
15Feb2008
Chemistry 21b { Spectroscop y

Lecture # 17 { Electronic Spectroscop y and Non-Radiativ e Pro cesses

As was noted brie
y in Lecture #16, the ultra violet spectroscopy of formaldehyde
(speci�cally the � ! � � and n ! � � transitions) is complicated by the fact that at 3 eV
or more of excitation the spectral lines are broadenedby processeswhich limit the lifetime
of the excited state. The energeticsfor the photochemical processesin H2CO are outlined
in the �gure below:
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Figure 17.1{ The photochemical energeticsfor formaldehyde photodissociation.

A major questionin how fast the variousphotodissociation processescanoccur is the nature
of the barriers involved. That is, what are the barriers to the photochemical production
of H2 + CO or H + HCO from formaldehyde? The energeticsare easy to lay out, but
if large activation energiesare involved then it may take photons of considerably greater
energy to drive the photochemistry. Other questionsconcern the nature of singlet-triplet
coupling (i.e. is the 3A2 state involved in the decay of 1A2?), etc.

Studies of the isolated benzenemolecule in the late 1960's also raised a number of
interesting questions. It was found, for example, that if the 
uorescenceyield (that is, the
number of photons emitted/n umber of moleculesexcited) from the excitation into the �rst
excited singlet state was examined as a function of pressurein a static cell, even at very
low pressuresonly about 20%of the moleculesexcited actually emitted photons. Stranger
still, if the 
uorescence yield was examined as a function of vibrational energy content
in the A state, the yield started at 20% and then dropped sharply toward zero above an
excitation energyof 39,682cm� 1. Theseresults are summarizedin Figure 17.2below. The
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fact that the 
uorescenceyield was well below zero, and changedrapidly with excitation,
was cited as a \breakdown of quantum mechanics" by the research teams involved!
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Figure 17.2{ (Left) The 
uorescenceyield from the S1 state of benzeneas a function of
background gas(in this case,Ar) pressure.Even at very low pressuresthe quantum yield
is � 1 [J. Chem. Phys. 51, 1982(1969)].(Right) The 
uorescenceyield from the S1 state
of benzeneas a function of internal energy in the S1 state. The rapid drop in emission
above a certain threshold energywascalled the \channel three problem," and working this
problem out contributed greatly to our understanding of energy 
o w in isolated molecules
[J. Chem. Phys. 46, 674(1967)].

This drop in 
uorescenceyield is now understood to arisefrom non-radiativeprocesses
which operate even on isolated moleculesoncetheir density of states becomessu�cien tly
high. Pictorially , weuseplots of the electronicstate energiesshown below, calledYablonski
diagrams, to illustrate the competition between radiativ e and non-radiative processesin
the energy 
o w within moleculesafter electronic excitation. Figure 17.3 below outlines
the \kinetic rates" at which processessuch as 
uorescence,internal conversion, etc. occur,
while Figure 17.4 stressesthe important role that high lying vibrational states play in
many of theseprocesses,especially those of internal conversion and intersystem crossing.
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Figure 17.3 A summary of the radiativ e (! ) and non-radiative processes{ along with
their rates { in electronic spectroscopy.
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Figure 17.4 The role of vibrational excitation and state density in the balancebetween
radiativ e (! ) and non-radiative processesafter electronic excitation.

The quantum yield for 
uorescencecan thus be written as

� f = kf =
X

i

ki ;

where i runs over all the possible radiativ e and non-radiative processesthat can occur.
Those include:

kf = 
uorescence(spin; dipole allowed; relatively fast)
kp = phosphorescence(spin; forbidden; typically slow for low z)
kic = internal conversion (non � radiativ e transfer in the samespin manifold)
kisc = intersystem crossing(non � radiativ e transfer to di�eren t spin manifolds)

The lifetime of the upper state, � f , is determined by all of the processes,

� f = 1=
X

i

ki ;

and so the quantum yield may be re-expressedin the form

kf = � f =� f :

Consistency checks for the presenceof fast, non-radiative processescan be performed
by checking the magnitudes of the Einstein A and B coe�cien ts. For purely radiativ e
processes,the relationships derived in Lecture #6 are valid, but the e�ectiv e value of A
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will be much larger if processessuch as internal conversion and/or intersystem crossing
occur. We'll next look at simple two versusthree level modesof radiationless processes.

