Unit 6.3 Electronic spectroscopy (Marks 15)

Electronic transitions and selection rule - spectrum of atomic hydrogen — fine structure,
spectra of H-like atoms.

Electronic transitions in diatomic molecules — Selection rule - Born Oppenheimer
approximation — vibrational coarse structure - Frank Condon principle — electronic transitions
in polyatomic molecules.

Structure elucidation by electronic spectroscopy — chromophore. auxochrome —absorption
due to ethylenic chromophore — Woodward’s rule. Electronic transitions in conjugated
polyenes from particle in a box model. Effect of solvents on electronic transition. quantitative
estimation by spectrophotometry.

Introduction to photoelectron spectroscopy and its applications in simple diatomic molecules.



Spectrum of Atomic Hydrogen
When an electric discharge is passed through gaseous hydrogen, the H2
molecules are dissociated and the energetically excited H atoms that are

produced emit light of discrete frequencies, producting a spectrum of a
series of ‘lines’ (Fig. 10.1).
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with n1 = 1 (the Lyman series), 2 (the Balmer series), and 3 (the Paschen
series), and that in eachcasen2=nl1+1,nl1+2,.... The constant RH is
now called the Rydberg constant for the hydrogen atom.
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Fig. 10.1 The spectrum of atomic hydrogen. Both the observed
spectrum and its resolution into overlapping series are shown. Note
that the Balmer series lies in the visible region.



Spectroscopic Transition and Selection Rules
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The energies of the hydrogenic atoms are given by eqn 10.11. When the
electron undergoes a transition, a change of state, from an orbital with
quantum numbers nl, /1, m/1 to another (lower energy) orbital with
quantum numbers n2, 12, ml2, it undergoes a change of energy AE and
discards the excess energy as a photon of electromagnetic radiation with
a frequency v given by the Bohr frequency condition

AE = hv



Spectroscopic Transition and Selection Rules

It is tempting to think that all possible transitions are permissible, and
that a spectrum arises from the transition of an electron from any initial
orbital to any other orbital. However, this is not so, because a photon
has an intrinsic spin angular momentum corresponding to s = 1. The
change in angular momentum of the electron must compensate for the
angular momentum carried away by the photon. Thus, an electronin a d
orbital (I = 2) cannot make a transition into an s orbital (/ = 0) because
the photon cannot carry away enough angular momentum. Similarly, an
s electron cannot make a transition to another s orbital, because there
would then be no change in the electron’s angular momentum to make
up for the angular momentum carried away by the photon. It follows
that some spectroscopic transitions are allowed, meaning that they can
occur, whereas others are forbidden, meaning that they cannot occur.



Spectroscopic Transition and Selection Rules

A selection rule is a statement about which transitions are allowed.
They are derived (for atoms) by identifying the transitions that conserve
angular momentum when a photon is emitted or absorbed. The
selection rules for hydrogenic atoms are

Al=+1, Aml =0, 1 (10.26)
The principal qguantum number n can change by any amount consistent

with the Al for the transition, because it does not relate directly to the
angular momentum.



Color and Light Absorption of Compounds

Compounds that absorb light of wavelength between 400 and 800 nm
(visible light) appear colored to the human eye, the precise color being a
complicated function of which wavelengths the compounds subtract
from white light. Very many compounds have strong ultraviolet
absorption bands, the shoulders of which may tail into the visible
spectrum-absorbing the violet end of the white-light spectrum.
Subtraction of violet from white light leaves the complementary colors,
which appear yellow/orange to the human eye , and for the se reason s
vellow and orange are the most common colors among organic
compounds. Progressive absorption from 400 nm upward leads to
progressive darkening through yellow , orange, red , green, blue, violet
and ultimately black .



Chromophores

Chromophore is a system responsible for imparting color to a
compound. (The derivation is from the Greek chromophoros, or color
carrier.) Thus, in azo dyes the aryl conjugated azo group (Ar- N= N- Ar) is
clearly the principal chromophore; in nitro compounds the yellow color
is carried by - NO2; etc. The term has been retained within an extended
interpretation to imply any functional group that absorbs
electromagnetic radiation, whether or not a 'color' is thereby produced.
Thus, the carbonyl group is a chromophore in both ultraviolet and
infrared terms , even though one isolated C=0 group is insufficiently
'powerful' to impart color to a compound. (An isolated carbonyl group,
as in acetone , absorbs ultraviolet light around 280 nm.) Important
examples of organic chromophores are listed in table 4.1.



