
CHAPTER NINETEEN 

MOLECULAR SPECTROSCOPY 
AND PHOTOCHEMISTRY 

19-1 Introduction 

The field of molecular spectroscopy is a very large and a very popular one. 
Much of the present effort of chemical physicists is devoted to the study of the 
electronic, vibrational, rotational, and nuclear excited states of atoms and mole
cules. The great scope of the material is suggested by the rather lengthy list of 
references at the end of the chapter. The presentation here necessarily is severely 
limited; primary emphasis is given to electronic states of molecules—as physical 
chemists, we are very interested in the major changes in energy and in chemical 
nature that occur with electronic excitation. More than just a gain in energy is 
involved; an excited molecule may have a new geometry and it can undergo a 
variety of processes, such as emission, radiationless changes, and chemical reaction. 
We are beginning to see, in fact, the emergence of a distinct chemistry of excited 
states. We attempt therefore to present aspects of the chemical as well as of the 
wave mechanical approach to the subject. 

The rest of molecular spectroscopy is largely concerned with phenomena whose 
primary interest to the physical chemist is that they provide information about the 
size and shape of a molecule or about the nature of the bonding in the electronic 
ground state. Thus analysis of vibrational and rotational spectra allows estimations 
of the force constants of bonds and of bond lengths. Nuclear magnetic resonance 
gives a special kind of information about the electronic environment of an atom, 
as does electron paramagnetic resonance. Such spectroscopy has become a major 
tool for the structural and analytical chemist. The detailed theories are of less 
interest, however, in a text such as this; we will present only the simplest model 
for each phenomenon. 

The number of types of spectroscopic phenomena has grown enormously in 
recent years. It is impractical to discuss each of them here, but Section 19-ST-4 
provides a glossary of the names in current use. 
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19-2 Excited States of Diatomic Molecules 

A. The Hydrogen Molecule and Molecular Ion 

The excited states of diatomic molecules are usually treated wave mechanically 
in terms of linear combinations of φ functions for the separate atoms, as discussed 
in Sections 18-2 to 18-5. The molecular orbital method is commonly used and, as 
the simplest example, the ground and first excited states of H 2

+
 are described in 

terms of the linear combinations 

</>g = 0is.Α + 018.B and φη = φ18>Α — 0 1 β §Β , 

where A and Β denote the two hydrogen atoms whose Is orbitals are used; the 
subscripts g and u designate whether the φ function is symmetric or antisymmetric 
with respect to inversion through the center of symmetry. The energy can be 
calculated as a function of internuclear distance by means of the variation method 
(see Section 18-3) and the result is shown in Fig. 19-1. Notice that the lower 
curve, for φ%, has a minimum, indicating that the H 2

+
 molecule is stable, the 

depth of the minimum giving the dissociation energy. The first excited state, 
whose molecular orbital is a u, has no minimum; as a consequence, absorption 
of light by H2+ to put it in this excited state leads to prompt dissociation into Η 
and H

+
. There are further excited states, representable in first approximation by 

linear combinations of 2s, 2p, 3s, and so on atomic wave functions; these give 
a progression of states (called a Rydberg progression) leading eventually to ioniza
tion of the electron. 

The next case, H 2, already presents a fairly difficult calculational problem. 
The approach is much the same as before, however, in that linear combinations 
of atomic orbitals are used, along with the variation method. The resulting states 
may be described in terms of the molecular orbitals occupied. Thus the ground 
state of H 2 is ( l s a g)

2
; the designation l s a g refers to the molecular orbital formed 

from Is atomic orbitals, or the φg orbital just given. The superscript 2 means that 
both electrons occupy this orbital. 

The next bound state is lsag2pau*; one electron is in the lsog molecular orbital 
and the other in the 2pau* one. This last is formed from two 2p orbitals, which 

I I I L 
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Internuclear d i s tance , Â 

FIG. 19-1. Energy of the H 2

+
 molecular ion as a function of the internuclear distance; solid 

lines are calculated by the variation method and dashed lines calculated by an exact method. (From 
W. Kauzmann, "Quantum Chemistry." Academic Press, New York, 1957.) 
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H+ + H 

ls + 2s or 2p 

H(ls) + H(ls) 

0 2 4 6 
ο 

Internuclear distance, A 
FIG. 19-2. Potential energy curves for various electronic states ofH2 and H 2

 +
 . The transitions 1

Σλ1

 +
 ·«-

 x
Eg

+
 and

 1
Πη<τ-

 χ
Σβ

+
 correspond to important absorption bands, while the transition 3

ΣΒ

+
 ->

 3
27u

+
 is responsible for the continuous emission of a hydrogen arc lamp. [From E. J. 

Bowen, "Chemical Aspects of Light," 2nd ed. Oxford Univ. Press (Clarendon), London and New 
York, 1946.] 

must be p 2 (z being the bonding axis) since the molecular orbital is of the sigma 
type; the asterisk means that it is an antibonding orbital. Further excited states 
are listed in Table 19-1 and the calculated variation of energy with internuclear 
distance for several of them is shown in Fig. 19-2. 

These designations give the molecular orbitals into which each of the two 
electrons is placed. One may alternatively describe each state by a new set of 
symbols. A quantity Λ is used to indicate the component of the total electronic 
orbital angular momentum λ along the internuclear axis of a diatomic molecule. 
States of Λ number 0, 1, 2, 3 , . . . are called Σ,Π,Δ,Φ,..., respectively, in capital 
Greek letters analogous to s, p , d, f,... . Right superscripts plus and minus denote 
whether or not the wave function for a Σ state changes sign on reflection in 

TABLE 19-1. Energy States ofH2

a 

Electronic 
configuration 

Energy of the 
minimum (cm

- 1
)* 

Internuclear distance 
at the minimum (Â) 

Electronic 
configuration Singlet Triplet Singlet Triplet 

(lsagY i27g+ 124,429 — 0.742 
( lsag2pau*) i.»27u+ 32,739 ~ 6 8 , 0 0 0

c 
1.29 unstable 

(Πσ^ρττ^ i>*IJu 24,386 28,685 1.033 1.038 
( lsag2sag) ^Σβ+ 24,366 28,491 1.012 0.989 
lsag(H2+) *Σζ+ 0 — 1.06 — 

α
 Adapted from J. G. Calvert and J. N. Pitts, Jr., "Photochemistry." Wiley, New York, 1966. 6
 Energies relative to the minimum of H2+. c
 Energy at internuclear distance of 1.29 Â (note from Fig. 19-2 that this state has no energy 

minimum). 
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Term symbol of Energy Atomic orbitals of 
electronic state above minimum in separated H atoms 

the

 ι
Σΐ ground formed by dissociation 

state of H 2 of excited H 2 molecule 

1Σ+ 

3
Σ+ 

kcal m o l e

-1 

0 

-162+ 56,400+ 

262 91,690 

1st 

1st 

1st + 

I s * 

© 
1st 

Submolecular orbitals 
of electrons in H 2 (electron Β is excited in 
an electronic transition) 

A 

l s a gt 

l s a gt 

l s aet 

Β 

l s a gi 

©I© 
2ρχσ*Τ 

©I® 
FIG. 19-3. The molecular orbitals for three photochemically important excited states of H 2 and the dissociation products of these excited molecules. (From J. G. Calvert and J. N. Pitts, Jr., 
"Photochemistry." Copyright 1966, Wiley, New York. Used with permission of John Wiley & Sons, 
Inc.) 

a plane through the two nuclei. If the molecule is homonuclear so that there is 
an inversion center, then subscripts g and u appear, to indicate whether the wave 
function for the state is symmetric or antisymmetric with respect to inversion 
(as noted in Section 18-3, the symbols stand for the German words gerade and 
ungerade). Finally, the left superscript gives the spin multiplicity, that is, whether 
the spin function is antisymmetric (spins paired and multiplicity 1) or symmetric 
(spins parallel and multiplicity 3) (see Section 18-2A). 

The particular series of excited states of H 2 given in Table 19-1 is such that for 
each, one electron remains in the l s a g molecular orbital. The schematic electron 
configurations of the separated atoms and of each molecular orbital are shown 
in Fig. 19-3. The plus and minus signs give the sign of the wave function in the 
indicated region of space, and the arrows show the directions of the electron 
spins. 

There are certain rules, called selection rules, which state whether a given transi
tion may occur or not, in first-order approximation. The physical basis is that the 
transition must involve a nonzero displacement of electronic charge if it is to be 
stimulated by the oscillating electric field of a light wave. The wave mechanical 
formulation discussed in Section 19-ST-l leads to the statement 

probability oc ψ2ρχψ1 drj , (19-1) 

where ex is a vector representing the charge displacement in the χ direction (in 
this case); it behaves like a vector in the operations of the symmetry group of the 
molecule. One concludes that in order for the integral to be nonzero, φ1 and ψ2 
must have certain relative symmetry properties. The requirement reduces to the 
statement or selection rule that possible transitions are ones for which 
ΑΛ = 0, ± 1 , and AS = 0, and for which the parity change must be g<-> u (if the 
molecule has a center of symmetry); also + <-> + and — <-> — but + —. 
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FIG. 19-4. Potential energy curves for various electronic states of S 2. [From E. J. Bowen, 
"Chemical Aspects of Light," 2nd ed. Oxford Univ. Press (Clarendon), London and New York, 
1946.] 

Referring to Fig. 19-2, the consequence is that the ground state should only 
undergo the processes

 χ
Ση+ •<r-

1
Zg

+
 and

 1
Πη-^-

1
Σ^

+
.^ These two transitions are 

responsible for the important absorptions of hydrogen at 110.0 nm and 100.2 nm. 
Selection rules are never absolute, however, and other states may be obtained 

either through low-intensity absorptions or by indirect means. Once formed, the 3
Z

?

g+ state can emit light to drop to the
 3

2 7 u

+
 state, for example. This last state 

has no potential energy minimum and therefore dissociates on the next vibration 
to produce two ground-state hydrogen atoms (the energy appearing as kinetic 
energy). As indicated in Fig. 19-2, dissociation from higher excited states may 
produce electronically excited hydrogen atoms. The photochemistry of hydrogen 
(and of diatomic molecules generally) thus consists in the production of either 
ground-state or excited-state atoms. 

In summary, excited states of H 2 differ not just in energy but also in equilibrium 
internuclear distance, in dissociation energy to give atoms, and in the states of the 
atoms produced. 

β . Other Diatomic Molecules 

The same general theoretical approach applies to other diatomic molecules, 
now using hydrogen-like orbital functions. Oxygen excited states have been men
tioned briefly (Section 18-5), and we show instead the somewhat analogous 
energy level diagram for S 2 in Fig. 19-4. The ground state,

 Β
ΣΕ~, is paramagnetic 

with two unpaired spins, like that of 0 2. The most probable transition is to the 3
Ση~ state. Notice the crossing point C in the figure where the potential energy 

+
 Note that a reverse arrow has been used in writing a transition. It is an international conven

tion among spectroscopists that the higher or more excited state be written first regardless of the 
direction of the process. 
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H + I 

H + I * ( 2 P , / 2) 

H++ I* 

0 2 4 6 
Interatomic distance, Â 

FIG. 19-5. Potential energy curves for low-lying electronic states of HI. (From J. G. Calvert 
andJ. N. Pitts, Jr., "Photochemistry." Copyright 1966, Wiley, New York. Used with permission 
of John Wiley & Sons, Inc.) 

curve for
 3

Z \ r is intersected by that for the
 3
IJU state. If S2 has sufficient vibrational 

energy in the *Ση~ state for the atoms to reach the internuclear distance corre
sponding to this point, then it is possible for the molecule to change to the

 3
77u 

potential energy curve. Since this has no minimum, the atoms dissociate on the 
next vibrational swing. This type of process is called predissodation; it provides 
an explanation of how excitation to a dissociatively stable excited state can in 
fact lead to a prompt breakup of the molecule. 

We next consider the case of a heteronuclear diatomic molecule, HI. The 
potential energy curves are given in Fig. 19-5. Notice that the g and u designations 
have now disappeared; there is no longer an inversion center. The first few excited 
states are all dissociative. Irradiation of HI gas with light quanta of 5 or 6 eV 
energy (corresponding to about 40,000 c m

-1
 or 250 nm wavelength) leads to the 

production of hydrogen and iodine atoms, both with considerable excess kinetic 
energy. Depending on the wavelength used, the iodine atoms may be in the

 2
P 1 /2 

excited state (see Section 16-ST-l for the significance of the notation). 
The photochemically produced hydrogen atoms may then react with HI, 

(where molecule M carries off the recombination energy, note Section 14-CN-l) 
lead to the photochemical formation of H 2 and I 2. The physical chemist makes 
an important distinction between primary photochemical processes, such as 

H + HI -> H2 + I, 

and this as well as recombination reactions 

21 + M 12 + M, 2H + M —• H2 + M 

(19-2) 

which show the immediate chemical change following excitation, and secondary 
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processes, such as the other reactions just given, which the primary products 
undergo. These last are interesting, of course, not only for their chemistry but 
also in that they determine the overall photochemical change. A primary process 
has special importance, however, in that it describes the chemistry of a particular 
excited state. 

19-3 Electronic, Vibrational, and Rotational Transitions 

A. The Franck-Condon Principle 

The discussion of the preceding section dealt only with electronic states, and 
we now consider how changes in vibrational and rotational energy may be 
included. The usual assumption is that electronic and vibrational-rotational energy 
states do not "mix," or that the total wave function can be written as 

where the subscripts stand for the separate wave functions. That is, we assume 
vibrational and rotational energies to simply superimpose on that of the electronic 
state. The separation of φβ from φν̂  constitutes what is known as the Born-
Oppenheimer approximation; the essential argument is that the nuclei, being 
massive, move slowly compared to electrons and may be considered at rest 
in solving for φβ . Further, rotational energies are so small that changes in 
them are usually neglected in considering electronic transitions, and we will do 
so here. 

Figure 19-6 shows the hypothetical potential energy curves for the ground 
and first excited electronic states of a diatomic molecule. The horizontal lines 
indicate qualitatively the progression of vibrational states for each electronic 
state and, as in Fig. 16-6, the approximate appearance of the actual wave functions 
is included. An important implication of the Born-Oppenheimer approximation 
is that the transition probability expression (19-1) now has the form 

where prime and double prime denote final and initial state, respectively, and τ 
is a general symbol denoting the appropriate coordinates. That is, one separates 
out an explicit dependence on the overlap integral of the initial and final vibrational 
wave functions. Now, the time for an electronic transition is about 1 0

- 15
 sec 

(about that for a train of electromagnetic radiation to pass an atom), or very 
small compared to vibrational times, which are about 1 0 ~

13
 sec. As a consequence, 

nuclei do not move appreciably during an electronic excitation. The integral 
J* ψν'ψν" drv is therefore to be evaluated at constant internuclear distance, or for 
what is shown in Fig. 19-6 as a vertical transition. The idea is known as the Franck-
Condon principle. Consider the transition from the ground electronic state to the 
first excited state. At ordinary temperatures most of the molecules will be in the 
ν" = 0 vibrational level. For the overlap integral to have a large value it is first 
of all necessary that φν- be large, which means that it is only those transitions 

Φ = ΦβΦν,. (19-3) 

(19-4) 
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occurring when r is near r0" that will be probable. It is next necessary that ψν> be 
large for r around r0", which means that the most favored transition is to about 
the v1 = 3 level in the figure. Transitions to various other v levels retain some 
probability, however, as indicated by the satellite diagram in the right margin 
of the figure. In fact, the transition can be along line A, which means the excited 
molecule has enough energy to dissociate on the next vibration. 

There being no barrier above De\ the "vibrational" energy levels are essentially 
those of a free wave and are so close together that one sees a continuum rather 
than discrete energy levels. 

25 30 35 40 45 
Ί Τ 

l|l 
Ilii 

5483 A 4995 A 

F I G . 1 9 - 7 . Absorption spectrum ofl2 vapor. (From G. Herzberg, "Spectra of Diatomic Mole
cules," 2nd ed. Van Nostrand-Reinhold, Princeton, New Jersey, 1950.) 
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Internuclear distance, Â 

FIG. 19-8. Potential energy diagram for various states of gaseous I 2. 

The iodine molecule presents an example of this situation. As shown in Fig. 19-7, 
the first electronic transition shows as a series of lines corresponding to the spacing 
of vibrational states, and reaches a convergence limit or continuum. Clearly, 
the detailed appearance of such spectra will be sensitive to the relative shapes 
and positions of the potential curves for the ground and excited states. The reader 
might consider, for example, what the situation should be if the excited-state 
potential curve were very similar in shape and in re value to that of the ground 
state. 