The Douglas E�ect

Consider the two casesoutlined in Figure 17.5 below. On the left we have a simple
two level system. For such a system, the 
uorescenceyield must be unit y, that is � f = 1,
and all the photons one expect are radiated (there is no place elsefor the energy to go).
Thus, c1(t)2 + c2(t)2 = 1 :
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Figure 17.5 The simplest quantum mechanical model of radiationless processes.On the
left is a simple two-level system. Non-radiativ e processesare included by adding a third
level, degeneratewith the upper state, for which the electric dipole matrix element with
the lower state is zero (right).

Life gets more interesting when a third level is added, as is shown on the right of Figure
17.5. Let us supposethat, for a given Ĥ � , the upper states are degenerate,that is

Ĥ � j a > = � j a > and Ĥ � j l > = � j l > :

Supposefurther it is possibleto pump to  a , that is the 0 ! a transition is allowed, but
that the 0 ! l transition is forbidden (the H atom is one such system).  a is called the
bright state, and  l the dark state .

Now, turn on a perturbing, or interaction, Hamiltonian Ĥ 0 with strength V .
Degenerate perturbation theory tells us the energies of the two states in the full
Hamiltonian Ĥ � + H 0 are given by

V

e V

e
= e +  V- 2V

|->

|+> e

e

+ V

- V

with wavefunctions of the form

j� > =

r
1
2

[j a > � j l > ]

j+ > =

r
1
2

[j a > + j l > ]
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Clearly, both of the j0 > ! j� > and j0 > ! j+ > transitions are now allowed, at least
formally. Let's consider two limiting casesfor t = 0, one in which j' (0) > = j' (+) > , and
one in which j' (0) > = j a > .

(A) t = 0; let j' (0)> = j' + > . In a real system, this would mean using a laser whose
bandwidth � ! was such that � ! < 2V . Since j' (+) > is an eigenstate of the total
Hamiltonian, we have

Ĥ ' � = � � ' � = (� � V )' � :

The time dependencefor ' + is

�( t) = U(t)' + (0) = e� i Ĥ t= �h ' + (0) = e� i! + t= �h ' + (0) ;

where ! + = (� + V )=�h. Thus, we seethat ' + is a stationary state of the system since

j�( t)j2 = j' + (0)j2 :

The sameis true, of course,for ' �

(B) t = 0; let j' (0)> = j' a> = [j' + > + j' � > ]=
p

(2), that is, supposewe prepare only
the bright state ' a which is composedof equal parts ' + and ' � (which requres a laser
with � ! > 2V). In this case,

j�( t)j2 = je� i Ĥ t= �h [' + (0) + ' � (0)]=
p

(2)j2 =
1
2

[j' + j2 + j' � j2 + ' �
+ ' � e� i � ! t + c:c:] ;

where c:c:= complex conjugate (of the third term), and � ! = ! + � ! � / 2V . Thus,
because a is not an eigenstate of the full Hamiltonian the probabilit y for �nding the
system in the  a bright state, which is the one that 
uoresces and hence is observable
experimentally , oscillates; and the stronger the interaction matrix element V the faster
the oscillation is. This in turn inducesan uncertainty in the energy which is proportional
to the splitting. Since the 
uorescenceis related to the probabilit y distribution, which is
given by

|y|2

t

pP (t) = [1 + cos(4  Vt/h)]/2

P

P

l

a
a

where the so-calledrecurrence time is found to be � = � �h=V.
The 
uorescencedecay is simply

Fluorescence �
dP
dt

= j <  ex j� j gnd > j2
4! 3

3c3�h
:

Supposethe excited state is written in terms of the  a and  l states discussedabove, or

 ex = � (t) a + � (t) l :
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We can rewrite the above and �nd that

dP
dt

= j� (t)j2j� 0a j2
4! 3

3c3�h
;

since j� 0l j = 0. Clearly, the experimentally measuredlifetime must be longer (that is, the
decay rate slower) since

j� 0a j2ef f ectiv e = j� (t)j2j� 0a j2 < j� 0a j2 :

This is called the Douglas e�ect .