Chromophores

Table 4.1 Some simple organic chromophores and the
approximate wavelengths at which they absorb.
The intensity of absorption is discussed in section

4.2.2
Wavelength, Initensity,
A g/ M €,0/107°m* mol ™"
Chromophore (typical) (typical)
C=C 175 14 000
C=C 175 10 000
195 2 000
223 150
C=0 160 18 000
185 5 000
280 15
R—NO, 200 5 000
274 15
C=N 165 5
C=C—C=C 217 20 000
C=C—C=0 220 10 000
315 30
C=C—C=C 220 7 500
230 7 500
benzene 184 60 000
204 7 400

255 204




Auxochromes
An auxochrome was an earlier-defined term for a group that could

enhance the color-imparting properties of a chromophore without
being itself a chromophore, examples being -- OR, -NH2, -NR2, etc . As in
the case of chromophores, the definition of auxochromes has been
modified in the light of modern theory. The synergist effect of
auxochromes is coupled with their ability to extend the conjugation of a
chromophore by sharing of the nonbonding electrons: in a very real
sense, the auxochrome then becomes part of a new, extended
chromophore, and their action is only different in degree from the effect
of extending the conjugation by adding a chromophore to a
chromophore.



Theory of Electronic Transitions
When a molecule absorbs ultraviolet/visible light of a particular energy,
we assume as a first approximation that only one electron is promoted
to a higher energy level and that all other electrons are unaffected . The
excited state thus produced is formed in a very short time (of the order
of 101> s) and a consequence is that during electronic excitation the
atoms of the molecule do not move (the Franck-Condon principle) .
The most probable AE transition would appear to involve the promotion
of one electron from the highest occupied molecular orbital to the
lowest available unfilled orbital, but in many cases several transitions
can be observed, giving several absorption bands in the spectrum. Not
all transitions from filled to unfilled orbitals are allowed, the symmetry
relationship between the two orbitals being important. Where a
transition is 'forbidden' , the probability of that transition occurring is
low , and correspondingly the intensity of the associated absorption
band is also low .
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Figure 4.2 Reiative energies of orbitals most involved in electronic spectroscopy
of organic compounds.



Theory of Electronic Transitions
In alkanes the only transition available is the promotion of an electron

from a low-lying o orbital to a high-energy o* antibonding orbital: this is
a high-energy process, and requires very -short-wavelength ultraviolet
light (around 150 nm). This type of transition is classed as ¢ — o*.

In simple alkenes several transitions are available, but the lowest-energy
transition is the most important: this is the T — " transition, which
is responsible for the absorption band around 170-190 nm in
unconjugated alkenes (see table 4.1).

In saturated aliphatic ketones the lowest-energy transition involves the
non bonding electrons on oxygen, one of which can be promoted to the
relatively low-lying st* orbital : thisn — sr*transition is 'forbidden' in
symmetry terms and therefore the intensity is low, although the
wavelength is long (around 280 nm). Two other transitions available

are n — g* and T — O these are both 'allowed' transitions and
give rise to strong absorption bands, but the energy involved is higher
than for b . #* ; therefore, the wavelength of the absorption is
shorter (around 185 for n — og*ind around 160 for 7 — 7*). The most
intense band for these combpounds is alwavs due to the™ — T transition




Theory of Electronic Transitions

In conjugated dienes the = orbitals of the separate alkene groups
combine to form new orbitals—two bonding orbitals named m, and m, (or
V¥, and ¥,) and two antibonding orbitals named m* and m4* (or ¥;* and
¥,*). The relative energies of these new orbitals are shown in figure 4.2
and it is easily apparent that a new m — =* transition of very low energy
(my — m3*) is now possible as a result of the conjugation. Conjugated
dienes, therefore, show absorption at much longer wavelength than do
isolated alkene groups, a typical value being around 217 nm. Table 4.1 also
shows the wavelength of absorption for a typical conjugated ketone: again
the strong absorption at 220 nm is the m — «* transition, the weaker
absorption being the forbidden n — =#™* transition.



