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Optical selection experiments in the first excited singlet state of the benzophenone molecule in solu-~
tion confirm a theoreticat prediction concerning the retardation of the electronic relaxation rate with in-

creasing the excess vibrational energy in excited electronic states of a large moiecule characterized by
a small electronic energy gap.

Experimental optical selection studies of the non-radiative decay of a single vibronic level of iso-
lated (enllision free) large molecules have established that the non-radiative decay probability in-
Creases with increasing the excess vibrational energy E, in the lowest excited electronic singlet state
of 8-naphthylamine [1] and of benzene [2-5]. Subsequent theoretical studies (6-8] provided a rationaliza-
tion of these observations. In a recent work [9] a general expression was derived for the electronic re-
taxation probability of a single vibronic level of a "harmonic molecule”, characterized by displaced
identical potential hypersurfaces. The electronic relaxation probability, Wg;, for the decay process
s = {|1)} of a single vibronic level in the |s) electronic manifold to the dissipative quasicontinuum
{Ilj)} was handled by the Feynman operator technique [10], and recasted in terms of a Fourier integral

[9]:
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where the N vibrational modes, characterized by the frequencies w; and the occupation numbers Vgi,
are subdivided into x = 1...p promoting modes and i # x, u = 1, ., N-p accepting modes. A, corre-
Sponds to the reduced displacement between the two electronic states in the equilibrium position of the
M accepting mode (while for the promoting modes A, = 0), C;‘l denotes the non-adiabatic coupling ma-
trix element between the two electronic states, AE is the electronic energy gap between the origins of
the two electronic states while AEeft = AE - Kwy is the effective energy gap. Finally, T represents the
decay width of each level in the llj) manifold, which in the isolated molecule is due to radiative (infra-
* Ted or optical) emission, while for a molecule embedded in a medium, the major contribution to T will
: &rise from vibrational relaxation. It is further assumed that this width is independent of the particular
1) level. It can be demonstrated [11] that in the statistical limit in an isolated molecule Wg; is inde-

- Pendent of T A more interesting physical situation is encountered when the effective energy gap in a

. 'arge molecule is small or, alternatively, for a medium sized molecule which is characterized by a
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Recent experimental studies of the intersystem crossing rate from different vibrational levels of the
lowest excited states of the benzophenone molecule in solution [12] provide a verification of these th’EO-
retical predictions. The electronic energy gap between the lowest excited singlet and triplet states in
benzophenone is small, i.e. AE =~ 2000 ¢cm-1 so that the decay of the lowest singlet state corresponds to
the "small molecule case". Large spin orbit coupling results in strong interstate singlet-triplet cou-
pling. When this molecule is embedded in solution, efficient intersystem crossing will occur, being
manifested by the "absence™ of fluorescence (the fluorescence quantum yield being [12] ~10-6) and by
the near unity quantum yield for phosphorescence. Intramolecular energy dissipation in the benzophe-
none molecule in solution was monitored [12] in the lowest and in the higher vibrational levels of the
first excited singlet state by utilizing picosecond laser pulses of the second harmonic and of the Raman
shifted second harmonic of a mode locked ruby laser. The relevant experimental results are [12]: .

a) The intersystem crossing rate from the lowest vibronic component of the Sy state (26 800 cm-1} is
Wy = 2 x 1011 gec-1, This result is consistent with the semiquantitative estimates of Dym and Hoch-
strasser [13] from optical line broadening data. o

b) The intersystem crossing rate from the states at 28 800 cm=~1 (corresponding to the excitation of two
quanta of the O-C stretching mode) is Wq = 4 x 1010 gec-1. ‘

¢) In view of the lower decay rate of the higher state characterized by E,, = 2000 em-1, it can be as-
serted that the major decay pathway of the 28 800 cm~-1 levels involves electronic relaxation, ra?her
than vibrational relaxation to the pure electronic origin. ,
Thus optical selection studies in the lowest excited singlet state of the benzophenone molfecule imply

that W2/W =~ 0.2. This pattern is drastically different from the characteristics of electronic rgiaxa-

tion of a single vibronic level in the "statistical" limit [1-5], being however in full agreem(?nt with the

results of the model calculations {for a small energy gap) displayed in table 1. It is gratifying that a

unified theoretical scheme is now available which provides a consistent interpretation of optical selec-

tion studies in polyatomic molecules.