An absorption spectrum may become diffuse or blurred if a predissociation 
situation (see preceding section) exists. The vibrational energies of the excited 
state are, in effect, no longer well defined since on the first vibration the system 
may cross to a dissociative excited state. This is the case, for example, with the 
molecule S 2 (see Fig. 19-4). 

Blurring also occurs often if the species is in solution or, if gaseous, is at a high 
pressure. Thus the absorption spectrum of I2 in, say C C 1 4, merely shows a single 
broad band. The qualitative reason is that collisions with gas or solvent molecules 
have become so frequent that a given vibrational state again has a very short 
life before being disturbed. Its energy is thereby made indefinite. In solution, 
the degree of this blurring is greater the more the molecule is solvated or highly 
interacting with solvent. 

6 . Emission 

The discussion so far has been mainly in terms of excitation, but it is, of course, 
also possible for an excited state to return to some lower state, ordinarily the 
ground state, with the emission of light. Figure 19-8 illustrates the situation 
with I 2. In the excitation to one component of the

 3
/ 7 state the most probable 

value of ν is about 26, and in the dilute gas the return is largely from this same ν 
state back to the ground state. The process is known as resonance emission. At 
higher pressures or in solution what happens instead is that gas or solvent collisions 
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19-4 Electronic Excited States of Polyatomic Molecules 

A. Localized States 

It is very often possible to assign features of the absorption spectrum of a 
polyatomic molecule to excitations that are largely localized to some particular 
set of atoms or bonds. A carbonyl group will, for example, usually provide rather 
characteristic absorption bands only secondarily modified by the rest of the mole
cule to which it is attached. Such groups are called chromophores, and a few, with 
their characteristic absorptions, are listed in Table 19-2. Many of these chromo-
phores are diatomic ( R 2C = 0 , R C = C R , R C H 2X , and so on), and their theoretical 
treatment is that of a modified diatomic molecule. Figure 19-9 shows the set of 

TABLE 19-2. Spectral Characteristics of Organic Chromophores
 a 

Chromophore Example 

C = C H2C—CH2 

C = C H C = C - C H 2- C H ; 
C = 0 H2CO 

S 
II 

c = s 

- N 0 2 

- N = N -

Benzene 

C - C l 
C - B r 
C - O H 

Absorption maximum Approximate extinction 
coefficient 

ν (kK) λ (Â) e (liter mole-
1
 cm"

1
) 

55 1825 250 
57.3 1744 16,000 
58.6 1704 16,500 
62 1620 10,000 
58 1720 2500 
34 2950 10 
54 1850 strong 

4600 weak 
2775 15 
2100 10,000 
3470 15 

<2600 strong 
2550 200 
2000 6300 
1800 100,000 
1725 
2040 1800 
1500 1900 
1830 200 

CH3C—CH3 
C H 3N 0 2 

C H 3- N = N - C H 3 

CH3CI 
CH3Br 
CH3OH 

22 
36 
47.5 
28.8 

>38.5 
39 
50 
55.5 
58 
49 
55 
67 

° Data from J. G. Calvert and J. N. Pitts, Jr., "Photochemistry." Wiley, New York, 1966. 

remove the excess vibrational excitation so quickly that when emission does occur 
it is mainly from the ν = 0 level. This is the more usual situation and, as indicated 
in the figure, the Franck-Condon principle now implies that the emission will be 
to a high vibrational level of the ground state. The consequence is that the emission 
is at a longer wavelength than is the absorption—an observation made by Stokes 
in 1852. 
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FIG. 19-9. Molecular orbitals for formaldehyde and their approximate relative energies. (From 
J. G. Calvert andJ. N. Pitts, Jr., "Photochemistry:' Copyright 1966, Wiley, New York. Used with 
permission of John Wiley & Sons, Inc.) 

"molecular" orbitals for formaldehyde; these are not for the molecule as a whole, 
but really just for the C = 0 moiety. The excited states of the C—H bonds are 
higher enough in energy that the approximation of ignoring their mixing in with 
those of the C = 0 portion works fairly well. 

There are several ways of describing the ground and excited states of a chromo-
phore such as the C = 0 group in formaldehyde. One is in terms of the atomic 
orbitals involved. Thus the ground state of formaldehyde is σ

2
π
2
ρυ

2
, meaning 

that there are two electrons in a sigma bond and two in a pi bond; the py orbitals 
of the oxygen are perpendicular to the C = 0 axis and are not involved in bonding; 
their two electrons are therefore nonbonding. As indicated in the discussion of 
Section 18-5, for every bonding combination of atomic orbitals, there is an anti-
bonding one, and Fig. 19-9 shows schematically the orbital appearance of the 
σ* and 77-* antibonding states. One then speaks of σ —• σ* and π —> π * transitions. 
In addition, an electron from the nonbonding py orbital of the oxygen may be 
promoted to the σ* or a π * level of the carbonyl "molecular" orbitals; the transi
tions are then called η —> σ* and η -> π*, respectively. 

In the case of simple molecules, a formal group-theoretic designation of the 
ground and excited-state wave functions may be useful. That is, the wave function 
for a given state will form the basis for one of the irreducible representations of 
the symmetry group to which the molecule belongs (Section 17-5). As an example, 



800 CHAPTER 19: MOLECULAR SPECTROSCOPY AND PHOTOCHEMISTRY 

the η —• 7Γ* transition in formaldehyde has the group-theoretical designation 
M 2 ·<— \A1. 

One may, alternatively, describe the excitation in a manner which emphasizes 
the change in polarity of the molecule. The term charge transfer was introduced 
by R. S. Mulliken for transitions in which a significant shift in electron density 
occurs between atoms or groups of atoms. In simple molecules or chromophores 
such transitions often involve the promotion of an electron from a bonding to 
the corresponding antibonding orbital. The hydrogen molecule, for example, 
has an absorption at 110.9 nm to an excited state whose orbital picture is approxi
mately H + H

-
. Also, the gaseous alkali halide molecules show a charge transfer 

absorption, as in the continuous absorption band for Csl(g) around 200 nm—the 
result of the absorption being to yield Cs and I atoms. The aqueous or hydrated 
halide ions show an absorption in which an electron is transferred to the solvent, 

i-{aq) ^ ϋ ! ^ i ( a q) + e- to) , (19-5) 

and similarly for metal ions such as Fz
2+
(aq) and coordination compounds such 

as Fe(CN)g~(tf#). The e~(aq) species is a solvated electron; it reduces water in 
about 1 msec (millisecond) and other scavengers more quickly, but its transient 
absorption spectrum is well known. (There is a maximum at 680 nm and a con
centrated solution of electrons would appear blue.) 

The assignment of a particular absorption band as charge transfer is not so 
easy with polyatomic molecules. Two criteria are as follows. First, charge transfer 
excitations are usually facile, that is, the extinction coefficient for the transition 
is large, and an intense band not otherwise identifiable will generally be so classed. 
Second, the photochemistry of a charge transfer excited state is usually one of 

2000 2400 2800 3000 3400 3800 4200 
ο ο 

Wavelength, A Wavelength, A 

F I G . 1 9 - 1 0 . Absorption spectra for (1) acetophenone (CH3COCeH5) and (2) benzophenone 
(C6H5COC6H5) (in cyclohexane at 25°C). (FromJ. G. Calvert and J. N. Pitts, Jr., "Photochem
istry:'' Copyright 1966, Wiley, New York. Used with permission of John Wiley & Sons, Inc.) 
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B. Delocalized  State s 

Electronic transition s ma y b e betwee n state s whos e wav e function s ar e bes t 
described a s encompassin g a  numbe r o f atoms . Example s ar e th e conjugate d 
polyenes an d aromati c compounds . Bot h case s ma y b e treate d (rathe r crudely ) 
by th e particle-in-a-bo x mode l (Sectio n 16-5 ) whereb y th e p i electron s ar e assigne d 
in pair s t o th e successiv e energ y level s o f th e se t o f standin g waves . Suc h wav e 
functions ar e trul y molecula r one s i n tha t n o us e i s mad e o f atomi c wav e functions , 
the wav e equatio n bein g solve d fo r th e molecul e a s a  whole . 

The Hûcke l treatmen t (Sectio n 18-7 ) make s us e o f combination s o f atomi c 
orbitals t o formulat e wav e function s fo r th e whol e conjugate d system . Th e resul t 
is agai n a  se t o f standin g wave s distribute d ove r th e entir e molecule , th e corre 
sponding energ y state s bein g populate d b y th e availabl e p i electrons . 

C. Excited-Stat e Processes 

We hav e s o fa r stresse d th e wav e mechanica l descriptio n o f excite d state s i n 
terms o f thei r energie s an d electro n distributions . Th e photochemis t i s als o 
interested i n th e variou s processe s whic h a n excite d stat e ca n undergo , an d a 
generalized schem e i s show n i n Fig . 19-11 . W e suppos e th e molecul e t o b e poly 
atomic, wit h severa l internuclea r distances , s o tha t simpl e potentia l energ y diagram s 
such a s Fig . 19- 6 ar e n o longe r possible . Th e variou s familie s o f energ y level s ar e 
instead assemble d i n vertica l arrays , th e secondar y line s indicatin g th e super 
imposed vibrationa l an d rotationa l fine  structure . 

The figure  contain s a  grea t dea l o f detai l whic h need s explanation . First , organi c 
molecules generall y hav e a n eve n numbe r o f electrons , tha t is , the y ar e no t fre e 
radicals. Further , th e spin s ar e al l paire d i n th e groun d state , whic h i s therefor e 
a single t state , labele d S 0 i n th e figure.  Th e mor e prominen t absorption s ar e t o 
excited single t states , show n a s S ± an d S 2. On e expect s a  secon d serie s o f states , 
similar t o th e single t ones , bu t i n whic h a n electro n ha s inverte d it s spi n s o tha t 
the molecul e ha s a  ne t spi n o f unity , an d i s therefor e i n a  triplet  state . Direc t 
transitions suc h a s 7 \ -< - .S 0 ar e relativel y improbabl e becaus e o f th e symmetr y 
selection rul e mentione d i n Sectio n 19-2 . Typically , then , on e see s variou s absorp 
tion band s du e t o singlet-single t transitions , usuall y wit h mos t o r al l o f th e 
vibrational-rotational detai l washe d out . 

The actua l absorption s ar e show n i n th e figure  a s <-  S 0 an d S 2

V
 <—  S 0, 

the superscrip t meanin g tha t th e transitio n terminate s a t som e hig h vibrationa l 
level o f th e excite d state . Th e situatio n i s simila r t o tha t show n i n Fig . 19-6 ; w e 
assume th e transition s t o b e vertica l an d tha t th e S 1 an d S 2 state s ar e distorte d 
relative t o S 0. 

redox decomposition , a s i n Eq . (19-5) . A s a  furthe r example , Fig . 19-1 0 show s 
the absorptio n spectr a fo r acetophenone , CH 3CO(/>, an d benzophenone , φΟΟφ 
(φ = C6H5) . The intense absorption around 240 nm is attributed to charge transfer 
and, in the former case in particular, one reason for doing so is that the products 
C H 3C O and C 6H 5 are observed, indicative of an electron density shift from the 
acetyl to the phenyl group in the excited state. Finally, the first intense absorption 
band of Co(NH3) ^

+
 is classed as charge transfer (from ligand to metal), consistent 

with the photochemical observation that C o
2+

 and oxidized ammonia are produced. 
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Radiationless 
deactivation 

F I G . 1 9 - 1 1 . Various photophysical processes. Radiative transitions are given by solid lines, 
and radiationless ones, by wavy lines. The fine structure of lines indicates schematically vibrational 
and rotational excitations. 

A number of secondary processes may now take place. If the molecule is in 
solution, it is very likely that the S2" or state will lose its vibrational energy 
or thermally equilibrate to the S2 or S± true electronic state, the energy being 
dissipated into the solvent. Then S2 may pass to the vibrationally excited state 
Si ; the process is known as internal conversion. It may happen because of a 
crossing of the potential energy surfaces for the two states, or some interaction 
with solvent can be involved. The consequence is that regardless of which singlet 
excited state is first populated, a molecule usually ends up in the lowest excited 
singlet state as a result of internal conversion and rapid thermal equilibration. 
Thermally equilibrated excited states have been termed thexi states. 

The S1 state may return to the ground state S0 by emission. We will use the term 
fluorescence for emission between states of the same spin multiplicity. Alternatively, 
the S1 state may go to S0 by radiationless deactivation. As the name implies, no 
radiation is emitted, the excess energy appearing either as vibrational excitation 
of S0 or of adjacent solvent. Finally, the state may transform to a more or less 
vibrationally excited triplet state. The act is radiationless, the difference in energy 
between S± and 7\ appearing in vibrational excitation of 7\ or, possibly, in solvent 
vibrations; we call such a transition an inter system crossing. If the produced 
state is Tt

v
, it is assumed to thermally equilibrate rapidly to Tx, which may then 

return to the ground state either by emission or by radiationless deactivation. 
Such emission now involves states of differing spin multiplicity and is called 
phosphorescence. 
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D. Photochemical Processes 

The photochemistry of organic compounds is now a rather large subject, and that of coor
dination compounds is becoming so. Only a few examples can be given here. 

Processes of the preceding type have been termed photophysical, meaning that 
they leave the molecule intact. Photochemical change is, of course, that whereby 
an excited state undergoes isomerization, fragmentation, or reaction with solvent 
or a solute. A common observation with organic systems is that chemical change 
is largely associated with the 7\ state. For example, if a solution of trans-stilbene, 
φ—CH = CH — φ, is irradiated, one observes some fluorescence from the Sr state, 
but a good deal of intersystem crossing to Tx also occurs. The 7\ state is probably 
7 7 * in type, and the weakening of the double bond allows easy isomerization. 
The consequence is that irradiation of the /nms-stilbene absorption band at 
about 290 nm, corresponding to Sx

v
 •<— S0, results in a fairly efficient trans to cis 

isomerization. 
A very important type of process is that of photo sensitization, whereby an excited 

molecule transfers its excitation energy to some second species. Thus the Tx state 
of biacetyl, 

OO 
IIII 

CH3CCCH3 , 

is about 55 kcal m o l e
-1
 above the ground state S0. Irradiation of biacetyl in the 

presence of stilbene induces isomerization of the latter, and it appears that the 
process 

3 D* + i a - * i d +
 3

A * (19-6) 

has occurred, where D denotes donor (biacetyl) and A acceptor (stilbene). The 
energy transfer very likely occurs during an encounter between

 3
D * and

 1
A species. 

Often a reaction of this type occurs on the first encounter, or with a rate constant 
of about 10

10
 liter m o l e

-1
 s e c

-1
 (see Section 15-4). 

If the
 3

D * state shows an observable phosphorescence, then the competition 
of process (19-6) leads to phosphorescence quenching. That is, the intensity of 
phosphorescence, on irradiating the system, is progressively reduced by increasing 
concentrations of the acceptor. The same may happen to fluorescence emission. 
The situation may be treated by conventional stationary-state kinetic analysis. 

To summarize, we have considered the following typical processes. 

1. Absorption, usually S^*- S0 or S2

V
 <- S0. 

2. Thermal equilibration: -> S1, 7 \
v
 -> Τλ, and so on. 

3. Internal conversion: S2 -> S^, T2 —• T±

u
. 

4. Radiationless deactivation: S1-+S0, 7\ -> S0. 
5. Intersystem crossing: S1 -> Τλ

ν
. 

6. Fluorescence: S1 —• S0" + hv. 
7. Phosphorescence: 7\ -> S0

V
 + h v. 

8. Chemical reaction: Sx or Tx -> chemical change. 
9. Sensitization. 

10. Quenching of emission. 
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Ketones are generally photosensitive, the primary reactions being 

R + COR' 
R C O R ' — ( 1 9 - 7 ) 

RCO + R' 

where R and R' are alkyl groups. The RCO or R'CO fragment may then dissociate to carbon 
monoxide; the radicals R and R' undergo, of course, various further reactions until stable products 
eventually are reached. The bond that breaks tends to be the weaker of the two, the degree of 
discrimination being greater the longer the wavelength of the light used. Thus with gaseous 
CH3COC2H5 the ratio of ethyl to methyl radicals formed in the primary dissociation reaction is 
about 40 with light of 313 nm but only 5.5 with light of 265 nm. The overall efficiency or quantum 
yield (see next subsection) varies greatly from one ketone to another, ranging from about 0.001 
to nearly unity. 