Fine Structure Spectra of H-like Atoms
5.2.1 Orbital Angular Momentum |

An electron moving in its orbital about a nucleus possesses orbital angular
momentum, a measure of which is given by the [/ value corresponding to the
orbital. This momentum is, of course, quantized, and it is usually expressed
in terms of the unit h/2n, where h is Planck’s constant. We may write:

h
Orbital angular momentum = /Il + 1) - B i /(I + 1) units (5.6)

Now angular momentum is a vector quantity, by which we mean that
its direction is important as well as its magnitude—the axis of a spinning
top, for instance, points in a particular direction. Conventionally, vectors
may be represented by arrows, and the angular momentum vector is rep-
resented by an arrow based at the centre of the top, along the top axis, and
of length proportional to the magnitude of the angular momentum. Such an
arrow can lie in two different directions, at 180° to each other; these direc-
tions are associated, depending on the sign convention used, with clockwise
and anticlockwise rotations of the top. Mathematically we can ignore the
spinning body and deal merely with the properties of the arrow.

It is usual to distinguish vector quantities by the use of bold-face type
and we shall accordingly represent orbital angular momentum by the

symbol | where:
Il = /Il + 1) units (5.7)



Fine Structure Spectra of H-like Atoms
In this equation [ is always zero or positive and hence so is l. Since | and [

are so closely connected they are often loosely used interchangeably: thus
we speak of an electron having ‘an angular momentum of 2’ when we
strictly mean that | =2 and | = \/2 x 3 = 2:44 units.

We might at first think that the angular momentum vector of an elec-
tron could point in an infinite number of different directions. This, however,
would be to reckon without the quantum theory. In fact, once a reference
direction has been specified (and this may be done in many ways, either
externally, such as by applying an electric or magnetic field, or internally,
perhaps in terms of the angular momentum vector of one particular

I:

+2 4

(a) I=1 (b) 1=2 (c) s=4%

Figure 5.4 The allowed directions of the electronic angular momentum vector for an electron
in (a) a p state (1 = 1), (b) a d state (1 = 2), and (c) the allowed directions of the electronic spin
angular momentum vector. The reference direction is taken arbitrarily as upwards in the plane
of the paper.



Fine Structure Spectra of H-like Atoms

electron), the angular momentum vector can point only so that its compo-
nents along the reference direction are integral multiples of h/2n. Figure 5.4(a)
and (b) show the situation for an electron with [ = | and [ = 2 respectively
(i.e., a p and a d electron). The reference direction, here taken to be vertical
in the figure, is conventionally used to define the z axis, and so we can write
the components of | in this direction as |, (note the use of bold-face type for
l., since the components of angular momentum are clearly vectors, having
both magnitude and direction). Alternatively, since we know that the I, are
integral multiples of h/2n, we can represent the components in terms of an
integral number [, (not bold-face), where

o
> O

I, =1

z

(5.8)

This latter notation is used in Fig. 5.4, and we see there that for [ =1, [,
takes values of + 1, 0, and — 1, while for | = 2 the values are +2, +1, 0,
— 1, and —2. In general we see that [, has values:

Lk et cun by =0 =1 (5.9)



Fine Structure Spectra of H-like Atoms

and that there are 2[ + 1 values of [, for a given [. Plainly [, is to be
identified with the magnetic quantum number m introduced in Sec. 5.1.2:

[,=m

and this justifies our previous assertion that m governs essentially the direc-
tion of an orbital.

Before proceeding further let us reiterate the distinction between L, L 1,
and [,. The quantum number / is an integer, positive or zero, representing
the state of an electron in an atom and determining its orbital angular
momentum. The vector | designates the magnitude and direction of this
momentum as shown by the vector arrows of Fig. 5.4. When expressed in
units of h/2rx, | is nimerically equal to \/I(! + 1). Once a reference direction
is specified (and this is often arbitrary) 1 can point only so as to have
components |, = [, h/2n (with I, an integer or zero) along that direction.

Usually the orbital energy of the electron depends only on the mag-
nitude and not the direction of its angular momentum; thus the 21 + 1
values of [, are all degenerate. But we should note that it is possible to lift
the degeneracy (cf. Sec. 5.6) so that levels with different [, have different
energy.