(C) Suppose there are many jl> dark levels. For a pure continuum the probabilit y
of recurrence into ja> is extremely small. Thus, the Douglas e�ect transforms into
an irr eversible non-radiative process(much like photodissocation) when the density of
vibrational statesbecomeslarge. This is illustrated in Figure 17.6. The energyuncertainty
is de�ned by the spread of the quasi-continuous jl> states. In general, this processof
randomization of vibrational energy from a bright initial state to a range of dark states
that are more or less statistical in nature is called Intramolecular Vibrational Energy
Redistribution, or IVR, and its rate can be roughly calculated using Fermi's Golden Rule.
In small moleculesat low vibrational state densitiesIVR is slow, but for moleculesas large
as benzeneor larger, the IVR timescalescan be of order picosecondsor faster.
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Figure 17.6 An outline of IVR, where the irreversible non-radiative processis driven by
the high rovibrational state density of the dark jl> levels.

For the processof InterSystem Crossing,or ISC, the coupling occurs betweensinglet
(ja> ) and triplet (jl> ) levels (or in general, between any two di�eren t spin manifolds,
singlet-triplet, doublet-quartet, etc.). How doesthis take place?

Spin-Orbit Coupling in Molecules

In the Born-Oppenheimerapproximation, the full wavefunction is written asa product
of spatial and spin terms. If � g and � T are the ground and excited triplet state spin
wavefunctions, then

1S0 ! 3T1 ) < ' g� g j� j' T � T > = < ' g j� j' T >< � g j� T > = 0
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due to the orthogonality of the spin wavefunctions. However, the spin-orbit term

Ĥ 0 /
X

i

L i � Si

can couple the excited state singletsand triplets (that is, the normal stateswe draw in the
Yablonski diagrams are not the true eigenstatesof the total Hamiltonian, just as the jnl >
states alone are not the true eigenstatesof the hydrogen atom)!

In the perturbed basis set, perturbation theory tells us the the true triplet
wavefunction should be written

	 tr iplet = �' T � T + � ' s � s ;

and that the phosphorescencerate is thus related to

< 	 gr ound j� j	 tr iplet > = � < ' g� g j� j' T � T > + � < ' g � g j� j' s� s > :

The �rst term is zero, but the secondis not, and so

Phosphorescence / j� gsj2� 2 ;

where � � H 0
s:o: =� E . In theseformulae, j� gsj is the singlet-singlet dipole coupling matrix

element, and since it is (or can be) non-zero, the triplet lifetime is �nite. The spin-orbit
matrix element, H 0

s:o: is often of order 0.1 cm� 1 for compounds involving �rst- or second-
raw atoms, while � E , the electronic state energy separation, is more typically 104 cm� 1.
Thus, triplet lifetimes aresome(105)2 times longer than that for singlet-singlet 
uorescence
for most molecules. However, if heavy atoms are involved (such as V- or Os-containing
porphyrins that are found in the environment), the spin-orbit coupling is much larger and
the phosphorescenceyield can be much larger.

ISC in H2CO

As a quantitativ e example of how intersystem crossing occurs, let's look at the
relatively simple caseof formaldehyde. As we saw before, for the n ! � � excitation,
the 1n� � con�guration has A2 symmetry in its spatial wavefunction. For singlets, the
spin function has a1 symmetry, while for the triplets the three spin wavefunctions have
a2, b1, and b2 symmetry. Thus, the symmetry of the singlet and triplet manifolds of
formaldehyde have the symmetries outlined in Figure 17.7. Let Sx , Ty be given triplet
states. As always, for an interaction to occur we demand that the interaction matrix
element be of A1 symmetry, that is

< Sx jĤ s:o: jTy > � A1

for the caseof intersystem crossing. Sincethe spin-orbit interaction is a scalar, it is clearly
of A1 symmetry. Thus, for formaldehyde (and by inferenceother C2v speciesas well), the
singlet and triplet states must have at least onesharedsymmetry type for the coupling to
be �nite. For example:

152



Singlet Symm. Triplet Symm. Interaction?

n ! � � 1A2 n ! � � 3A1, 3B1, 3B2 No
� ! � � 1A1 n ! � � 3A1, 3B1, 3B2 Yes
n ! � � 1B2 n ! � � 3A1, 3B1, 3B2 Yes
� ! � � 1A1 � ! � � 3A2, 3B1, 3B2 No
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Figure 17.7 An outline of the potential singlet-triplet coupling in formaldehyde driven
by the spin-orbit interaction. Arrows denote states that are coupled, those with crosses
cannot interact by symmetry.