An alternative mode of reaction is exhibited by benzophenone, <f>2CO. Irradiation of the first 
singlet-singlet absorption band [believed to be an («, π*) transition] is followed by intersystem 
crossing to a lower-lying triplet state 7\ , which now efficiently abstracts a hydrogen atom from 
the solvent: 

φ2€0 * <£2CO* (Si) -> <£2CO* (Γχ) , 

<£2CO* (7 \ ) + RH — </>2COH + R , (19-8) 

2φ2ΟθΗ -^2COHCOH<£2. 

The resulting ketyl radicals then combine to yield benzpinacol. 
The alkyl halides RX, if irradiated in their first absorption band, usually give the radicals R 

and X with high efficiency. Irradiation of the second, higher-energy band may, however, yield 
an olefin plus HX, 

RCH2CH2X ^ RCH=CH2 + HX. (19-9) 

Examples are ethyl and Λ-propyl iodides. One thus observes spectrospecificity, that is, wavelength-
dependent photochemistry. 

Photoisomerization constitutes another important class of reactions. It was mentioned earlier 
in this section that the stilbenes photoisomerize, mainly from the first triplet excited state. The 
spiropyrans form an interesting class of photoreversible systems. The normal form is usually 
colorless (depending on the ring substituents) and irradiation in the ultraviolet converts form I 
to colored form II. There is a return in the dark which is accelerated photochemically on irra
diation with light in the visible range. 

Important primary photochemical processes in organic chemistry thus include homolytic bond 
breaking to yield radical species, bond weakening of a double bond to give cis to trans isomeriza
tion as well as more complex rearrangements, and excited-state reactions with solvent or solute 
molecules. 

Coordination compounds also have a photochemistry. For example, irradiation of the first 
charge transfer band of a Co(III) complex such as Co(NH3)g

+
 leads to C o

2+
 and nitrogen, and 

that of Co(NH3)5Br

2 +
, to C o

2+
 and bromine atoms (which then undergo further reaction). Irra

diation of a ligand field band generally leads to a substitution reaction. Thus visible light 
produces the reaction 

Cr(NH3)5(NCS)

2
+ + H 20 ^ Cr(NH3)4(H20)(NCS)

2
+ + N H3 (19-10) 

with high efficiency. The ordinary thermal reaction of this complex ion is one of replacement 
of the NCS~ group, so in this case the photochemical and thermal reactions are distinctly different. 
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£. Kinetics of Excited-State Processes 

The overall efficiency of an excited-state process is usually described by a 
quantum yield φ. This may be defined as 

η = ΙΛφ, (19-11) 

where η denotes the number of events which occur and Ia is the number of light 
quanta absorbed by the system in the irradiation. One may speak, for example, 
of a fluorescence yield <£f, where the event is the emission of a light quantum 
from the St state. Similarly, φν denotes a phosphorescence quantum yield. In the 
case of chemical reaction, an alternative form of Eq. (19-11) is 

m = Εφ, (19-12) 

where m is the number of moles of photochemical reaction which occurs and Ε 
is the number of einsteins of light absorbed (an einstein, abbreviated E, is one 
mole of light quanta). If more than one product is formed, one may assign partial 
quantum yields φ1, φ2,... to each. 

A quantum yield usually refers to one or another of a set of mutually exclusive 
primary events such as emission or chemical reaction, and the set of quantum 
yields for all possible events should then total unity. However, if a photochemical 
quantum yield is an apparent one, being based on the amount of some final 
product, then values exceeding unity may be found. Thus in the case of photo-
chemically initiated chain reactions quantum yields of several hundred or thousand 
may be found. Finally, it is clear from the material of this section that quantum 
yields are in general wavelength-dependent; they are therefore not very meaningful 
unless reported for at least a fairly narrow range of wavelengths. 

Quantum yields refer to overall efficiencies, and one also assigns individual rate constants to 
separate, individual processes such as those shown in Fig. 19-11. Thus, referring to the Sx state, 
the fluorescence process (Si -> S0

V
) will have a rate constant ki ; that of radiationless deactivation, 

ka; and that of intersystem crossing, kc. The total rate constant for disappearance of Sx is then 
the sum k = kf + kd + kc , and the average life of 5Ί is, correspondingly, τ = 1/k [Eq. (14-13)]. 
Under some conditions only the emission is important, and one speaks of l/k{ as the natural 
lifetime of the state. 

A fairly common situation is that in which an excited state is deactivated as the result of an 
encounter with some solute species. Dissolved oxygen is very effective in deactivating or quenching 
organic triplet excited states, for example. Other substances may be effective in quenching either 
singlet or triplet states; the complex ion Cr(NH3)5(NCS)

2+
 quenches the fluorescence emission of 

acridinium ion as well as the phosphorescence emission of biacetyl. 
A simple kinetic scheme for such quenching is the following: 

S o ^ S x , S x - ^ S p + Λν, S^So, .Si -f M - > S 0 + M , 

where M is the quenching species. We apply the stationary-state hypothesis (Section 14-4C), 

^ 1 = 0 = h - ktSJ - kdSd - £q( S i ) ( M ) , 
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to obtain for the rate of fluorescence 

dt kt + kd + kq(M) 

kt + ka + *q(M) 

Equation (19-13) may be put in the linear form 

(19-13) 

J_ = ^ + | s ( M) , (19-14) 
Φΐ kt kt 

so that a plot of 1/φ{ versus (M) allows a determination of the ratios kd/kt and kjkf. The natural 
fluorescence rate k{ can be estimated from the area under the absorption band (see Section 
19-ST-l) and can sometimes be determined directly. The other processes tend to decrease in 
importance as the temperature is lowered and if 5Ί is produced at, say, liquid nitrogen temperature 
(77 K) by a sudden pulse of light in a flash photolysis experiment, then the decay rate of the 
subsequent fluorescence emission may closely approximate k{. One can then calculate kd and kq 
from the k observed in, say, room-temperature solution, since kt should be nearly independent of 
external conditions. The kq values so calculated often correspond to the rate constant for a 
diffusion-controlled reaction (Section 15-4). Fluorescence lifetimes are usually quite small, 
10

- 9
-10"

6
 sec, while phosphorescence lifetimes may range from 1 0

-4
 sec to minutes. 

As an illustration, 1 χ ΙΟ
-3
 M Cr(NH3)5(NCS)

2+
 reduces the fluorescence emission of acri-

dinium ion by 20%, the system being irradiated at 410 nm and the emission occurring around 
500 nm. Equation (19-14) can be put in the form 

^ 1 = 1 + ^ 0 f

o
( M ) , (19-15) 

Φΐ k{ 

whence (kjk^f° = (1.25 — 1)/(10~
3
) = 250. The fluorescence yield in the absence of quencher, 

φ{°, is known from separate studies to be 0.77, and rf = 4 χ 10~
8
 sec. The quenching rate 

constant kqis thus about 8 χ 10
9
 liter mole

-1
 sec

- 1
, or about the value for a diffusion-controlled 

reaction. Incidentally, the quenching largely results in an excitation of the complex ion, which then 
undergoes photochemical aquation of an ammonia group [Eq. (19-10)]. 

Contemporary laser equipment (see Fig. 19-26 for an example) has made pulsed photolysis 
experiments possible throughout the visible and ultraviolet wavelength regions. One may use the 
laser pulse to prepare excited states on the nsec or even psec time scale, and then observe the 
decay of fluorescent or phosphorescent emission, thus obtaining the lifetime of the emitting 
state. Lifetime quenching obeys an equation similar to Eq. (19-15) if the quenching is due to 
bimolecular reaction with the quenching species. Time-resolved emission spectra may be ob
tained with the use of a vidicon detector and multichannel analyzer triggered for various delay 
times after the stimulating laser pulse. 

By using a second, monitoring beam at right angles to the laser pulse, one may observe the 
absorption spectrum (and its decay) of excited states. Such spectra have been obtained for 
various organic triplet states, and for the

 2
 Ε state (see Fig. 19-22) of Cr(III) coordination com

pounds. The monitoring beam may also detect the change in absorption as primary photo-
products are formed, thus giving the rate of decay of the precursor excited state. One may, of 
course, also follow any subsequent reactions of the primary photoproducts. 

A laser beam can be made highly monochromatic, and in the gas phase especially the vibra
tional structure of electronic absorption bands may be sufficiently resolved to permit the laser 
excitation of just one vibrational feature. In the infrared region, the isotopic shift may be 
sufficiently resolved to permit the selective laser excitation of molecules containing a particular 
isotope. This is the basis for current, intensive work on photochemical laser isotope separations, 
of particular significance in the possible separation of

 2 3 5
U from

 2 3 8
U . 
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19-5 Vibrational Spectra 

A. Diatomic Molecules 

Most vibrational spectra are treated in terms of a set of harmonic oscillators, 
both for diatomic and polyatomic molecules. The case of a single harmonic 
oscillator was treated wave mechanically in Section 16-6, with the result given by 
Eq. (16-61). There is a single characteristic frequency v0 and the quantized energy 
states are 

where v- may be 0, 1, 2 , . . . . By analogy with the equivalent mechanical system, 
Eq. (16-64) gives 

where / ' is the restoring force constant, in units of 10
5
 dyn c m

- 1
, and μ is the 

reduced mass of the diatomic molecule, in mass units. 
The symmetry requirement implicit in Eq. (19-1) imposes the further condition 

that the probability of light absorption to produce a change in vibrational 
energy will be zero unless Δν = ± 1 . (A slightly more detailed group-theoretical 
explanation is given in Section 19-ST-l.) It further turns out that even if the 
symmetry requirement is met, the probability of light absorption will be zero 
unless some change in molecular dipole moment accompanies the transition. The 
consequence is that vibrational intensities are theoretically zero for homopolar 
or A-A-type molecules; harmonic oscillations of such a molecule may vary in 
amplitude but cannot produce a dipole moment. 

These rules are based on the assumption of the harmonic oscillator; an actual 
molecule will have a potential energy versus nuclear separation curve such as 
shown in Fig. 19-6, and in this case the Δν- = ± 1 rule is voided. In practice, this 
means that while the change Δν = ± 1 remains the most probable, other values 
can occur as well. The requirement that a change in dipole moment occur is a 
quite stringent one, however, and the consequence is that the vibrational absorp
tion spectrum of an A-A-type molecule is very weak indeed. Heteronuclear 
diatomic molecules, however, show fairly intense absorptions. As noted in Sec
tion 16-6, HCl absorbs at 2886 c m

- 1
, corresponding to the v- = 0 to v- = 1 transi

tion. The corresponding frequencies for H F , HBr, and HI are at 4141, 2650, and 
2309 c m

- 1
, respectively. These absorptions all lie in the infrared, of course. 

β . Raman Spectroscopy 

A molecule may reveal its vibrational energy states by an inelastic scattering of 
a light photon. The experimental observation is that a small fraction of the incident 
light is scattered and that the scattered light may differ in energy from that of the 
incident light by an amount corresponding to a vibrational spacing. Usually this 
spacing is that for which Δη = ± 1 . 

Ε = hv0(t> + £) [Eq. (16-61)], 

erg, 
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The whole effect is a second-order one, and might be rather unimportant except 
that its probability depends on the polarizability of the molecule rather than on 
its dipole moment. As a consequence, molecules of the Α-A type will show a 
Raman spectrum even though the usual infrared vibrational absorption spectrum 
is forbidden. Thus Raman spectroscopy is a valuable supplement to the usual 
infrared absorption measurements. 

From the experimental point of view, a very intense and highly monochromatic light source 
is needed, the first requirement to produce appreciable scattered light and the second so that the 
small change in frequency can be measured accurately. For example, if light of 254 nm, or about 
39,000 c m

- 1
, is used to irradiate oxygen, the Raman scattered light differs in frequency by only 

1600 cm" \ corresponding to the difference between the ν = 0 and ν = 1 vibrational levels. An 
important development has been the use of laser light; this provides both the high-intensity 
and, more importantly, the highly monochromatic light needed. To repeat, it is not necessary 
that the wavelength used correspond to an actual electronic transition; the physical picture given 
here is merely a way of visualizing the inelastic collision of the light quantum with a molecule. 

C. Polyatomic Molecules 

The equipartition principle (Section 4-8) informs us of the number of vibrational 
degrees of freedom for any molecule, namely 3n — 6 for a nonlinear one and 
3n — 5 for a linear one, η being the number of atoms in the molecule. We should 
therefore expect to observe this number of distinct vibrational frequencies, each 
having a value determined by the force constant and reduced mass appropriate 
for the particular motion involved. These frequencies bear no rational relationship 
to each other, and if a polyatomic molecule could be observed in some ultra-
microscope, its atoms would appear to be undergoing complicated, never-repeat
ing oscillations. These complex oscillations are, however, the result of the super
position of various primitive vibrations, and an important theoretical problem is 
the prediction of what these last should be. 

The primitive vibrations are known as the normal (vibrational) modes of the 
molecule, and it turns out that the motions of each normal mode must form the 
basis for one of the irreducible representations of the point group to which the 
molecule belongs (Section 17-2). Consider, for example, the molecular ion COg". 
The normal modes are depicted in Fig. 19-12. Carbonate ion, being planar, has 
the point group symmetry D 3h , for which the irreducible representations are 
Αι, Α2', E', Ai', A2", and E" (Table 17-7). It is easy to see that the νχ mode of 
Fig. 19-12 is totally symmetric with respect to the operations of the group, and 
hence belongs to the Ai representation. The u2 mode is unchanged by the E, 
C 3, and σ ν operations but is put into the negative of itself by the C2, S3, and 
ah operations, thus identifying it as belonging to the A2" representation. The 
v3a and v3b modes together form the basis for the E' representation, and so on. 
One expects a total of 4 x 3 — 6 = 6 normal modes, which is just the sum of the 
orders of the irreducible representations involved. 

While it is relatively easy to see that the indicated normal modes for CO
2
" do belong to certain 

representations, the reverse type of analysis is much more difficult. That is, considerable effort 
may be required to deduce what types of motions constitute the normal modes for some arbitrary 
molecule. We will not attempt to explore the problem here, except to mention that the procedure 
involves assigning x, y, and ζ vectors to each atom and carrying the set of vectors through the 
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*\(A\) v2(A2) 

9 

* 3 a ( £ " ) 

Φ 

F I G . 1 9 - 1 2 . 77je normal modes of vibration of CO% ~ ; plus and minus denote motion in and out 
of the plane of the paper, respectively. [After F. A. Cotton, "Chemical Applications of Group 
Theory." Copyright 1963, Wiley (Inter science), New York. Used with permission of John Wiley & 
Sons, Inc.] 

symmetry operations of the group. To give a brief example, the resulting reducible representation 
in the case of COg~ gives 

The translation of the molecule as a whole must involve representations carrying x, y, and ζ 
designations (see Table 17-7), or A 2" + Ε'. Rotation corresponds to Rx, Ry , and Rz, so that 
A 2' and E" are so assigned, leaving A x\ 2E\ and A 2" for vibrations. 

It would be convenient if infrared absorption spectra simply showed the 
separate frequencies for each normal mode. Several complications enter, unfor
tunately. First, only those modes that involve a change in dipole moment will be 
infrared-active; the others will usually be Raman-active. This means that certain 
fundamental frequencies, such as the vx mode for C 0 3~ , will be absent. Second, 
the normal modes interact, so that various combinations of changes in vibrational 
quantum numbers may be involved. Thus C 0 2 has four normal modes, of which 
only three are infrared-active; these have fundamental frequencies of 667 c m

-1 

(twofold degenerate) for v2 and 2349 c m
-1
 for v3. The symmetric, Raman-active 

vibration vx is at 1384 c m
- 1

. The observed infrared spectrum shows absorptions 
at wavelengths corresponding to Δ ν = 1 for v2 and v3, but also for t>3 — *>2, 
^3 — 2t>2, and other combinations, as well as for overtones, or larger Δν- values. 
The consequence is that it can be very difficult to disentangle or assign infrared 
absorption frequencies to specific quantum transitions. 