Fine Structure Spectra of H-like Atoms
5.2.2 Electron Spin Angular Momentum

Every electron in an atom can be considered to be spinning about an axis
as well as orbiting about the nucleus. Its spin motion is designated by the
spin quantum number s, which can be shown to have a value of 4 only. Thus
the spin angular momentum is given by:

h /1 B b
s=\/s(s+l)§—7;= Exiumts

— é\/’i units (5.10)

The quantization law for spin momentum is that the vector can point so as
to have components in the reference direction which are half-integral mul-
tiples of h/2m, that is, so that s, = s, h/2n with s, taking the values +3% or
—1 only. The two (that is, 2s + 1) allowed directions are shown in
Fig. 5.4(c); they are normally degenerate.

5.2.3 Total Electronic Angular Momentum

We now need to discover some means whereby the orbital and spin contri-
butions to the electronic angular momentum may be combined. Formally
we can write:

j=1+s (5.11)

where j is the total angular momentum. Since | and s are vectors, Eq. (5.11)
must be taken to imply vector addition. Also formally, we can express j in
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terms of a total angular momentum quantum number j:

=i+ l)%=\/j0+ 1) units (5.12)

where j is half-integral (since s is half-integral for a one-electron atom), and
a quantal law applies equally to j as to | and s:j can have z-components
which are half-integral only, i.e.,

Jo= X U —=1) £~ 2052 (5.13)

There are two methods by which we can deduce the various allowed
values of j for particular | and s values. We shall consider them both briefly.

(a) (b)

Figure 5.5 The two energy states having different total angular momentum which can arise as
a result of the vector addition of | = \/Eand = §\/§.
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I. Vector summation. In ordinary mechanics two forces in different direc-
tions may be added by a graphical method in which vector arrows are
drawn to represent the magnitude and direction of the forces, the ‘paral-
lelogram is completed’, and the magnitude and direction of the resultant
given by the diagonal of the parallelogram. Exactly the same method can
be used to find the resultant (j) of the vectors | and s. The important
difference is that quantum mechanical laws restrict the angle between |
and s to values such that j is given by Eq. (5.12) with half-integral j. Thus
j can take values

13, 3./15, %\/53, corresponding to j=4%4%1% ...

The method is illustrated in Fig. 5.5(a) and (b) for the case | = 1 (that
is, | = \/5) and s=1% (s = 5\/3) In (@) the summation yields j = h/ﬁ
which corresponds to a j value of 3, while in (b) j= é\/.; or j =4
Construction or calculation shows that | and s may not be combined in any
other way to give an allowed value of j.
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Note that we can get exactly the same answer by summing the
quantum numbers | and s to get the quantum number j. In this example
| =1,s =4, and hence:

j=l+s=3 or j=l—s5s=1%

This simple approach, although adequate for systems with one elec-

tron only, is not readily extended to multi-electron systems. For these we
must use the rather more fundamental method outlined below.
. Summation of z components. If the components along a common direction
of two vectors are added, the summation yields the component in that
direction of their resultant. We have seen (cf. Eq. (5.9)) that the z com-
ponents of [ = 1 are + 1, and 0, while those of s = § are +4 only. Taking
all possible sums of these quantities we have:

h=kL+s,
LB ATV (VS U5 (RS, [T W) S TSR [ (P,
=$44 -4 -4 -4

In this list of six j, components, the maximum value is 4, which we know
(cf. Eq. (5.13)) must belong to j = 3. Other components of j = 3 are 4, —4,
and —3 and, striking these from the above six, we are left with j, = +1
and —%. These values are plainly consistent with j = 4,

Thus all the six components arc accounted for if we say that the
states j =3 and j = 3 may be formed from [ =1 and s = 4. This is, of
course, in agreement with the vector summation method.
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Both these methods show that for a p electron (that is, I = 1), the
orbital and spin momenta may be combined to produce a total momentum
of j=4./15 when | and s reinforce (physically we would say that the
angular momenta have the same direction) or to give j = %ﬁ when | and s
oppose each other. Thus the total momentum is different in magnitude in
the two cases and hence we have arrived at two different energy states
depending on whether | and s reinforce or oppose. Both energy states are p
states, however (since [ is 1 for both), and they may be distinguished by
writing the j quantum number value as a subscript to the state symbol P,
thus P, or P,,,. (We here use a capital letter for the state of a whole atom
and a small letter for the state of an individual electron; in the hydrogen
atom, which contains only one electron, the distinction is trivial.) States
such as these, split into two energies, are termed doublet states:; their doub-
let nature 1s usually indicated by writing a superscript 2 to the state symbol,
thus: *P5,,, 2P,,,. The state (or term) symbols produced are to be read
‘doublet P three halves’ or ‘doublet P one half’ respectively.

