on page 620.

It is possible to find the dissociation energy when several lines arise in vibronic
transitions. The idea is that the energies of each contributing vibrational level sum
to give the dissociation energy. However, some of the vibrational levels out 1o the
dissociation limit may not be visible. A useful approximation is to use the Birge-
Sponer extrapolation. A plot of the energy in cm™' is made against the vibrational
quantum number, v, A straight line extrapolation of observed values is made to obtain
the intercept on the abscissa which corresponds to the vibrational quantum number
for dissociation. The area under the curve is the dissociation energy, Dg. This method
gives a linear plot when the anharmonicity is small or taken inte account. Otherwise
a curve should be used to obtain the best approximation since a linear plot tends to
overestimate the dissociation energy (see Figure 13.27).

EXAMPLE 13.10 1In the ultraviolet spectrum of molecular oxygen, the
Schumann-Runge bands correspond to the transition *X7 «- 7. The ground
state dissociates into two ground-state oxygen atoms (*P) and the excited state
dissociates into one *P and one 'D. This 'D level lies 190 kJ mol™' above the
ground state. The wave numbers, v, for absorption from the ground vibrational
level v to the v vibrational level of the excited state are given. From the data
given, determine the dissociation energy of molecular oxygen in the ground state
and in its excited state.

1 |

v P, cm Av,cm™! v 7, em™! Av,cm” .
1 50062.6 '1:}‘ _ 9 546418
662.8 A¥, 436.4
2 507254 _ 10 550782
643.6 pYy 381.6
3 513690 11 554600
619.6 B, 343.6
4 529886 12 55803.1
590.4 303.7
5 52579.0 13 56107.3
564.4 253.0 |
6 531434 14 563603 |
: 533.5 210.3
7 536769 15  56570.6
500.1
§  54177.0
464.8
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