Γ = Αχ + Α2' + 3 £ ' + 2A2 + E". 
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Fortunately, combination and overtone absorptions tend to be weaker than 
the fundamental ones, especially if the various normal mode frequencies are well 
separated in value. Furthermore, the normal modes will at least approximately 
correspond to simple motions of the molecular framework, with the result that to 
a first approximation the vibrations of a molecule may be regarded as simple 
stretchings or bendings of individual bonds. The consequence is that in polyatomic 
organic molecules characteristic functional group frequencies are found. Some of 
these are listed in Table 19-3. One can thus identify the presence of C—H, C—C, 
C—Ο bonds and so on in a molecule from the appearance of characteristic infra
red absorption peaks. In a very real sense, the infrared spectrum of a molecule 
identifies or "fingerprints" it; the presence of a particular molecule in a mixture 
can thus be identified or even determined quantitatively. The spectra of some simple 
molecules are shown in Fig. 19-13; the reader can test the extent to which frequen
cies listed in Table 19-3 are present. 

If an atom has several equivalent bonds, as in a CH3 group, then, of course, a collection of 
normal modes is involved rather than just a superposition of independent C—Η vibrations. The 
resulting spectral detail is itself a characteristic of the group of atoms, and in fact, the symmetry 
of a group of atoms may sometimes be deduced from the splittings of the bond frequencies of 

TABLE 19-3. Some Characteristic Bond Force Constants and Frequencies'
1 

Stretching Bending 

Force constant Frequency Frequency 
Bond (x 10

5
dyncm~

1
) (cm-

1
) Motion (cm-

1
) 

^ C - H 5.85 3300 700 

^ C - H 4.79 2960 
Η 

1000 

- C ^ C - 15.59 2050 
' Ή 

1450 

/ \ 
9.6 1650 - c 4 H 

Η 
1450 

17.73 2100 

12.1 1700 

- O - H 7.66 3680 

^ C - C l 3.64 650 

° Data from G. Herzberg, "Infrared and Raman Spectra of Polyatomic 
Molecules." Van Nostrand-Reinhold, Princeton, New Jersey, 1945. 
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(c) C H 3C - C H 2- C H 3 
F I G . 1 9 - 1 3 . Infrared absorption spectra, (a) Methyl ether in a 10-cm cell at 10 mm Hg. The 
various types of motions shown include stretching, v, bending, δ, and rocking, r. These may be 
symmetric or asymmetric, denoted by subscripts s and as. (From H. S. Szymanski, "Interpreted 
Infrared Spectra" Vol. 3. Plenum Press, New York, 1967.) (b) Methylene chloride liquid, 0.032-mm 
path length, (c) Methyl ethyl ketone, in CC14 solution. (From "Coblentz Society Spectra" 
Coblentz Society, Inc., Norwalk, Conn.) The figures also illustrate the various common ways of 
plotting infrared spectra. 
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the group. As an example, irradiation of the carbonyl complex Cr(CO)6 produces the fragment 
Cr(CO)5, and the splitting of the CO frequencies determines that the geometry is that of a trigonal 
bipyramid. 

COMMENTARY AND NOTES 

19-CN-l Geometric and Electronic 
Nature of Ground-State Molecules 

There are several spectroscopic phenomena which yield valuable information 
about the geometry or the bonding of molecules in their lowest electronic or ground 
state. The detailed theory is beyond the scope of this text, but the final equations 
and their applications are definitely of interest. We have already considered 
vibrational spectra (Section 19-5) and now turn to pure rotational spectra and 
magnetic resonance phenomena. Môssbauer spectroscopy is mentioned in Sec
tion 22-CN-6. 

A. Microwave Spectroscopy 

Transitions from one rotational state to another may be observed directly with 
radiation of the appropriate wavelength (the molecule must have a permanent 
dipole moment). The energy levels of a diatomic rigid rotator are given by 

E^^jJiJ+l) [Eq. (16-112)], 

where J may be 0, 1, 2 , . . . . The moment of inertia / is defined by / = Σ m,r,
2
, 

where rt is the distance of atom / from the center of mass, and for a diatomic 
molecule / values are around 10~

40
 g cm

2
 (corresponding to m about 3 χ 1 0

- 23
 g 

and r about 1 0 "
8
 cm). Rotational energies are therefore about 5 X 1 0 "

15
 erg 

molecule
- 1
, or about 0.1 kT at room temperature. 

The symmetry properties of rotational wave functions (see Sections 19-ST-l 
and 19-ST-3) lead to the rule that transitions are favored only if AJ = ± 1 , and 
for a transition from / to / + 1, Eq. (16-112) yields 

ν = 2B(J + 1), (19-16) 

where ν is frequency in wavenumbers and B, called the rotational constant, is 
h/$K

2
Ic. Usual values of Β are around 1 to 100 c m

- 1
, corresponding to wavelengths 

of 0.5-0.005 cm in rotational spectra. 
These numbers reveal several important qualitative aspects of rotational spectro

scopy. The wavelength of the electromagnetic radiation involved approaches that 
of shortwave radio or radar waves. It was, in fact, the development of radar and 
the availability of surplus equipment after World War II that brought rotational 
or microwave spectroscopy into prominence. A second comment is that the rota
tional energy level spacings are so close together that a molecule at room temper-
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ature will most probably be in a fairly high rotational level; the observed spectrum 
is then one involving transitions from one excited state to another, unlike most 
other spectroscopy. It should be noted that polyatomic molecules have three 
moments of inertia and a correspondingly more complex set of energy states. 
Finally, rotational absorptions are relatively weak in intensity and the absorption 
bands must be quite sharp to be detected with precision. The consequence is that 
experiments are largely limited to rather dilute gases to minimize the line broaden
ing which results from molecular collisions. 

Figure 19-14 illustrates several of the experimental aspects. With regard to the 
block diagram, Fig. 19-14(a), klystron tubes were originally used as microwave 
generators, but new types of oscillators are used now. These may be swept auto
matically through the desired frequency range and are usually calibrated against a 
fixed reference oscillator. The microwave radiation passes through the sample cell, 
and its intensity is measured by a detector. The absorption spectrum is then re
corded or seen on an oscilloscope. Figure 19-14(b) shows contemporary instrumen
tation. Note the rectangular wave guides that carry the radiation. A single absorp
tion line may appear as in Fig. 19-14(c); in this case the line width is only 80 kHz 
and since the frequency is about 40 GHz, the position of the line can be measured to 
within about 2 parts per million. 

The Stark effect plays an important role. Each / state has 2J + 1 orientations 
[recall Eq. (4-73)], corresponding to an azimuthal quantum number, m, where m = 
0, ± 1 , ± 2 , ± / (note the parallel to the ί and m quantum numbers for the 
hydrogen atom, Section 16-7B,C). This degeneracy is removed in an electric field; 
since the energy in the field depends on m

2
, the splitting is into just / + 1 (rather 

than 2J + 1) levels. This Stark splitting is illustrated in Fig. 19-14(d). The magni
tude of the Stark effect depends on the molecular dipole moment, and microwave 
spectroscopy constitutes an important means of measuring dipole moments. 

The effect is routinely used to enhance sensitivity. The electric field applied to the 
sample cell is in the form of a square-wave alternating potential (typically 0-1000 V 
and around 30 kHz in frequency). One now greatly reduces noise in the detector by 
accepting only the response having the frequency of the field. 

Figure 19-14(e) shows the microwave spectrum of crotonic acid. The two series of 
bands are for the two conformational isomers, impossible to separate chemically. 
Perhaps the most important application of microwave spectroscopy has been to the 

TABLE 19-4. Geometry of Some Symmetric Tops from 
Microwave Spectroscopy

 a 

diz d2$ 
Molecules (Â) (À) 

CH3F 1.11 1.39 
CH3C1 1.113 1.781 
CH3I 1.113 2.1392 
CCI3H 1.767 1.073 
S1H3CI 1.44 2.050 
a
 Data from C. H. Townes and A. L. Schawlow, "Microwave 

Spectroscopy." McGraw-Hill, New York, 1955. The molecules 
are all of the C3V point group; the bond lengths and angles 
are as shown in the diagram. 

110° 
110°31' 
111°14' 
110°24' 
110° 



814 CHAPTER 19: MOLECULAR SPECTROSCOPY AND PHOTOCHEMISTRY 

FIG. 19-14. Microwave spectroscopy, fa) Equipment schematic, (b) Microwave spectrometer. 
Manifolds for introduction of samples are in the left console; the microwave generator circuitry 
is at the lower right. The wave guides and associated attenuators and wave shapers are 
mounted above the console. 

determination of the rotational constant Β and hence of the moment (or moments) 
of inertia of a molecule (see Section 4-CN-2). By isotopically labeling various atoms 
of the molecule, individual bond lengths can be determined rather accurately, as 
can bond angles. A polyatomic molecule is difficult to treat theoretically unless two 
of its three moments of inertia are equal, so that the molecule behaves as a sym
metric " t o p " ; examples are ammonia, CH3C1, and CHC13 . Some typical data are 
given in Table 19-4. 
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FIG 19-14. (c) Single absorption line, (d) Same line as split by a field of 1000 Vcm'
1
. (e) Micro

wave spectrum of crotonic acid. (Photograph and spectrum courtesy of Hewlett-Packard Co., 
Palo Alto, California.) 

B. Nuclear Magnetic Resonance 

A rather different type of spectroscopy is that which is based on the splitting of 
otherwise degenerate nuclear energy states which occurs in a magnetic field. The 
fundamental nuclear particles, the proton and the neutron, have intrinsic angular 
momenta of ih/ΐπ, usually reported as just \ . These combine in a nucleus to give 
a net nuclear spin which is an even integral number of units of \ if there are an 
even number of fundamental nuclear particles, and an odd integral number of 
units of \ otherwise. For example, the even nuclei

 2
H ,

 1 2
C , and

 1 6
0 have nuclear 

spins of 1, 0, and 0, respectively, while the odd nuclei
 1

H ,
 7

Li,
 1 5

N , and
 1 9

F have 
spins of I, f, J, and J, respectively. This net nuclear spin is given the symbol / 
(not to be confused with a molecular moment of inertia). 

Nuclei have, of course, a net electric charge, and a nonzero nuclear spin implies 
a motion of this charge or a current, hence an associated nuclear magnetic moment 
μη . The theoretical magnetic moment for a proton, treated as a spinning spherical 
shell of charge, is given by the nuclear magneton β η , defined as 

The nuclear magneton is just m/M times the Bohr magneton (Section 3-ST-2), 
where m and M are the electron and proton mass, respectively, and its numerical 

eh 
(19-17) 

^TTMC 



816 CHAPTER 19: MOLECULAR SPECTROSCOPY AND PHOTOCHEMISTRY 

value is 5.0493 χ 1 0 ~
24
 erg G

-1
 (G is the abbreviation for the unit of magnetic 

field, gauss). Actual nuclear magnetic moments differ from this value, and it has 
become customary to express them as 

μη = grfnl, (19-18) 

where g n is a number of the order of unity, called the nuclear g factor. {In a stricter 
presentation [/(/ + 1 ) ]

1 /2
 would be used instead of /.} 

If a magnetic field H is present, then the energy of a nucleus having spin I 
becomes dependent on its orientation with respect to the field. The quantum 
restriction is that the component of /xn in the direction of the field μ be 

μ = mngnj8n , (19-19) 

where mn is a quantum number which may have the values / , / — 1 , 7 — 2 , — I , 
or 2 7 + 1 values in all. The energy of each orientation depends on the field 
strength, 

E= - / x H = - m n g n f r i H . (19-20) 

Since our presentation is to be a brief one, we now restrict our examples to the 
proton, with I = \ and magnetic moment 2 .79270 in units of j3n (corresponding to 
a g factor of 5.5854). According to Eq. (19-19), the energies of the two states are 
then i t / x H , and, as shown in Fig. 19-15, they are separated by an energy 2μΆ. 
This is a very small energy for ordinary values of H. Thus if the field is 10,000 G 
(gauss), we obtain 

ΔΕ= 2/χΗ = 2(2.79270)(5.0493 χ 10~
2 4

) (10
4
) - 2.820 χ 1 0 ~

19
 erg. (19-21) 

This is to be compared with a kT value of 4.12 χ 1 0 ~
14
 erg at 25°C. The popula

tion of the two states will therefore be almost equal, their ratio being given by the 
Boltzmann factor exp(2/zH/kT). The exponential can be expanded to yield the 
probabilities of a given proton being in the upper or lower state as 
Ml Τ (μΆ/kT)], respectively, or about i(l - 10~

5
) and £ 0 + 10~

5
) . 

The natural time for nuclei to reach the equilibrium or Boltzmann distribution 
depends on the various processes present whereby nuclei exchange energy with 
their surroundings and is called the spin-lattice relaxation time T± (this is the 
reciprocal of the rate constant for the approach to the equilibrium distribution). 
Values of Tx depend on the chemical (and magnetic) nature of the molecules 
present in the medium, but usually are in the range of 1 0

_ 2
- 1 0

2
 sec for liquids. 

For water 7 \ is about 3.6 sec and for ethanol the value is 2.2 sec. Thus when the 
external magnetic field is turned on the protons present in a sample will adjust 
very quickly to the Boltzmann distribution of their two energy states. 

F I G . 1 9 - 1 5 . Splitting of the proton spin 
states in a magnetic field. 

Increasing Η 
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Radiofrequency 

source 
Amplifier 
detector 

/ 
Sample 

Transmitter 
coil 

Sweep 
coils 

Magnetic 
field 

sweep 

F I G . 1 9 - 1 6 . Schematic diagram of apparatus of an nmr experiment. (After J. A. Pople, W. G. 
Schneider, and H. J. Bernstein, "High Resolution Nuclear Magnetic Resonance." Copyright 1959, 
McGraw-Hill, New York. Used with permission of McGraw-Hill Book Company.) 

An experimental means of measuring ΔΕ might be through the absorption 
of a light quantum. A typical frequency is found by dividing the result of 
Eq. (19-21) by h to obtain 2.820 X 10"

1 9
/6 .6256 x I O '

27
 = 42.56 χ l O ^ e c "

1 

or 42.6 kHz (kilohertz). The wavelength of radiation of this frequency would be 
2.998 χ 10

1 0
/42.56 χ 10

6
 = 704 cm, corresponding to the shortwave radio region. 

The problem is that while nuclei in the lower-energy state would absorb such 
radiation, those in the upper state would be stimulated to emit the same wave
length radiation and return to the ground state. The theoretical probabilities for 
absorption and stimulated emission are identical (see Section 19-ST-l), and 
since there are virtually equal numbers of nuclei in the two states, the net absorp
tion of radiation will be very small. It is possible to measure it by equipment of the 
type shown in Fig. 19-16. First, it is easier and therefore customary to use a fixed 
radiofrequency source and to put the magnetic field through a small variation— 
one only needs perhaps 100 parts per million (ppm) change in a field of 10,000 G. 
When the field is such that the frequency is just right, then a minute net energy 
dissipation occurs in the sample around which the transmitter coil is located and 
if the rf circuit is delicately tuned, a drop in its output voltage will occur and 
can be shown on an oscilloscope or, for a single sweep of the magnetic field, on a 
chart recorder. 

The nuclear magnetic resonance (nmr) effect would be no more than a somewhat 
obscure aspect of physics were it not that the resonance energy depends on the 
exact value of the local field Η at the nucleus and that Η is affected by the electron 
distribution in the molecule containing the nucleus. For example, the orbital 
electrons of each atom themselves precess in the applied field H 0 to give rise to 
diamagnetism (Section 3-ST-2), that is, to an induced field which opposes the 
applied one and is proportional to it. One then writes 

where σ is often called the screening constant since its effect is to reduce the 
effective field at the nucleus; its value is around I O

-5
 for protons. The effect is 

called a chemical shift. 

Η = H 0( l - σ), (19-22) 
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Increasing H 0 
FIG. 19-17. The pmr spectrum of liquid ethanol. 

Since H , and therefore σ, is not directly determinable, the usual procedure is to 
compare the value of H 0' needed to produce resonance (at a given radio frequency) 
in some standard compound with the value H 0 needed for the one being studied. 
The standard may be any liquid substance giving a simple resonance behavior— 
water, C H C 1 3, and Si(CH3)4 have been used, for example, in the case of proton 
magnetic resonance (pmr). The chemical shifts involved are so small that it is 
convenient to report them as 

δ =
 H

° ~
 H

° 10
6
, (19-23) 

Ho 

that is, δ is reported as the parts per million shift in the applied field needed to 
produce resonance. 