All other higher [ values for the electron will obviously produce doublet
states when combined with s = §; for instance, I =2, 3, 4, ... will yield
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*Ds;2, 32> *F )2, 512 *Goja. 72, etc. The student should satisfy himself of this,
preferably by using the z-component summation method outlined above.
There is, however, a slight difficulty with s states (/ = 0). Here, since | = 0, it
can make no contribution to the vector sum, and the only possible resultant
iS § = 5\/—5 or s = 3. Remember s = —} is not allowed, since the quantum
number cannot be negative; it is only the z component of the vector which
can have negative values. Thus for an s electron we would have the state
symbol §,,, only. This is nonetheless formally written as a doublet state
(*Sy,,) for reasons which should become clear during the discussion of
multiplicity in Sec. 5.4.3.

We can now consider the relevance of this discussion to atomic spec-

troscopy.
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5.2.4 The Fine Structure of the Hydrogen Atom Spectrum

The hydrogen atom contains but one electron and so the coupling of orbital
and spin momenta and consequent splitting of energy levels will be exactly
as described above. We summarize the essential details of the energy levels

S AR s 2D s Energy (cm™ 1)
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Figure 5.6 Some of the lower energy levels of the hydrogen atom showing the inclusion of
J-splitting. The splitting is greatly exaggerated for clarity.
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in Fig. 5.6. Each level is labelled with its n quantum number on the extreme
left, and its j value on the right; the [ value is indicated by the state symbols
S, P, D, ... at the top of each column. There is no attempt to show the
energy-level splitting of the P and D states to scale in this diagram—the
separation between levels differing only in j is many thousands of times
smaller than the separation between levels of different n. However, we do
indicate that the j-splitting decreases with increasing n and with increasing [.
The F, G, ... states, not shown on the diagram, follow the same pattern.
The selection rules for n and [ are the same as before:

An = anything Al = +1 only (5.14)

but now there is a selection rule for j:

Aj=0, +1 (5.15)

These selection rules indicate that transitions are allowed between any
S level and any P level:

2Sn/z_’ 2Px/z (Aj = 0)
2Sx/z_" 2Ps/z (Aj = +1)

Thus the spectrum to be expected from the ground (1s) state will be iden-
tical with the Lyman series (cf. Sec. 5.1.3) except that every line will be a
doublet. In fact the separation between the lines is too small to be readily
resolved but we shall shortly consider the spectrum of sodium in which this
splitting is easily observed.
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Transitions between the ?P and *D states are rather more complex;
Fig. 5.7 shows four of the energy levels involved. Plainly the transition at
lowest frequency will be that between the closest pair of levels, the *Piis
and 2D,,,. This, corresponding to Aj = 0 is allowed. The next transition,
2Py, — 2Ds;, (Aj = +1), is also allowed and will occur close to the first
because the separation between the doublet D states is very small. Thirdly,
and more widely spaced, will be *P,,,— *D;,, (Aj = +1), but the fourth
transition (shown dotted) *P,,— *Ds,,, is not allowed since for this
Aj = +2.

Thus the spectrum will consist of the three lines shown at the foot of
the figure. This, arising from transitions between doublet levels, is usually
referred to as a ‘compound doublet’ spectrum.

We see, then, that the inclusion of coupling between orbital and spin
momenta has led to a slight increase in the complexity of the hydrogen
spectrum. In practice, the complexity will be observed only in the spectra of
heavier atoms, since for them the j-splitting is larger than for hydrogen. In
principle, however, all the lines in the hydrogen spectrum should be close
doublets if the transitions involve s levels, or ‘compound doublets’ if s
electrons are not involved.
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Figure 5.7 The ‘compound doublet’ spectrum arising as the result of transitions between 2P
and *D levels in the hydrogen atom.