Finally, we would like to point out, at the risk of triviality, that in view of the small electr.'onic en-
ergy gap, electronic relaxation will not take place from the first singlet excited state in the "isolated"
benzophenone molecule, and this state will then exhibit the features of the radiative decay of strongly
coupled levels in a "small” molecule [14]. Thus in the low pressure gas phase we expect that fluores-
cence will be observed, being characterized by a radiative decay time which is long relative to the ex-
pectations on the basis of the integrated oscillator strength.
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small number of vibrational degrees of freedom. In this “small molecule case" * electronic relaxatigp
will not occur within the isolated molecule, as the llj) manifold cannot act as a dissipative quasicontiy..
uum. When the density of states in the Il)manifold is low, the electronic relaxation characteristicg of
any |si)level will strongly depend on the decay mechanisms of the ]lj) states. Irreversible electronije
relaxation can occur in the "small molecule case" provided that this molecule will be embedded in 3
medium which provides a vibrational relaxation broadening mechanism. In this case Wg; will be pro-
portional to I (except in the rare case of accidental degeneracy).

For the statistical limit which is characterized by a large effective energy gap in a large molecyle
the density of states in the |Ij) manifold increases roughly exponentially with E,,, much faster than the'
subsequent decrease of the intramolecular coupling constants, whereupon Wg; is expected to increase
with increasing Ey. On the other hand, in the "small molecule case" the density of states weighted by
the non-adiabatic coupling terms, will be dominated by the variation of the Franck-Condon vibrationa]
overlap factors. When such a molecule is embedded in a medium which now insures irreversible elec-
tronic relaxation in this case the electronic relaxation probability of a single vibronic level will dimin-
ish with increasing E,. The effect of the "inert” medium does, however, introduce an additional com-
plication, as it will induce an additional decay channel for the ]si) states (except for the vibrationlesgs
level) which is due to vibrational relaxation within the {s) manifold. Optical selection studies of elec-
tronic relaxation will then be feasible only provided that the electronic rdaxation rate of each of the
states exceeds the vibrational relaxation rate of these levels. We thus expect that fast electronic relax-
ation processes of a "small molecule case™ in an inert medium, which occur on the picosecond time
scale, may be sometimes amenable to experimental study by the optical selection technique.

To demonstrate the general qualitative implications of the present theoretical treatment [as summa-
rized in eq. (1)], we display in table 1 some model computations of the dependence of Wg; (for different
values of £,) on the effective electronic energy gap. The model ?yst m used is characterized by two
accepting modes Awy = 1000 ecm™ ; A% = 0.9 and fiwg = 3000 cm ™" Ag = 0.5, while the width of the final
states was taken to be T =1 cm~1, From the results displayed in table 1 we conclude that for a small
effective energy gap the electronic relaxation rate of a single vibronic level decreases with increasing
the excess vibrational energy.

* In what follows, we assert that the "small molecule case” is also exhibited by an excited state of a large molecule
charuacterized by a small effective energy gap.

Table 1

Non-radiative decay rate as a function of excess vibrational energy for small effective energy gaps. &]2_ = A% = 0.5;
Fwy = 1000 em~1; Fwy = 3000 em™1; T= 1 em-L

&Eefif_ Excess vibrational energy W
fem~1) in quanta of the 1000 em-1 mode {arbitrary units)

1.00
2,64
4.10
5.33
6.27
7.00
7.43

5.62
8.50
9.80
101
9.70
9.05
8.37

21.8

13.3
8.35
6.10
5,88
7.05
8.20

4800

3800

2800
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