We come now to actual pmr spectra. Each proton in some pure compound will 
have its own electron environment and hence chemical shift. Thus as shown 
schematically in Fig. 19-17, liquid ethanol shows resonances at three values of 
H 0, corresponding to the —OH proton, the two equivalent C H 2 protons, and the 
three equivalent C H 3 protons; the areas under the absorption peaks are in the 
ratio 1:2:3. One of the major values of pmr (and of nmr in general) is that it 
allows an identification of the nuclei in a molecule in terms of their various chemical 
environments. The chemical shifts for some compounds having only one kind of 
proton are given in Fig. 19-18, relative to cyclohexane. There are extensive tables 
of chemical shifts for protons in various chemical environments, and the pmr 

-10.0 H 2S 0 4 

-6.1 
-5 .3 
-4 .2 
-3.60 I 

- 2 . 2 

CHC13 
C6H6 
CH2C12 
H 20 

Dioxane 

FIG. 19-18. Observed chemical shifts at room tem
perature of some liquids that give a single proton 
signal; cyclohexane is taken as an arbitrary reference 
point. 

- 1 . 6 

Cyclohexane 

Si(CH3)4 
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F I G . 1 9 - 1 9 . The pmr spectrum of liquid 
ethanol: (a) pure dry alcohol; (b) alcohol plus 
a small amount ofHC\. 

(a) 

J 

II 
(b) 

spectrum of a molecule not only serves to "fingerprint" it but usually allows quite 
detailed conclusions as to its isomeric structure. If doubts are left, deuteration of 
known functional groups eliminates those hydrogen atoms from pmr resonance, 
so that the peaks due to them in the original spectrum can be identified. 

There are a large number of important effects and hence of nmr applications, 
two of which are illustrated in Fig. 19-19. In pure ethanol the OH, C H 2, and C H 3 
peaks are seen to be split if measured with higher resolution than used for 
Fig. 19-17. This is due to the mutual interactions of the proton spins on neigh
boring groups; thus the hydroxyl proton resonance is split into three (an unre
solved central one and two satellites) by the various ways in which spin-spin 
interaction can occur. The second eifect illustrated is that in the presence of 
hydrochloric acid the splitting of the —OH peak disappears and the shape of the 
C H 2 peak is greatly simplified. The reason is that the hydroxyl proton is now 
exchanging so rapidly with that of neighboring molecules that only its average 
local magnetic field is being observed. The time scale for such averaging to occur 
is, in simple cases, of the order of 7\ . 

The spin-spin interactions which split the CH2 peak into four components and the CH3 peak 
into three components (Fig. 19-19) arise as follows. The principle is that the field at a CH2 proton 
is perturbed slightly by the net field of the CH3 protons and, similarly, the field at a CH3 proton 
is affected by the net field of the CH2 protons; the number of components into which the peaks 
split is the number of possible values of these net fields. Thus the three CH3 protons may have 
their spins in the relative arrangements (fît), (tH, tit, jtt), (tJ4, 1U, Ut), or (Uj), and a given 
CH2 proton then "sees" one of four possible perturbing net fields in the relative probabilities 
1:3:3:1. Similarly, the two CH2 protons may have their spins in the relative arrangements (ft), 
(ti, Jt), and (J4); a CH3 proton then "sees" one of three perturbing fields in the relative pro
babilities 1:2:1. 

Even a brief presentation of nmr would be inadequate without some mention of an alternative 
picture of the effect. The discussion has so far been in terms of energy levels, but a more detailed 
physical picture is as follows. If the magnetic moment of a proton is represented by a vector, 
then application of an external field causes this vector to precess at an angle to the field direction 
which is determined by /. The two energy states then correspond to the two vector orientations 
shown in Fig. 19-20. The precession, known as the Larmor precession, occurs with a frequency 
that is proportional to the field and equal to that of radiation corresponding to Ε in Eq. (19-20). 

The collection of protons in the sample will all be undergoing this precession, but not in unison 
as indicated schematically in Fig. 19-21 (a). If, now, an rf field of resonance frequency is applied 
along the χ axis, its oscillating magnetic field applies a small acceleration or retardation to the 
precessing magnetic moment vectors until they all come into phase, as indicated in Fig. 19-21(b). 

OH C H2 C H3 
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A precessing moment constitutes a source of electromagnetic radiation emitted along the y axis; 
since all of the nuclei are precessing together, the emission from them is in phase and so has a 
nonzero net amplitude. A detector coil placed perpendicular to the Λ: axis then registers a signal. 
This is, in fact, an alternative method for obtaining an nmr spectrum—that is, one uses an rf 
emitting coil and a second, receiving coil at right angles to it, the two coils directed at axes perpen
dicular to that of the applied magnetic field. 

Some additional phenomena may now be observed. The dynamic equilibrium between the two 
nuclear states Ν and N* may be written as a balance of several rates 

(N)(*r + ka) = (Ν*)(*Ββ + ke + kt*)9 (19-24) 

where k& and kBe are the rate constants for absorption and stimulated emission, respectively. 
These are equal to each other and proportional to the intensity of the rf field; ke is the rate constant 
for spontaneous or ordinary emission. The rate constants kr and kr* are those for radiationless 
activation and deactivation processes. If the rf intensity is zero, then the various rate constants 
are such as to make (N*)/(N) equal to the Boltzmann ratio, as evaluated earlier. If, however, the 
rf intensity is made very large, so that k& and kBe dominate, then, since they are equal, (N*)/(N) 
becomes unity—that is, in the limit one has an equal population in the two states. There will be 
no nmr resonance signal at all. 

If now the rf intensity is returned to its normal low value, the Boltzmann population will 
reestablish itself, and the nmr signal will grow back in. The reciprocal of the first-order rate 
constant for this return is called the spin-lattice or longitudinal relaxation time Tx . Its value is 
primarily a measure of that of kr and kr* since ke is generally negligibly small. The presence of 

F I G . 1 9 - 2 1 . Effect of a perpendicular rf field in bringing precessing magnetic moments into 
phase. 
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paramagnetic ions in the solution will, for example, greatly reduce 7\ ; the magnetic susceptibility 
of such ions may actually be measured by this means. 

There is a second relaxation time, called T2 or the transverse relaxation time. This has to do 
with the speed with which the aligned moments of Fig. 19-21(b) would drift out of phase in the 
absence of an rf field, due to the different local magnetic fields that individual nuclei experience. 
The relaxation time T2 can be estimated from the width of the resonance line as well as by other, 
somewhat more complicated experiments. In liquids the mechanism for the 7\ and T2 relaxations 
are often essentially the same, so the two times are about equal. In a solid, however, Tt may become 
quite large while T2 remains small. This is because the rate constant for energy exchange with the 
medium, kT or &r* in Eq. (19-24), has become small, but the local field inhomogeneities remain 
to make the different nuclei precess at slightly different natural rates, and thus still produce the 
transverse relaxation effect. 

C. Electron Spin Resonance 

The general principle of electron spin resonance is the same as for nmr; the 
relevant equation is analogous to Eq. (19-20), 

Ε = - g e ^ e H , (19-25) 

where ge is called the Lande splitting factor and is about 2 for a free electron. 
The magnetic moment me = \ for a free electron and j8e is the Bohr magneton, 
whose value is about 2000 times that of the nuclear magneton βη . The first conse
quence of these changes is that the splitting of the two spin orientations of a free 
electron is about a thousand times that for a nucleus. The difference in Boltzmann 
population of the upper and lower states is correspondingly larger, and so is the 
resonance signal. Thus a much lower concentration of unpaired electrons can be 
detected with electron spin resonance, esr, than of nuclei in the nmr method; smaller 
or more dilute samples therefore suffice. 

The esr measurement is, of course, generally applied to molecules having an 
unpaired electron. It has been extremely useful in detecting small concentrations 
of free radicals, for example. Further, if the nucleus of the atom has a nonzero 
nuclear spin, then interaction with the odd electron leads to a fine structure or 
additional splitting of the esr spectrum. It is thus possible to determine with which 
nucleus the unpaired electron is primarily associated. 

19-CN-2 Structure and Chemistry of Excited States 

A. Structure 

Excited states do not survive long enough for conventional structure determina
tions but there is no doubt that major changes from the ground state may occur. 
In the case of diatomic molecules, the bond length is expected to increase in an 
excited state and this is confirmed by calculations for H 2 (note Fig. 19-2). The bond 
angle in a triatomic molecule may change greatly; as examples, it has been suggested 
that the

 2
A1 state of N 0 2 is linear and that the first excited state of N H 3 is planar. 

Conversely, the first singlet excited state of formaldehyde is known to be bent 
(deduced from an analysis of the rotational and vibrational structure of the 
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12,000 14,000 16,000 18,000 20,000 

Frequency, c m

-1 

F I G . 1 9 - 2 2 . Absorption and emission spectra for Cr(urea)i
+
 (in a glassy matrix at 77 K). 

[From G. B. Porter and H. L. Schlâfer, Z. Phys. Chem. 3 7 , 1 1 0 (1963).] 

fluorescence spectrum). In the case of states localized on a double bond, there is 
effectively weaker bonding in a π * state and therefore easier rotation about the 
bond. It is possible that benzene is no longer planar in some of its excited states. 

Considerable changes in geometry have been postulated for the ligand field 
excited states of coordination compounds. One of the singlet excited states of 
Ni (CN)4~ (square planar in the ground state) is thought to have D2d symmetry. 
Complexes such as C r ( N H3)5 X

2+
 (where X is a halogen or pseudohalogen) may 

change from essentially octahedral geometry to that of a pentagonal pyramid. 
One indication that an excited state is significantly different in geometry from 

the ground state is that the emission from the former is strongly shifted to lower 
energies relative to the absorption band. Recalling Fig. 19-11, the energy for the 

<- S0 process is shown as much greater than that for the S1 -> S0

V
 fluorescent 

emission. As indicated in Fig. 19-6, this means that for a diatomic molecule, the 
bond length in the excited state is different from that in the ground state. In the 
case of polyatomic molecules, angle as well as bond length changes are likely. 

An interesting example is that of Cr(urea)j!
+
, whose absorption and emission 

spectra are shown in Fig. 19-22. The main absorption band involves the process 4
7 2g «— M 2 g, and the narrower, lower-energy band involves the process 2
Eg <— *A2g . The phosphorescence emission from the

 2
Eg state is almost super

imposed on the absorption band in its wavelength distribution, which strongly 
implies that the

 2
Eg state has essentially the same bond lengths and the same Oh 

symmetry as the ground state. However, the fluorescence emission from the 4
r 2g state is broad, like the absorption band, but shifted to much longer wave

lengths. The peak of the fluorescence emission is in fact at a longer wavelength 
than that of the phosphorescence emission. It seems evident that major bond 
length and perhaps bond angle changes have occurred in the *T2g state. 

As shown in Fig. 19-23, emission spectra from coordination compounds may be 
strongly shifted at high pressures. The eifect with ruby, Fig. 19-23(a) is now widely 
used as a secondary calibrating standard for measuring high pressures. At sufficient
ly high pressure, actual inversion of energy levels may occur, and this may be one 
explanation of the phenomenon of triboluminescence. Many substances emit light 
when struck sharply or crushed—an old example is uranyl nitrate hexahydrate, and 
a newer one is Eu(acetyl ace tona te)4. If the mechanical shock wave produces 
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FIG. 19-23. Effect of pressure on emis
sion spectra. Emission from coordination 
compounds (and from molecules gener
ally) is shifted in energy if pressure is ap
plied; under high pressure the effective 
ligand field strength changes as a result of 
bond length and bond angle changes. The 
spectra in (a) and (b) were obtained with 
a cell such as shown in Fig. 8-9. (a) Emis
sion from ruby under normal pressure (A) 
and under 22 kbar pressure (B). This is 
essentially the

 2
Eg —>

 4
A2g transition of 

octahedral Cr(HI) (note Fig. 19-22). [From 
R. A. Forman, G. J. Piermarini, J. D. Bar-
nett, and S. Block, Science 176,284 (1972). 
Copyright 1972 by the American Associa
tion for the Advancement of Science.} 
(b) Polarized emission spectra from 
Ba[Pt(CN)4] · 4 H 2 O crystals. The square 
planar Pt(CN)|" units are stacked in the 
crystal, and the increased pressure short
ens the Pt-Pt distance. [From M. Stock 
and H. Yersin, Chem. Phys. Lett. 40, 423 
(1976).} 
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inversion, then molecules may be left in an excited state after the wave has passed, 
the triboluminescent emission being from this excited state. 

β . Excited-State Chemistry 

The chemical nature of an excited state is in general different from that of the 
ground state. We refer now not to prompt molecular cleavages, but to cases where 
the excited state lasts long enough to function as a chemical substance, and one 
in thermodynamic equilibrium with its environment (except for the electronic 
excitation energy). This is the situation with many of the triplet states of organic 
molecules; these may survive one or more encounters with other solute molecules. 
As examples, the triplet state of coumarin, 

undergoes a dimerization, and that of cyclopentadiene undergoes a Diels-Alder-
type reaction with a second molecule to give endodicyclopentadiene: 

A rather interesting case is that of singlet oxygen. Ordinary oxygen has a triplet 
ground state

 z
Eg~ and is, perhaps for this reason, an unusually reactive molecule. 

It is known to photochemists for its very efficient quenching of triplet excited 
states—a process that usually occurs on every encounter. It is possible, however, 
to generate oxygen in the singlet excited state

 x
Ag lying about 22 kcal mole

- 1
above 

the ground state. This is a less reactive species than ground-state oxygen but shows 
a selective ability to add to organic dienes. Singlet oxygen may be prepared, 
incidentally, either by the reaction of hydrogen peroxide with metal hypochlorites 
or by using the triplet excited state of certain dyes such as methylene blue or eosin 
to sensitize the excitation * J g «<—

3
27g-\ [See Foote (1968).] 

An example from coordination chemistry is that of Cr (NH3)5(NCS)
2 +

, which 
aquates in aqueous solution to give exclusively C r ( N H 3) 5( H 20 )

3+
 and free NCS~ 

ion. However, on irradiation of the visible absorption bands, to produce the 4
r 2g excited state, the product is primarily C r ( N H 3) 4( H 20 ) ( N C S )

2+
 (Zinato et al, 

1969). 

19-CN-3 Conversion of Light to Chemical Energy 
There is great contemporary interest in the conversion of solar energy to chemical 

energy or directly to electrical energy. One specialized process of this kind occurs 
with great efficiency in nature. The photosynthetic reaction in green plants amounts 
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to 

COa + H 20 * - (CH20)n + 0 2 (19-26) η 

where ( C H 20 ) n denotes carbohydrate. The mediator for this reaction is, of course, 
the chlorophyll molecule. Chlorophyll absorbs in the red, however, at around 
680 nm, at which wavelength a mole of light quanta has about 42 kcal of energy. 
Since the energy required for reaction (19-26) is about 150 kcal (it is just the reverse 
of the combustion of a sugar or a starch), a multistep process must be involved. 
The active unit in the plant cell, the chloroplast, contains stacked chlorophyll 
molecules and it appears that several, at least eight, funnel either activation 
energy or electrons to a central receptor which is the site of actual reaction. The full 
elucidation of the energy transfer apparatus and of the detailed reaction mechanism 
leading to Eq. (19-26) as the overall process remains one of the fascinating topics 
of current research. 

Of equal if not greater importance is how to devise a photochemical system to 
supply practical energy from solar energy (other than by burning the wood pro
duced by plants !). Charge transfer excited states of coordination compounds have 
been found to be good reducing agents. A possible model system is 

RuL|+ hi *RuLf+ 
*RuL§

+
 + H 30

+
 -> RuL3

3+
 + H 20 + 4H2 

R u U
+
 + | H 20 - > R u L §

+
 + H 30

+
 + i O z 

| H 20 -> * H2 + i O a 

where L denotes 2,2
/
-bipyridine (or related ligands). The oxidation potential of 

R u L |
+
 is about 1 V, or ample to reduce water, and the reduction potential of 

R u L l
+
 is about 1.2 V, or enough to oxidize water. As may be seen, the net reaction 

is the photoinduced decomposition of water, the resulting H 2 then being a source of 
chemical energy. While the principle is clear, there are difficult problems in getting 
model systems to work efficiently, let alone economically. 

Another approach has been to produce photoelectrons at or near an electrode 
surface and thus obtain a photogalvanic cell. Both semiconductor electrodes and 
chlorophyll-containing membranes show promise. At this writing, however, the 
silicon-type solar cell developed for the space program remains the most efficient, 
although somewhat expensive, means of generating electricity from solar energy. 

Photochromic systems have attracted interest as a means of storing solar energy. 
An uphill reaction, often an isomerization, is driven photochemically. The reverse, 
thermal reaction is slow, but may be catalyzed. Thus at some later time, the chemical 
energy stored in the irradiated material may be recovered for heating purposes. 
Systems of this type that are being studied include the photoconversion of norbor-
nadiene to quadricyclene and the photoisomerization of trans- to m-azobenzene. 