Electronic Transitions in Diatomic Molecules
(a) Term symbols

The term symbols of linear molecules (the analogues of the symbols *P, etc. for atoms)
are constructed in a similar way to those for atoms, but now we must pay attention to
the component of total orbital angular momentum about the internuclear axis, Af.
The value of | A| is denoted by the symbols X, I, A, .. . for [A|=0,1,2..., respec-
tively. These labels are the analogues of S, P, D, . . . for atoms. The value of A is the
sum of the values of A, the quantum number for the component Afi of orbital angular
momentum of an individual electron around the internuclear axis. A single electron
in a ¢ orbital has A = 0: the orbital is cylindrically symmetrical and has no angular
nodes when viewed along the internuclear axis. Therefore, if that is the only electron
present, A= 0. The term symbol for Hj is therefore .

As in atoms, we use a superscript with the value of 25 + 1 to denote the multiplicity
of the term. The component of total spin angular momentum about the internuclear
axis is denoted X, where ¥=S,S5—1,5—-2,...,-S. For H7, because there is only one
electron, S=s= % (XY= i%} and the term symbol is 2y a doublet term. The overall par-
ity of the term is added as a right subscript. For HJ, the parity of the only occupied
orbital is g (Section 11.3c), so the term itself is also g, and in full dress is EEE. If there
are several electrons, the overall parity is calculated by using

EXE=8 uxu=g uxg=u (14.1)
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These rules are generated by interpreting g as +1 and u as —1. The term symbol for the
ground state of any closed-shell homonuclear diatomic molecule is lEE because the
spin is zero (a singlet term in which all electrons paired), there is no orbital angular
momentum from a closed shell, and the overall parity is g.

A 7 electron in a diatomic molecule has one unit of orbital angular momentum
about the internuclear axis (A==1), and if it is the only electron outside a closed shell,
gives rise to a Il term. If there are two 7 electrons (as in the ground state of O,, with
configuration l.ﬂ'ﬁlﬂ';} then the term symbol may be either X (if the electrons are
travelling in opposite directions, which is the case if they occupy different  orbitals,
one with A = +1 and the other with A =—1) or A (if they are travelling in the same
direction, which is the case if they occupy the same m orbital, both A = +1, for
instance). For O,, the two 7 electrons occupy different orbitals with parallel spins (a
triplet term), so the ground term is °Z. The overall parity of the molecule is

(closed shell) xgxg=¢g

The term symbol is therefore 3Eg.
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Table 14.2 Properties of O, in its lower electronic states™
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For X terms, a + superscript denotes the behaviour of the molecular wavefunction
under reflection in a plane containing the nuclei (Fig. 14.2). If, for convenience, we
think of O, as having one electron in 17, which changes sign under reflection in the
yz-plane, and the other electron in 17, ,, which does not change sign under reflection
in the same plane, then the overall reflection symmetry is

(closed shell) x (+) x (=) = (-)
and the full term symbol of the ground electronic state of O, is 325.

The term symbols of excited electronic states are constructed in a similar way. For
example, the term symbol for the excited state of O, formed by placing two electrons
in a I, (orin a 1}1‘5}.} orbital is lﬂ.g because |A| = 2 (two electrons in the same 7
orbital), the spin is zero (all electrons are paired), and the overall parity is (closed
shell) % g % g = g. Table 14.2 and Fig. 14.3 summarize the configurations, term

symbols, and energies of the ground and some excited states of O,.
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(b) Selection rules

A number of selection rules govern which transitions will be observed in the elec-
tronic spectrum of a molecule. The selection rules concerned with changes in angular
momentum are

AA=0, %1 AS5=0 AX=0 AL2=0, %1

where 2 = A + X is the quantum number for the component of total angular
momentum (orbital and spin) around the internuclear axis (Fig. 14.4). As in atoms
(Section 10.9), the origins of these rules are conservation of angular momentum dur-
ing a transition and the fact that a photon has a spin of 1.