The interactions outlined above can be generalized,in that for C2v moleculessinglets
and triplets of the same con�gur ation (n� � , etc.) do not interact, those from di�eren t
con�gurations do. Again, the spin orbit matrix element is of order Ĥ s:o � 0:1 cm� 1, or
about 3 GHz. In this case,the appropriate level spacing (the � E above) is of the same
order since it is the rovibrational states that are coupled, not isolated vibrations. Thus,
the time scalefor ISC is similar to that for 
uorescenceor even faster, that is � I SC � 10� 9

sec. So, we expect the coupling to be fast and irreversible even for isolated molecules!
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Intermolecular, or Forster, Energy Transfer

In the liquid or solid state, moleculesare su�cien tly closetogether that it is possible
for the excitation on one chromophore (called the donor) to be transferred to another
chromophore (called the acceptor). The most long range versusof this phenomenonuses
nonradiative singlet energy transfer, and is called Forster transfer after the scientist who
�rst described the mechanism nearly 50 yearsago.

Phenomenologically, the e�ciency of Forster energy transfer is found to vary as
� F or ster = R6

0=(R6
0 + R6), where R is the donor-acceptor separation and R0 is the

characteristic, or Forster, radius. Thus, the e�ciency can be essentially unit y for distances
within the Forster radius, and falls to nearly zero for distanceslarger than � 2R0. What
goesinto determining R0?

Figure 17.8 presents the basic functional form of Forster energy transfer and steps
involved. Qualitativ ely, what occursis that with su�cien t overlap in the emissionspectrum
of the donor and the absorption spectrum of the acceptor, an energytransfer processis set
up whereby it is possibleto generateemissionfrom the acceptor by absorbing photons at
shorter wavelengthswhere only the donor chromophore absorbslight.

Figure 17.8 An overview of the important steps in Forster energy transfer.

In his original work, Forster showed that the value of R0 for a donor-acceptor pair
depends on properties that can be measuredseparately for the donor and the acceptor,
and has the form

R6
0 = QD eA On� 4 ;

where QD is the 
uorescencequantum yield for the donor, eA is the extinction coe�cien t
for the acceptor, n is the refractive index of the medium, and O is an overlap integral of
the emissionfrom the donor and the excitation of the acceptor. In addition to the spectral
properties of the donor and acceptor, the overlap integral O dependingsupon the dipolar
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coupling betweenthe electronic dipole matrix elements (and so is sensitive to variations in
the geometrical anglesbetweenthe donor and acceptor).

Pairs of chromophoresare known with R0 covering the range 1-10 nm. Experimental
veri�cation for Forster's formula for the e�ciency of nonradiative singlet energy transfer
has been achieved by attaching the donor and acceptor to a rigid molecule, so that the
distanceR is known. Alternativ ely, polymers with a strong preferencefor the formation of
a helix of known geometry, with the donor attached at oneend, and the acceptorattached
at the other end, can be used. This helix provides a particularly strong test, because
polymers of di�eren t molecular weight will form helices of di�eren t lengths. One such
study used poly(L-proline) as the polymer (Stryer, L. & Haugland, R. P. 1967, \Energy
Transfer: A SpectroscopicRuler" Proc. Natl. Acad. Sci., 58, 719-726). In the solvent
systemusedfor this work, poly(L-proline) forms a left-handed helix with 3 units per turn,
and a length of 0.30 nm per unit. The samplesstudied had degreesof polymerization
ranging from 5 to 12, with the donor (naphthyl) at one end, and the acceptor (dansyl) at
the other end. Forster's equation yields an R0 of 2.72nm for this donor-acceptorpair. The
measurede�ciencies were in good agreement with theoretical prediction. More recently ,
Forster energytransfer hasbecomean extremely powerful meansof examingthe dynamical
and folding properties of biopolymers such as DNA or proteins.

A spectacular natural example of Forster energy transfer is provided by the
photosynthetic reaction complex (PRC) shown in Figure 17.9. In this system, light
gathering chromophores transfer their electronic energy over very long distances to the
protein at the center of the PRC with nearly unit e�ciency (apart from the loss incuring
by the energydi�erence betweenthe donor-acceptorstates).

Figure 17.9 A schematic depiction of the photosynthetic reaction complex in purple
bacteria. By transfering the energy over such long distances, the PRC can separately
optimize the light collection and chemical properties of the system.
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