Figure 19-24 shows the energy spectrum of solar radiation reaching the earth's 
surface. Note that the density of solar radiation in the visible region is rather low, 
about 200 W m ~

2
. To supply the energy requirement of a city, even the most 

efficient collector would have to cover an area several times that of the city itself. 
Both the capital costs and the environmental impact would be considerable. 
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λ , μ η ι 

(a) 

FIG. 19-24. Solar energy. There is much interest in the use of sun
light either to produce power through solar cells, or to store energy 
chemically. Figure 19-24(a) shows the spectral distribution of solar 
energy with the sun at 60° from the zenith. The total energy is 
about 750 Wm~

2
, of which about 200 Wm~

2
 is in the visible region. 

(The dips in the spectrum are due to absorption by various atmo
spheric and solar atmospheric species.) 

Optical integrator 

Xenon lamp 
(b) 

(b) A laboratory "solar" lamp. This is an Xe arc lamp collimated to give a large irradiated 
area, and suitably filtered so as to have about the spectral distribution shown in part (a). 
(Reproduction with the permission of Oriel Corporation, Stamford, Conn.) 
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SPECIAL TOPICS 

19-ST-l Emission and 
Absorption of Radiation. Transition Probability 

A. Absolute Absorption Coefficients 

The physical picture of the absorption of a light quantum is illustrated in 
Fig. 19-25. Electromagnetic radiation consists of an oscillating electric field (and 
a magnetic field at right angles to it) and absorption occurs through an interaction 
of the field with the electrons of the molecule. In the particular example shown 
an electron in an s orbital is excited to a ρ orbital. Note the polarization—the 
particular ρ orbital is the one that is aligned with the plane of the electric field. 

In the theoretical treatment one assumes the train of radiation to be long enough 
that the atom or molecule can be regarded as immersed in an oscillating electric 
field. A time-dependent perturbation H ( / ) gives rise to a probability for transition 
from state m to state η which involves the integral 

Hmn = j 0 n H ( O φγη dr. 

The method is that of perturbation theory, and, from Eq. (16-119), Hnm is of the 
nature of an energy, and in the case of absorption of radiation, is essentially the 
product of the oscillating electric field strength of the radiation and a dipole 
moment associated with the electron to be excited. Note from Table 8-6 that the 
product of dipole moment times field is an energy. 

The general procedure for calculating the dipole moment associated with a 
particular state or wave function involves evaluation of the integral 

(μχ)ηη = J Φη*μχφη dr, (19-27) 

where μχ is the component of the instantaneous dipole moment given by 

μχ~-= Σ ^· 
That is, one sums over the product of electronic charge and the displacement χ 

hv (λ = 1216A) + H (ls) Η (2p) 

FIG. 19-25. Orbital representation of H atom undergoing the l s —• 2p transition (left to right). 
(After J. G. Calvert and J. N. Pitts, Jr., "Photochemistry." Copyright 1966, Wiley, New York. 
Used with permission of John Wiley & Sons, Inc.) 
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of each electron. The integral of Eq. (19-27) is zero for an atom—atoms cannot 
have a net dipole moment. 

One may also calculate a dipole moment associated with the change from state 
m to state n, 

W n m = j Ψη*Η>χψτη dr. (19-28) 

This is now called a transition dipole moment, and in general, it need not be zero. 
It is this dipole moment that is used in formulating Hnm . The probability of 
absorption of radiation is then proportional to (μχ)

2

ηηι ; the actual expression is 

δ π
2

 2 
Burn ^2 (f^x)nm > (19-29) 

assuming that only the transition dipole in the χ direction need be considered. 
Here, Bnm is known as the Einstein absorption coefficient, defined as the probability 
of absorption in unit time with unit radiation density. The more general expression 
is 

87Γ

2
 2 2 2 

Bnm

 =
 2fo2 K/̂ icinm " Γ " (t^y^nm H ~ (fOrmd? (19-30) 

which allows for transition dipole components in the x, y, and ζ directions. 
Bnm may be related to the ordinary molar extinction coefficient e as defined by 

Eq. (3-7). Since an actual absorption is spread over a band or region of wavelength, 
it is necessary to use the integrated intensity J e dv, where ν is the frequency in wave-
numbers. The derivation requires several steps and leads to 

J ~ (2.303)(1000) c
2
 ' ^

 } 

where v0 is the frequency at the band maximum. It is conventional to take as the 
"ideal" case the transition between the v- = 0 and ν = 1 states of a harmonic 
oscillator of electronic mass and if the corresponding wave functions from 
Eq. (16-59) are substituted into Eq. (19-29), one obtains 

R _ ^e
2 

nm
 ~ hmv0 ' 

Substitution of this result into Eq. (19-31) gives 

/ <
d
* = 2 3 ^ =

 2 31 X 1 0 8
·
 ( 1 9

-
3 2) 

We take this transition probability as a reference and define the oscillator strength 
f as the actual transition probability relative to this ideal. Thus 

/ = 4.33 χ 10-
9
 j edv. (19-33) 

The area under an experimental absorption band gives either Bnm through 
Eq. (19-31) or / through Eq. (19-33). For example, the area under the intense 
absorption band of benzene, centered at 180 nm, gives a n / o f about 0.7. We speak 
of such a transition as an allowed one. By contrast, the visible absorption band of 
C o ( N H3) 6

+
 due to the ligand field transition

 1
Tlg <—

 1
A l g has a maximum extinction 
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coefficient of about 100 liter m o l e
-1
 c m

-1
 at 20,000 c m

-1
 (500 nm); the band

width is such that the area is about (100)(2000) = 2 χ 10
5
, so / is about 10"

3
. 

This transition is thus forbidden, that is, it is of much less intensity than that of the 
maximum possible. 

6 . Spontaneous Emission 

We next consider the situation in which a collection of absorbing atoms or 
molecules has come to equilibrium with radiation. The system is dilute enough 
that no collisional processes are involved, that is, no radiationless deactivations 
occur. Only three types of things can occur: absorption of radiation, stimulated 
emission of radiation, and spontaneous emission of radiation. Stimulated emission 
is the reverse of absorption, that is, an excited atom or molecule interacts with a 
radiation field with a resultant probability of undergoing a transition from excited 
state η to ground state m. The analysis is entirely symmetric to that for absorption, 
and the probability coefficient for the process, Bmn , is equal to Bnm as given by 
Eq. (19-28). Spontaneous emission does not depend on the presence of a radiation 
field, however, and has some intrinsic probability Amn . The theoretical treatment 
of spontaneous emission requires rather advanced wave mechanics. 

At equilibrium the rates of population and depopulation of the excited state 
have become equal, and we write 

where Nm and Nn are the numbers of ground- and excited-state atoms, and pnm = 
Pmn = ρ is the radiation density of frequency vnm corresponding to the difference 
in energy between states η and m. Since Bnm = Bmn , we obtain 

Since the two states are in equilibrium, the Boltzmann expression applies, 

Nm 
Also, from Eqs. (16-128) and (16-131) the energy density of radiation, our p9 is 

rate of population = BnmNmp, 

rate of depopulation = BmnNnpr 'mn 

'nm 
A- A Ν 

Ρ = nm 
ehvnm/kT 

On combining these relationships, we obtain 

A mn (19-34) 
B, nm 

The coefficient Amn is mathematically equivalent to a first-order rate constant 
and could be written as ke , the rate constant for spontaneous emission. The recip-
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C. Selection Rules 

The exact evaluation of the integral of Eq. (19-28) requires the use of the detailed 
wave functions for the ground and excited states. It is possible, however, to deter
mine on symmetry grounds whether such an integral should be nonzero. 

In the present c a s e , /A and fB are wave functions which, if they are correct for the 
molecule, must form bases for one or more irreducible representations (IR's) of the 
point group of the molecule. Further, μχ in Eq. (19-28) is essentially a constant, e, 
times the χ coordinate. As a consequence, the IR for which μχ is a basis will be that 
listed opposite the function ' V in the character table for the point group. It was 
explained in Section 17-ST-l that an integral of the type 

\fJchdr 

will be nonzero if, and only if, the direct product of the IR's associated with fA,fB , 
and fc contains the totally symmetric IR. 

As an example, for the D2h group, μχ corresponds to the B2U IR (see Table 17-7). 
In order for the integral to be nonzero, the functions φη and φηι must have sym
metry properties such that φημχφ7η contains the Ag IR of the group. For example, 
if φη belongs to or transforms like Ag, then φη must belong to B3VL ; that is, 
B3U X Ag ~ 2?3U and B3VL χ Bsu ~ Ag . The transition is then allowed for radiation 
along the χ axis. For the same ground state the transitions to states belonging to 
B2U and Blu are allowed along the y and ζ axes, respectively. 

Notice that in this example the IR's all have a g or u designation and that the 
allowed combinations are of the type g x u x u. A corollary of the general 
symmetry requirement is that the direct product fA x fB χ fc must be g in nature 
(provided the molecule does have a center of symmetry so that g and u are mean
ingful). Since μχ is always u (the sign of a dipole inverts on reflection through the 
center of symmetry), it follows that φη and φτη must be of opposite parity. Other
wise the transition is said to be parity-forbidden; this is the case for the 1
Tlĝ-

1
Alg transition of Ο ο ( Ν Η 3) β

+
 mentioned earlier. Similar considerations 

generate the rule that in vibrational absorption Δν- must be odd; this follows directly 

rocal l/ke is the (mean) lifetime for spontaneous emission; these are experimen
tally measurable quantities, given by the rate of decay of fluorescent or phosphor
escent emission under conditions such that radiationless deactivation processes 
are not important. 

Alternatively, since Bnm can be determined from the area under the absorption 
band, Eq. (19-34) can be used to calculate Amn or ke. If the observed lifetime of 
the excited-state emission is shorter than so calculated, one then writes fce(obs) = 
^e(naturai) + kq , where kq is the sum of rates of radiationless processes. Values 
of kq are often determined indirectly in this manner. 

One danger that should be mentioned is the following. The preceding derivation is based on a 
detailed balancing of forward and reverse rates. If the actual situation is that shown in Fig. 19-11, 
an irreversible process, namely thermal equilibration, intervenes between the absorption act 
and that of either spontaneous or natural emission. The absorption and stimulated emission steps 
do not retrace each other, and the derivation is not strictly valid. In fact, if the thermally equilib
rated excited state such as 5Ί in the figure is quite different in geometry from S^, a calculation of 
ke from Bnm can be very seriously in error. 

file:///fJchdr
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from observing that if one state is odd, that is, has an odd number of nodes in the 
vibrational wave function, then the other state must be even. Ordinarily, one 
only observes transitions for which Δη = ± 1 . 

Most of the simple selection rules that have been mentioned stem from such 
symmetry arguments. The rules are not absolute, but where they are violated one 
finds that the oscillator strength of the transition is greatly reduced from the 
allowed value of Eq. (19-32). 

Returning to Fig. 19-22, we can now see an advantage to measuring the absorption spectrum 
of a crystal using plane-polarized radiation. The molecules will be fixed in definite orientations 
with respect to the crystal axes and if the crystal structure is known, then the incident radiation 
can be aligned with one or another symmetry axis of the molecule. Certain absorptions will then 
be strong in one direction but not in another, and such information is very helpful in assigning 
the various excited states to specific symmetry classes. 

D. Lasers 

Consider the two-state system described in Section 19-ST-1B. We can write the 
rate of population of excited state η as kaNm , where ka = Bnmpnm , and the rate 
of its depopulation as ka = kSaNn + kmnNn where k8a = Bmnpmn . If the radiation 
density is sufficiently high, ka approaches kSaNn and since Bnm — Bmn , the conse
quence is that Nn = Nm . Under this condition the rates of absorption and of 
stimulated emission are equal. 

Suppose now that there exists some higher excited state ri which can undergo 
a conversion or crossing to excited state n. We can now populate state η indirectly 
by using radiation of frequency vn,m . If A mn is small enough, it will be possible to 
make Nn exceed Nm—after all, there is no radiation of frequency vnm to depopulate 
state η by stimulated emission. A system having such an inverted population is 
capable of laser (light amplification by stimulated emission of radiation) action. 

Suppose further that this system is established in a cavity having reflecting walls, 
as, for example, a cylindrical space having mirrors at each end. If some radiation 
of frequency vnm is introduced along the cylinder axis (there will always be some 
from spontaneous emission), then it will stimulate further emission of the same 
frequency, in phase and in the same direction. Light of this frequency then reflects 
back and forth, gathering intensity as more and more stimulated emission occurs. 
The process is on the speed-of-light time scale, and the effect is that a short, 
intense pulse of radiation is produced. Various arrangements, such as use of a 
partially silvered mirror at one end, allow the escape of this pulse. Because it is in 
phase or coherent and accurately collimated, the beam diverges very little; laser 
beams can be reflected back from the moon and still be detected, for example. 
They may be focused down to an area comparable in dimensions to that of their 
wavelength to give enormous energy densities, and a focused laser beam can be 
used for microsurgery. Laser beams are highly monochromatic, and this has made 
them very useful in spectroscopy, as, for example, in Raman spectroscopy; also, 
their high intensity and short (nanosecond) pulse duration allows experiments in 
flash photolysis where a short-lived excited state is produced in sufficient amount 
for its absorption spectrum and other properties to be measured. 

Lasing systems are now commercially available which operate in the microwave, 
the infrared, and the visible wavelength regions. They may be pulsed or continuous; 
in some cases they can be tuned or varied in wavelength continuously over a 
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FIG. 19-26. The Nd laser, (a) The ex
cited-state scheme for Nd

3 +
. The ion is 

present as a minor constituent of yttrium 
aluminum garnet, Y3A1501 2, "YAG," or 
in a glass. Flash lamp light irradiates a 
rod of the material, exciting various high-
energy states which decay rapidly to the 4
i

R
3 /2 state. This last has a natural lifetime 

of 5 X 10~

4
 sec to drop to the

 4
I\\/2 state, 

with emission of1060-nm light. During the 
flash lamp excitation, a large population 
of

4
F3 /2 states accumulates; there is nearly 

complete population inversion since the 4
Λι/2 state is too far above the ground 

state to have much thermal population. 
Net stimulated emission may thus occur. 

Coolant 

External 
mirror 

Nd YAG 
rod 

Flash 
lamp , External mirror 

(partially 
transmitting) 

Capacitor 
bank 

Output 
beam 

Power supply 

(b) 

(b) A schematic of an oscillator or unit for producing stimulated emission. The flash lamp is 
on for about 1 msec, pumping the system to

 4
F3/2 states. Light of 1060-nm wavelength (either 

from the flash lamp or from natural emission) is reflected back and forth between the mirrors, 
and stimulates further emission. An emission avalanche thus occurs, which escapes through 
the partially transmitting mirror as a coherent laser beam. The laser pulse may be shortened 
in duration and intensified if a Pochels cell is placed in the oscillator cavity. The cell is 
nontransmitting until polarized by a high-voltage pulse. This pulse is not applied until after 
the flash lamp has been on long enough for extensive population of

 4
F3 /2 states. On then 

making the Pockels cell transmitting, the stimulated emission avalanche occurs over about a 
20-nsec period. Such an oscillator is said to be "Q switched." (From A. Yariv, "Quantum Elec
tronics," Wiley, New York, 1975.) 
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region of values. A clever use of their property of coherence allows a doubling 
of their frequency so that lasers producing in the near ultraviolet are possible. 
In brief, lasers are becoming a common and indispensable tool for the chemist, 
the physicist, and the engineer. 

The population inversion that is crucial to laser action may be achieved in various 
ways. One may excite optically by means of a flash lamp, as is done with the popular 
ruby and Nd lasers. Some detail on the latter is given in Fig. 19-26. The widely 
used nitrogen, argon, and C 0 2 lasers are "pumped" by an electrical discharge 
produced in the gas itself. Of great current interest is the use of chemical reactions 
that produce excited-state products. The potential high energy efficiency and port
ability of chemical lasers make them very attractive. 

19-ST-2 Optical Activity 

This topic is taken up here rather than in Chapter 3 because modern applica
tions lead to useful information about excited states. The traditional aspect, 
however, is that of the rotation of the plane of polarization of light by an optically 
active substance. The optical activity may result from a crystalline arrangement 
of atoms or molecules in a right- or left-handed spiral, as in quartz, in which 
case the optical activity disappears on melting. Alternatively, the individual 
molecules may be asymmetric, in which case the activity is retained in all physical 
states and in solution. 