There are two selection rules concerned with changes in symmetry. First, for £
terms, only £* <= X7 and £~ «» X" transitions are allowed. Second, the Laporte selec-
tion rule for centrosymmetric molecules (those with a centre of inversion) and atoms
states that:

The only allowed transitions are transitions that are accompanied by a change of
parity.

That is, u — g and g — u transitions are allowed, but ¢ — g and u — u transitions are

forbidden.

A forbidden g — g transition can become allowed if the centre of symmetry is elim-
inated by an asymmetrical vibration, such as the one shown in Fig. 14.5. When the
centre of symmetry is lost, g — g and u — u transitions are no longer parity-forbidden
and become weakly allowed. A transition that derives its intensity from an asymme-
trical vibration of a molecule is called a vibronic transition.
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(c) Vibrational structure

To account for the vibrational structure in electronic spectra of molecules (Fig. 14.6),
we apply the Franck—Condon principle:

Because the nuclei are so much more massive than the electrons, an electronic
transition takes place very much faster than the nuclei can respond.

As a result of the transition, electron density is rapidly built up in new regions of the
molecule and removed from others. The initially stationary nuclei suddenly experi-
ence a new force field, to which they respond by beginning to vibrate and (in classical
terms) swing backwards and forwards from their original separation (which was main-
tained during the rapid electronic excitation). The stationary equilibrium separation
of the nuclei in the initial electronic state therefore becomes a stationary turning point
in the final electronic state (Fig. 14.7).

The quantum mechanical version of the Franck—Condon principle refines this pic-
ture. Before the absorption, the molecule is in the lowest vibrational state of its lowest
electronic state (Fig. 14.8); the most probable location of the nuclei is at their equilib-
rium separation, R_. The electronic transition is most likely to take place when the
nuclei have this separation. When the transition occurs, the molecule is excited to the
state represented by the upper curve. According to the Franck—Condon principle,
the nuclear framework remains constant during this excitation, so we may imagine the
transition as being up the vertical line in Fig. 14.7. The vertical line is the origin of the
expression vertical transition, which is used to denote an electronic transition that
occurs without change of nuclear geometry.

The vertical transition cuts through several vibrational levels of the upper elec-
tronic state. The level marked * is the one in which the nuclei are most probably at
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Fig. 14.6 The electronic spectra of some
molecules show significant vibrational
structure. Shown here is the ultraviolet
spectrum of gaseous 50, at 298 K. As
explained in the text, the sharp lines in this
spectrum are due to transitions from a
lower electronic state to different
vibrational levels of a higher electronic
state.
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the same initial separation R, (because the vibrational wavefunction has maximum
amplitude there), so this vibrational state is the most probable state for the termina-
tion of the transition. However, it is not the only accessible vibrational state because
several nearby states have an appreciable probability of the nuclei being at the separa-
tion R_. Therefore, transitions occur to all the vibrational states in this region, but most
intensely to the state with a vibrational wavefunction that peaks most strongly near R_..

The vibrational structure of the spectrum depends on the relative horizontal posi-
tion of the two potential energy curves, and a long vibrational progression, a lot of
vibrational structure, is stimulated if the upper potential energy curve is appreciably
displaced horizontally from the lower. The upper curve is usually displaced to greater
equilibrium bond lengths because electronically excited states usually have more
antibonding character than electronic ground states.

The separation of the vibrational lines of an electronic absorption spectrum depends
on the vibrational energies of the upper electronic state. Hence, electronic absorption
spectra may be used to assess the force fields and dissociation energies of electronically
excited molecules (for example, by using a Birge-Sponer plot, as in Problem 14.2).

Molecular potential energy
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Internuclear separation

Fig. 14.7 According to the Franck—Condon
principle, the most intense vibronic
transition is from the ground vibrational
state to the vibrational state lying vertically
above it. Transitions to other vibrational
levels also occur, but with lower intensity.
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(e) Rotational structure

Just as in vibrational spectroscopy, where a vibrational transition is accompanied by
rotational excitation, so rotational transitions accompany the excitation of the vibra-
tional excitation that accompanies electronic excitation. We therefore see P, Q, and R
branches for each vibrational transition, and the electronic transition has a very rich
structure. However, the principal difference is that electronic excitation can result in
much larger changes in bond length than vibrational excitation causes alone, and the
rotational branches have a more complex structure than in vibration—rotation spectra.

We suppose that the rotational constants of the electronic ground and excited states
are Band B', respectively. The rotational energy levels of the initial and final states are

E(J)=heBI(J+1)  E(J)=heB ] (]'+1)

and the rotational transitions occur at the following positions relative to the vibra-
tional transition of wavenumber v that they accompany:

P branch (AJ=-1): vp(J)=v—(B'+B)]+ (B - B)J? (14.5a)
Q branch (AJ=0): Vo) =v+(B' = B)J(J+1) (14.5b)
R branch (AJ=+1): vp(I)=v+(B'+B)(J+ 1)+ (B'—B)(J+1)? (14.5¢)

(These are the analogues of eqn 13.63.) First, suppose that the bond length in the elec-
tronically excited state is greater than that in the ground state; then B’ < Band B'— B
is negative. In this case the lines of the R branch converge with increasing J and when
Jis such that |B'— B|(J+ 1) = B’ + B the lines start to appear at successively decreasing
wavenumbers. That is, the R branch has a band head (Fig. 14.11a). When the bond is
shorter in the excited state than in the ground state, B’ > Band B’ — B is positive. In this
case, the lines of the P branch begin to converge and go through a head when J is such
that (B'— B)] > B’ + B (Fig. 14.11b).
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Fig. 14.11 When the rotational constants of
a diatomic molecule differ significantly in
the initial and final states of an electronic
transition, the P and R branches show a
head. (a) The formation of a head in the R
branch when B’ < B; (b) the formation of a
head in the P branch when B’ = B.
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14.2 The electronic spectra of polyatomic molecules

The absorption of a photon can often be traced to the excitation of specific types of
electrons or to electrons that belong to a small group of atoms in a polyatomic
molecule. For example, when a carbonyl group (> C=0) is present, an absorption at
about 290 nm is normally observed, although its precise location depends on the
nature of the rest of the molecule. Groups with characteristic optical absorptions are
called chromophores (from the Greek for ‘colour bringer’), and their presence often
accounts for the colours of substances (Table 14.3).

(a) d-d transitions

In a free atom, all five d orbitals of a given shell are degenerate. In a d-metal complex,
where the immediate environment of the atom is no longer spherical, the d orbitals

Synoptic table 14.3* Absorption characteristics ofsome groups and molecules

Group V/cm™ - g/(dm’ mol™! cm™)
C=C(m* «m) 61 000 163 5000

57 300 174 15 500
C=0(m* ¢« n) 35 000-37 000 270-290 10-20

H,O (m* «n) 60 000 167 7000
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Fig. 14.12 The classification of d-orbitals in an octahedral environment.
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Fig. 14.13 The electronic absorption
spectrum of [Ti(OH,)¢]*" in aqueous
solution.
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are not all degenerate, and electrons can absorb energy by making transitions between
them. We show in the following Justification that in an octahedral complex, such as
[ Ti( DHE]IE-,]E"+ (1), the five d orbitals of the central atom are split into two sets (2), a
triply degenerate set labelled #,, and a doubly degenerate set labelled e,. The three t,,
orbitals lie below the two e, orbitals; the difference in energy is denoted A, and called
the ligand-field splitting parameter (the O denoting octahedral symmetry).

The d-orbitals also divide into two sets in a tetrahedral complex, but in this case the
e orbitals lie below the #, orbitals and their separation is written A;. Neither A5 nor A
is large, so transitions between the two sets of orbitals typically occur in the visible
region of the spectrum. The transitions are responsible for many of the colours that
are so characteristic of d-metal complexes. As an example, the spectrum of [Ti(OH,) ] **
near 20 000 cm™" (500 nm) is shown in Fig. 14.13, and can be ascribed to the promo-
tion of its single d electron from a ,, orbital toan e, Drbltﬂl The wavenumber of the
absorption maximum suggests that A, = 20 000 cm™" for this complex, which cor-
responds to about 2.5 eV.

According to the Laporte rule (Section 14.1b), d—d transitions are parity-forbidden
in octahedral complexes because they are ¢ — g transitions (more specifically e, < by
transitions). However, d—d transitions become weakly allowed as vibronic transitions
as a result of coupling to asymmetrical vibrations such as that shown in Fig. 14.5.




