A. Rotation of Plane-Polarized Light 

The usual experimental arrangement makes use of a polarimeter. Incident mono
chromatic light is plane-polarized by means of a special prism (as discussed later), 
passes through the material to be studied, and then through a second prism. The 
relative angular position of the two prisms for maximum (or minimum) transmis
sion of light of a given wavelength is observed with and without the active sub
stance, the difference in angle being the optical rotation oc. It is customary to 
reduce oc to specific rotation [oc] by the definition 

M . ' - £ - T - CMS, 
where / is the path length in decimeters, ρ is the density of the substance, if neat, 
c is the number of grams of substance per 100 cm

3
 of solution. The superscript 

and subscript give the temperature (in degrees Celsius) and wavelength; if the 
sodium D line is used, the subscript may be written as D. Molar rotation is defined 
as 

W = ^ , (19-36) 

where M is the molecular weight. Recently more rational units have been pro
posed: 1 biot = 10~

3
 rad cm

2
 g"

1
 instead of [a] and 1 cotton = 0.1 rad cm

2
 m o l e

-1 

instead of [M]. 
If a substance rotates the plane of polarized light clockwise as viewed looking 

toward the light source, it is said to be dextrorotatory and oc is reported as posi-
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tive; if the rotation is to the left or counterclockwise, the substance is levorotatory 
and oc is reported as negative. 

Specific rotations for small organic molecules range up to about 50°; is 
— 39° for L-histidine, [a]^

0
 is —12° for (—)-tartaric acid and + 6 6 ° for sucrose 

(all in aqueous solution). Rather larger values may be found for optically active 
coordination compounds; the value of [al^onm *

s
 600° for Cr(C204)3~ , for example. 

Optical rotation is an additive property in dilute solutions, and polarimetry is 
therefore quite useful as an analytical tool. Molar rotations are to some extent 
constitutive (and thus resemble molar refractions, see Section 3-3) and structural 
conclusions may sometimes be reached on the assumption that the observed rota
tion is a sum of contributions from independent asymmetric centers. 

β . Theory of Optical Activity 

A beam of plane or linearly polarized light may be represented by a wave 
equation such as Eq. (16-39), corresponding to a sine wave of varying electric 
field. The accompanying magnetic field oscillates in phase and with the same 
amplitude, but in the plane at right angles to that of the electric field. Considering 
only the electric field, if two beams are polarized at right angles to each other and 
both are in phase and of the same amplitude, then as illustrated in Fig. 19-27(a), 
the resultant will be equivalent to a plane-polarized beam at an inclination of 45° 
to the other two. If one beam is a quarter of a wavelength out of phase with the 
other, then the maximum net amplitude rotates with distance, either clockwise or 
counterclockwise, as shown in Fig. 19-27(b). Such a beam is said to be circularly 
polarized. 

The theory of optical activity is based on the behavior of circularly polarized 
light. A ray of plane-polarized light may be regarded as equivalent to two circularly 
polarized beams which are in phase and of equal amplitude but have opposite 
senses of rotation [Fig. 19-27(c)]. The right- and left-handed spirals cancel except 
for their χ components, so the resultant is plane-polarized light vibrating along 
the χ direction. The velocities of the two circularly polarized components are the 
same in an inactive substance, so the angle of the equivalent plane-polarized beam 
does not change with distance. In an optically active material, however, the two 
circularly polarized components have different velocities, with the consequence that 
the equivalent plane-polarized beam rotates as it passes through the substance 
[Fig. 19-27(d)]. 

The velocity of light is inversely proportional to the index of refraction of the 
medium, and an equation due to A. Fresnel (1825) gives 

α = y ("ι ~ wr), (19-37) 

where oc is now the rotation in radians per centimeter and nt and nT are the indices 
of refraction for left and right circularly polarized light, respectively. Since the 
wavelength λ is a small number in the case of visible light, an appreciable value of 
oc results even with very small differences in the refractive indices. Thus optical 
rotation is a second-order effect, dependent on the small difference between rela
tively large numbers. 

The theoretical treatment involves integrals resembling those of Eq. (19-28). 
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Ζ 

(e) 

F I G . 1 9 - 2 7 . (a) Resultant of two beams of polarized light of the same amplitude in phase and 
with planes of polarization perpendicular to each other, (b) Resultant if the beams are a quarter of 
a wavelength out of phase, (c) Plane-polarized light as the resultant of two oppositely circularly 
polarized components, (d) Rotation of plane of polarized ion as a consequence of two circularly 
polarized components having different velocities in a medium, (e) Elliptically polarized light as a 
consequence of two circularly polarized beams having different extinction coefficients. 

No effect results, however, if only the oscillating electric field of the light is con
sidered; it is necessary to include the oscillating magnetic field as well. The sym
metry properties of the integrals are such that the effect is still zero if the molecule 
possesses either a plane or a center of symmetry. It may be shown that the sufficient 
requirement for optical activity is that the molecule and its mirror image not be 
superimposable. A molecule may be transformed into its mirror image by reflec
tion of its coordinates in any given plane; this reflection is equivalent to changing 
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from a right-handed to a left-handed coordinate system. An optically active 
molecule must behave differently toward right and left circularly polarized 
light. 

C. Rotatory Dispersion and Circular Dichroism 

An important experimental observation is that oc as well as the index of refrac
tion η = (μι + nT)/2 and the separate indices nx and nT vary with the wavelength 
of the light used. The effect may be quite dramatic as the wavelength is varied 
through the region of an adsorption band. This behavior is illustrated in Fig. 19-28, 
where the curve labeled nt — nT is proportional to oc, by Eq. (19-37). The variation 
of oc with wavelength is known as optical rotatory dispersion, O R D . Note that oc 
changes sign in the vicinity of the absorption maximum, the ordinary absorption 
curve being given by (et + €r)/2, where e denotes extinction coefficient (Section 3-2). 

An approximate expression for this behavior was given by Drude in 1900: 

Η = ( Λ ^ ν ( 1 9 " 3 8 ) 

where k is a constant characteristic of the substance and λ0 is the wavelength of 

Decreasing λ 

F I G . 1 9 - 2 8 . Schematic illustration of dispersion of index of refraction for right and left circu
larly polarized light and of the corresponding extinction coefficients. [After F. Woldhye, in 
"Technique of Inorganic Chemistry" (Η. B. Jonassen and A. Weissherger, eds.), Vol. 4. Copy
right 1965, Wiley {Inter science), New York. Used with permission of John Wiley & Sons, Inc.] 
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FIG. 19-29. Circular dichroism spectrum of aqueous (+)-[Ru(phen)3](C104)2. [From B. 
Bosnich, Accounts Chem. Res. 2, 266 (1969).] 

the absorption maximum. Sometimes a sum of terms with different k and λ0 values 
is needed to fit a rotatory dispersion curve; the implication is that two or more 
overlapping absorption bands are actually present. An important point is that 
the sign of oc is not in itself a characteristic of an optically active substance; the 
sign depends on which side of an absorption band the measurement is made. It 
was perhaps fortunate for early investigators that their polarimetry was done 
mostly on compounds which absorb mainly in the ultraviolet, so that use of the 
sodium D line gives oc values corresponding to the long-wavelength side of the 
first electronic absorption band. As a consequence, a related series of compounds, 
as of sugars, tend to have the same sign for oc if the absolute configuration, or 
chirality is the same. It is thus relatively safe to draw conclusions from how the 
sign of oc behaves as to whether the "handedness" or chirality of an asymmetric 
center is retained in a chemical reaction; this rather simple approach can lead to 
serious errors, however. 

The phenomenon of rotatory dispersion is connected with the fact that the 
absorption coefficients are different for right and left circularly polarized light in 
the case of an optically active substance. The effect is known as circular dichroism, 
CD. Both absorption coefficients are appreciable, of course, in the region of an 
absorption band, as illustrated in Fig. 19-28, and if they are different, the conse
quence is that elliptically polarized light results. As shown in Fig. 19-27(e), the y 
components of the amplitudes of two circularly polarized beams no longer cancel. 

It is possible to measure these separate absorption coefficients to obtain the 
coefficient of dichroic absorption Ae: 

Ae = e l - e x, (19-39) 

or the anisotropy or dissymmetry factor g = Ae/e. The quantity Ae varies with 

Wavelength, nm 
200 250 300 400 500 
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wavelength in the region of an absorption band, as shown in Fig. 19-26, or is said 
to exhibit dispersion. The dispersion of O R D and of CD constitute the Cotton 
effect (the name is French and should be pronounced accordingly). 

Both O R D and CD spectra are fast becoming routine adjuncts to regular 
absorption spectra when dealing with optically active compounds. Rather undis
tinguished absorption spectra may reveal themselves as consisting of more than 
one absorption band by showing complicated O R D and CD behavior. Also, 
absorption bands not showing Cotton effects probably involve chromophores 
which are not themselves centers of optical activity or near such a center. Finally, 
if the symmetry designations of the ground and excited states are known, the 
CD spectrum may allow the assignment of the absolute configuration, that is, the 
chirality of the molecule. An example is given in Fig. 19-29; the tris-orthophenan-
throline complex of Ru(II), R u ( p h e n ) g

+
, is basically octahedral in geometry, but 

the three bidentate phen ligands make the molecule resemble a three-bladed 
propeller. There are two ways for the blades to be pitched, corresponding to the 
two optical isomers, and the deduced absolute configuration is shown in the 
figure (Bosnich, 1969). 

D. Instrumentation 

Plane-polarized light may be produced by passing light through a suitable prism 
of calcite (CaC03) or quartz. Such prisms have been cut in a plane tilted to the 
direction of the incident light beam and then cemented together. Ordinary light 
can be treated as consisting of two mutually perpendicular plane-polarized beams, 
and the two beams will transmit differently through a properly prepared split 
prism and are therefore separated. Various prism constructions, such as the Nicol, 
Glan, and Rochan prisms, have been designed. A Polaroid sheet has a layer of 
oriented crystals which polarize the transmitted light. 

Circularly polarized light may be obtained by passing suitably oriented plane-
polarized light through a quartz prism known as a Fresnel rhomb. The Fresnel 
rhomb is cut in such a way that the beam undergoes internal reflections before 
emerging, so as to cause just the right time lag between vibrations parallel and 
perpendicular to the plane of incidence. 

Modern recording spectropolarimeters make the obtaining of O R D and C D 
spectra relatively easy. Just as the appearance of the recording spectrophotometer 
gave great stimulus to spectrophotometry, so has the appearance of O R D and CD 
automatic instruments led to great expansion of the study of optical activity. 

19-ST-3 Vibrational-Rotational Spectra 

The detailed spectrum of a molecule consists in principle of transitions between 
states whose complete description includes the electronic, vibrational, and rota
tional components of the wave functions. As discussed in Section 19-3, we assume 
that these types of functions do not interact appreciably. Thus as in Fig. 19-11, 
close-lying rotational states are superimposed on vibrational states which in turn 
are superimposed on electronic states. 

The actual degree of detail that is seen in a spectrum depends on several factors. 
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ι—r 

1.2.6 13.0 13.4 13.8 14.2 14.6 15.0 15.4 15.8 
Wavelength, μΐΏ 

F I G . 1 9 - 3 0 . Fine structure of the v2 fundamental of HCN. (See G. Herzberg, "Infrared and 
Raman Spectra of Polyatomic Molecules" Van Nostrand-Reinhold, Princeton, New Jersey, 1945.) 

First, of course, is the resolution of the equipment used. Second, however, vibra
tional and rotational states have sufficiently long natural lifetimes for their energy 
to be made uncertain by collision processes. Thus in solution vibrational detail 
tends to be washed out and rotational detail disappears completely. This happens 
even with gases at high pressures. 

If, however, one examines the infrared spectrum of a dilute gas, then rotational 
as well as vibrational detail is seen. It is such spectra that we consider briefly at 
this point. On combining Eqs. (16-61) and (16-112), the general expression for the 
vibrational-rotational energy of a diatomic molecule becomes 

€*/ = hv& + i ) + BhcJ(J + 1), (19-40) 

where Β = h/S^Ic and is called the rotational constant (units are c m
- 1

) . 
The selection rules for a transition are that first, Δν = ± 1 [and the molecule 

must have a dipole moment or else μχ in Eq. (19-28) vanishes, so the intensity 
becomes zero], and second, Δ3 = ± 1 . We then write 

€ vJ = (»' - „") hv0 + B'hcJ\J
f
 + 1) - B"hcJ'\J" + 1) (19-41) 

for a transition between two vibrational-rotational states. In general the rotational 
constant changes on going to a different vibrational state since the vibrational 
amplitude is different and hence so is the moment of inertia of the molecule. If 
this point is ignored, Eq. (19-41) simplifies to 

= hv0 + IBhcJ', J' - J" = 1, 
(19-42) 

*«/ = hv, + 2Bhc{J' + 1), / ' - J" = - 1 , 

where v
1
 — ν-" is taken to be unity, and Δ] may be ± 1 , primes and double primes 

denoting the final and initial states, respectively. 
It is important to remember that at ordinary temperatures most molecules will 

be in the v- = 0 vibrational state, but that the separation of rotational levels is so 
small that by the Boltzmann principle, an average molecule is apt to be in a 
/ = 10 to 20 level. Thus the usual transition is from ν = 0 to ν = l i n a diatomic 
molecule, but the rotational quantum number, being large, has scope to decrease 
as well as to increase. The consequence is that a vibrational-rotational spectrum 
has two branches. The R branch contains the transitions whereby the distribution 
of rotational states present in the collection of molecules changes by Δ3 = 1 and 
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the Ρ branch contains the transitions for which AJ = — 1 . These two branches are 
illustrated in the spectrum for the fine structure of the ν = 2 fundamental of H C N 
shown in Fig. 19-30; the short-wavelength branch is, of course, that for R. In 
polyatomic molecules, transitions with AJ = 0 may also be observed, giving a 
third set of lines known as the Q branch. 

Analyses of spectra of this type yield more information than analyses of pure 
rotational spectra since the intensities and spacings reflect the degree of interaction 
between the two forms of excitation. As mentioned earlier, the moment of inertia 
changes with the vibrational quantum number. Also, vibrational levels are affected 
by the rotational energy—essentially because the vibrating atoms are now in a 
centrifugal field. 

There has been a veritable explosion of new techniques and phenomenology in 
molecular spectroscopy, and one consequence is that a large number of abbrevia
tions have come into use. This glossary has been assembled as a help to the student. 

19-ST-4 Glossary of Abbreviations 

AES 
APS 

Auger electron spectroscopy 
Appearance potential spectroscopy 

BDE Bond dissociation energy 

CARS 
C D 
CELS 
C I D N P 
CIMS 
CSRS 

Coherent anti-Stokes-Raman spectroscopy 
Circular dichroism 
Characteristic energy loss spectroscopy 
Chemically induced dynamic nuclear polarization 
Chemical ionization mass spectroscopy 
Coherent Stokes-Raman scattering 

DSC Differential scanning calorimetry 

EIS 
E N D O R 

EXAFS 

EPR 
ESCA 
ESD 
ESR 

Electron impact spectroscopy 
Electron-Nuclear double resonance 
Electron Paramagnetic Resonance 
Electron spectroscopy for chemical analysis 
Electron-stimulated desorption 
Electron spin resonance 
Extended x-ray absorption fine structure 

F E M 
F I D 
F I M 
F I R 
F T 
F T I R 

Field emission microscopy 
Flame ionization detector; free induction decay 
Field ion microscopy 
Far infrared (spectrum, spectroscopy) 
Fourier transform 
Fourier transform infrared 

G C M S 
G L C 
G P C 

Gas chromatography mass spectrometry 
Gas-liquid chromatography 
Gel permeation chromatography 
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H E E D High-energy electron diffraction 
HPLC High-pressure liquid chromatography 

ICPES Inductively coupled plasma-atomic emission spectroscopy 
ICR Ion cyclotron resonance 
INS Ion neutralization spectroscopy 
I R Infrared 

LASER Light amplification by stimulated emission of radiation 
LEED Low-energy electron diffraction 
LIF Laser-induced fluorescence 

MASER Microwave amplification by stimulated emission of radiation 
M C D Magnetic circular dichroism 
M O D O R 
(MODR) Microwave optical double resonance 

MS Mass spectrometry 

NAA Neutron activation analysis 
N M D R Nuclear magnetic double resonance 
N M R Nuclear magnetic resonance 
N Q R Nuclear quadrupole resonance 

O D M C D Optically detected magnetic circular dichroism 
O D M R Optically detected magnetic resonance 
O O D R Optical-optical double resonance 
O R D Optical rotatory dispersion 

PA Proton affinity 
PES Photoelectron spectroscopy 
P M D R Phosphorescence microwave double resonance 
P M R Proton magnetic resonance (old usage) 

RIKES Raman-induced Kerr-effect scattering 

SAXS Small-angle x-ray scattering 
SIMS Secondary ion mass spectrometry 
SXAS Soft x-ray absorption spectroscopy 
SXES Soft x-ray emission spectroscopy 
SXS Soft x-ray spectroscopy 

UPS Ultraviolet photoelectron spectroscopy 

VCD Vibrational circular dichroism 
VPC Vapor phase chromatography 
VLPP Very low-pressure pyrolysis 

XPS X-ray photoelectron spectroscopy 

ZAA Zeeman-effect atomic spectroscopy 
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EXERCISES 

Take as exact numbers given to one significant figure. 

1 9 - 1 Estimate, with explanation, the energy difference between the * D and

 3
P states of atomic 

sulfur. 

Ans. About 25 kcal m o l e

- 1
, as read off Fig. 19-4 

(rest of explanation to be supplied by the student). 

1 9 - 2 (a) Estimate the minimum frequency in c m

-1
 of light needed to dissociate H 2 into a 

ground-state and an excited-state atom, (b) Estimate the energy to produce H 2

 +
 from H 2. 

Ans. (a) About 11.5 χ 10

4
 c m

- 1
, as read off 

Fig. 19-2. (b) About 13 x 10* cm"

1
. (The student should 

supply more detail as to the states involved in both cases.) 

1 9 - 3 Estimate the wavelength of the absorption maximum of the first absorption band of I 2 
and the wavelength of maximum intensity of the fluorescent emission. 

Ans. From Fig. 19-8 the absorption maximum should be at about 
20,000 c m

-1
 or 500 nm; the most probable fluorescent 

emission should be at about 11,000 c m

-1
 or 900 nm. 

1 9 - 4 Make a guess as to the probable absorption spectrum of ethyl formate. 

Ans. The only significant chromophoric group is the 
carbonyl group; from Table 19-2 there should be an intense 

band at around 1900 Â (it is actually around 2100 Â). 
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1 9 - 5 In a photochemical experiment an intensity of 5 x 10"
9
 Ε sec"

1
 is incident on a cell con

taining 20 cm
3
 of 0.01 M solution of Cr(NH3)5(NCS)

2 +
 . It is estimated that 90% of the 

incident light is absorbed and after 10 min of irradiation analysis shows that 0.6% of the 
complex has photoaquated to give Cr(NH3)4(H20)(NCS)

2 +
. Calculate the quantum yield. 

Ans. 0.44. 

19-6 Benzene vapor absorbs at 254 nm to give the first excited singlet state Sx, whose radia
tive lifetime is 6.2 χ 10"

7
 sec. 5Ί disappears by intersystem crossing to the first triplet 

excited state Tx with a rate constant of fc4 = 4.7 χ 10
6
 sec"

1
, and Sx is quenched by 

collisions with ground-state benzene with a rate constant of 1.00 x 10
9
 liter mole "

1
 sec"

 1

9 
both rate constants being for 25°C. Calculate (a) the fluorescence quantum yield at low 
pressures and (b) the yield at a 0.1 atm pressure (25°C). 

Ans. (a) φ,° = 0.26; (b) φχ = 0 . 1 6 . 

1 9 - 7 Sketch, with explanation, an approximate visible-uv absorption spectrum for phenyl 
acetaldehyde, CeH6—CH2—CHO. 

Ans. Absorptions expected at 295, 255, 200, 185, and 180 nm 
(rest of answer to be supplied by the student). 

1 9 - 8 Ru(bipyridine)!
+
 (A) exhibits a strong room-temperature emission. The lifetime in 

water solution is 1.6 /xsec; the emission yield may be taken to be 1.00. The emission is 
quenched by various species. In particular, if the solution is made 0.01 M i n PtCli" (B), 
the emission yield is reduced to half of that in water alone. Calculate the bimolecular 
quenching rate constant, that is, k, for the reaction *A + Β -> A + *B. 

Ans. k = 6.25 χ 10
7
 M "

1
 sec"

1
. 

1 9 - 9 A commonly used chemical actinometer is the ferrioxalate one, for which the photo
chemical reaction is 

Fe (C204) i" Fe(II) + oxalate + oxidized oxalate; 

after the irradiation the Fe(II) is complexed with 1, 10-phenanthroline (neglect dilution 
at this point) and its concentration determined from the optical density at 510 nm, at 
which wavelength the extinction coefficient of the complex is 1.10 χ 10

4
. In a particular 

experiment 20 cm
3
 of ferrioxalate solution was irradiated with light at 480 nm for 10 min 

and an optical density of 0.35 was subsequently found at 510 nm. The quantum yield at 
the irradiating wavelength is known to be 0.93. Calculate the light intensity in einsteins 
absorbed per second. A 1 cm cell is used. 

Ans. 1.14 x 1 0 "
9
E s e c "

1
. 

1 9 - 1 0 The normal vibrational modes for C 2H 2 are as shown in the accompanying diagram. 
Explain which are infrared-active and -inactive and which are Raman-active and-inactive. 

H C C H 
ν, —ο ο—> ο -

V 4 ^ i j £ 
V 2 -*-0 *0 Ο* Ο* 

V5 ί ^ 1 ί 

ν3 ο—·· - ο - ο ο -

Ans. Only ν3 and vh are infrared-active; 
vx, v2, and vt are Raman-active. (The student should 

explain these answers in reasonable detail.) 
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19-11 One of the normal modes for /m«5-C2H2Cl2 is shown. To which IR in C2h does this 
mode belong? Explain. 

Ans. Au. 

19-12 Identify some of the characteristic bond or group frequencies in the infrared spectrum 
for methyl ethyl ketone [Fig. 19-13(c)]. 

P R O B L E M S 

19-1 Suppose that the equilibrium internuclear distance is essentially the same for the ground 
state and a certain excited state of a diatomic molecule (as for the

 1
Ag <-

 3
27g- transition 

of 02). Explain what the qualitative appearance of the absorption spectrum of the dilute 
gas should be like. Pay particular attention to the relative intensities of transitions in
volving different vibrational states, that is, the general intensity contour of the absorp
tion band, as well as how it is centered with respect to the energy for the pure electronic 
transition. 

19-2 The strong Schumman-Runge absorption band of 0 2 starts at about 200 nm and gradually 
increases in intensity to a continuum which begins at about 176 nm. Sketch the probable 
appearance of the ground- and excited-state potential energy curves (that is, produce a 
pair of plots similar to those of Fig. 19-6 but consistent with the data for 02) . Explain 
what happens when absorption is in the region of the continuum—is the excited state 
produced stable against dissociation, and if not, what might the products be? [Note: 
the energy to dissociate 0 2 into two ground-state atoms is about 40,000 cm

- 1
.] 

19-3 H2 excited to the
 1

77u state may under some conditions cross to the
 3
27g+ state. Light 

emission then occurs. Explain what happens in terms of Fig. 19-2 and estimate the range 
of wavelengths of the emitted light. 

19-4 Sketch a guessed appearance of the absorption spectrum of (a) methyl ethyl ketone, (b) 
azobenzene, φ —N=N—<£, and 

S 
II 

(c) CeH5-CH2C-CH3. 
Explain the basis for your spectra. 

19-5 The following data were obtained for the benzophenone-sensitized decomposition of 
Co(NH3)g

+
. Assume that absorption of light by the benzophenone leads to its first triplet 

excited state in quantum yield φ° and that each encounter with a complex ion which 
transfers energy produces photochemical decomposition of the complex and deexcitation 
of the benzophenone with 100% efficiency. Derive the kinetics for this situation and plot 
the data so as to obtain a straight line graph. If the lifetime of the benzophenone triplet 
state is 1.0 χ 10~

8
sec, calculate kq, the bimolecular quenching rate constant; compare 

the result with an estimate of the encounter rate constant. 

Complex (M) 0.01 0.005 0.002 0.001 
φ for sensitized 0.46 0.25 0.10 0.064 

decomposition 
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19-6 An alternative actinometer to the ferrioxalate one is that which makes use of the reaction 

The photoproduced NCS" is determined spectrophotometrically by forming a complex 
with Fe(III) of extinction coefficient 4.3 χ 10

3
 liter mole

-1
 c m

-1
 at 450 nm. The quantum 

yield for the photochemical reaction is 0.29 at 520 nm. What is the absorbed light intensity 
in einsteins per second if irradiation of 25 cm

3
 of a 0.02 M solution of the complex for 

15 min produces a solution which when treated with the Fe(III) reagent has an optical 
density of 0.25 at 450 nm in a 1-cm cell? (Neglect any dilution due to the reagent.) A 
companion dark (nonirradiated) aliquot gives an optical density of 0.05 when treated 
with the Fe(III) reagent. 

19-7 The quantum yield for the photoisomerization of trans-4,4'-dinitrostilbene is 0.27 at 
366 nm, at which wavelength the extinction coefficient is 3.0 χ 10

4
 liter mole

-1
 c m

- 1
. 

What absorbed light intensity in einsteins per liter per second is required to cause a 10~
3
 M 

solution to isomerize at the rate of 1 % m i n
-1
 ? With continued irradiation the cis form 

builds up; this photoisomerizes back to the trans with a quantum yield of 0.34 at 366 nm. 
Assuming the extinction coefficient to be half that of the trans form, what stationary 
state ratio of trans/cis should result (what is the limiting value of this ratio on sufficiently 
prolonged irradiation)? 

19-8 Biacetyl exhibits a phosphorescence in room-temperature aqueous 0.1 Ν H 2S 0 4 solution, 
the quantum yield in this medium being 2.7 χ 1 0

-3
 and the phosphorescence lifetime 

6.2 χ IO
-5
 sec. Addition of the complex ion Cr(NH3)5(NCS)

2+
 progressively quenches 

this phosphorescence; thus 5 χ 1 0
-4
 M complex reduces the phosphorescence yield tenfold 

and 1 χ ΙΟ
-3
 M complex reduces it 18-fold. Set up the kinetic scheme for this situation. 

Calculate kv, the rate constant for phosphorescent decay to the ground state, and kq , 
the bimolecular quenching rate constant; compare the value of the latter to that estimated 
for diffusional encounters (at 25°C). The biacetyl emitting state is produced in 1 0 % yield. 

19-9 In the experiments described in Problem 19-8 the quenching of the biacetyl phosphores
cence was accompanied by a sensitized aquation of the complex to yield Cr(NH3)4(H20)-
(NCS)

2 +
 . Assuming that each quenching act by a complex ion led to aquation, show that 

the aquation quantum yield obeys an equation of the form 1/<£NH3 = <* + (0/C), where 
C is the complex concentration. Remember that in this situation the incident light is 
absorbed by the sensitizer biacetyl, and <£NH3 is the number of moles of aquated ammonia 
divided by the number of einsteins of light absorbed by the sensitizer. 

19-10 Absorption of light by an organic molecule A leads to phosphorescence with a quantum 
yield φρ of 0.30 in a particular solvent. Show that the relation φν/τν = kv holds, where τρ 
is the experimentally observed lifetime of the phosphorescence and kv is the rate constant 
for phosphorescent emission. The value of φρ is for a deaerated solution; a solution in 
equilibrium with air has 3.0 χ 1 0

-4
 mole liter

-1
 dissolved oxygen. Encounters between 

dissolved oxygen and A occur with a rate constant of 5 χ 10
9
 liter mole

-1
 sec

- 1
. Calculate 

φρ' in this aerated solution; ^ = 1.0 χ 10
6
sec

_ 1
. 

19-11 Explain what wavelength of light should be effective in the photoproduction of atoms on 
irradiation of (a) S 2, (b) HI, (c) the molecule of Fig. 19-6 assuming that Όζ is 55 kcal 
mole

- 1
, and (d) I 2. 

19-12 The normal modes for the H 20 molecule are as shown in the accompanying diagram. 
Explain which should be infrared-active and -inactive and Raman-active and -inactive. 

Cr(NH3)2(NCS)4

-
 " Cr(NH3)2(H20)(NCS)3 + NCS

-
. 
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Carry the set of motion vectors through the symmetry operations of the HzO point group 
and determine to what irreducible representation each mode belongs. (The answer may be 
arrived at by considering what vectors are left unchanged or are put into their opposites 
and comparing with the traces of the various irreducible representations.) 

19-13 The normal modes for formaldehyde are as follows: (a) vx = 2766 c m
- 1

, CH2(sym) 
stretch; (b) v2 = 1746 c m

- 1
, C = 0 stretch; (c) v3 = 1501cm

- 1
, CH2 deformation; (d) 

v4 = 2843 c m
- 1

, CH2(asym) stretch; (e) vb = 1247 c m
- 1

, CH2 rock, (f) v6 - 1164 c m
- 1

, 
CH2 wag. One corresponds to the B2 irreducible representation, two to the B1, and three 
to the A1. Explain which is which. In the actual infrared spectrum of formaldehyde, 
absorptions are observed at 3930 c m

- 1
, 2910 c m

- 1
, 2665 c m

- 1
, and 4013 c m

-1
 (among 

others). Explain how these frequencies arise. 

t t \ 

v, = 2766 cm-i v2 = 1746 cm"

1
 v3 = 1501 cm-' 

C H2 (sym) stretch C = 0 stretch C H2 deformation 

v4 = 2843 v5 = 1247 v6=1164 
C H2 (asym) stretch C H 2 rock C H2 wag 

19-14 Assign, with explanation, the origin of the various major absorptions in the infrared 
spectrum of CH2C12 [Fig. 19-13(b)]. 

19-15 Explain what difference you might expect to see in the intensities of the C = C stretching 
vibration in an infrared absorption spectrum as compared to a Raman spectrum of (a) 
H C = C H and (b) HC^CCl. 

19-16 One of the fundamental vibration modes of CO gives rise to an infrared absorption at 
2144 c m

- 1
. Calculate the vibration frequency (in hertz), the force constant, and the zero-

point energy of CO in kilocalories per mole (for this vibrational mode). 

19-17 The infrared absorption spectrum of CO shows an intense band at 2144 c m
- 1

, assigned 
to the v- = 0 to v- = 1 transition. Calculate (a) the force constant for CO, and (b) its 
zero-point energy in calories per mole. 

S P E C I A L T O P I C S P R O B L E M S 

19-1 Estimate by a calculation the oscillator strength of the absorption bands of benzophenone 
in cyclohexane at (a) about 250 nm and (b) 350 nm (Fig. 19-10). Also calculate the 
emission rate constant Amn for these excited states. 
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19-2 Assuming that the ordinate scale of Fig. 19-13 is for 0.1 mm path length, estimate the 
oscillator strength of the absorption feature for acetone at 900 c m

- 1
. 

19-3 Estimate the oscillator strength of the absorption band of Cr(urea)e
+
 centered at (a) about 

16,250 c m
-1
 and (b) 14,400 c m

- 1
. Also calculate the emission rate constant Amn for these 

excited states and the corresponding lifetimes for emission. 

19-4 Referring to Fig. 17-15, for an octahedral complex having just one d electron the first 
ligand field transition is from a state of symmetry T2g to a state of symmetry Eg (in Oh). 
Explain whether or not this transition is allowed by (a) parity and (b) orbital symmetry, 
that is, by whether the appropriate direct product contains the totally symmetric irre
ducible representation. 

19-5 The specific rotation [ a ] D of a compound in aqueous solution is 33° at 25°C. Calculate 
the concentration of this compound in grams per liter in a solution which has a rotation 
of 3.05° when measured in a polarimeter in which the tube of solution of 20 cm long. 

19-6 The specific rotation of saccharose in water at 20°C is 66.42°. Calculate the observed 
rotation using a polarimeter tube of 20 cm length filled with a 23.5 % by weight solution 
of this sugar. The density of the solution is 1.108 g c m

- 3
. 

19-7 A solution of 30 g of a substance of molecular weight 350 in 1 liter of water rotates the 
plane of polarized light by 10.5° (sodium D line, 25°C) with a 30 cm polarimeter tube. 
Calculate the specific and the molar rotation of the substance. 

19-8 Calculate nt — nT for the solution of Special Topics Problem 19-5. The sodium D line 
is at 589 nm. 

19-9 Read data off Fig. 19-29 to make a semiquantitative plot of g versus wavenumber for 
Ru(phen)*+. 

19-10 Estimate the moment of inertia of HCN from the spectrum shown in Fig. 19-30. 




