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The energy dependence of the radiative rate constant of single vibronic states has been determined. Symmetry 
allowed and symmetry Forbidden transitions are considered. In all uses the radiative rate constant depends linex- 
ly on the number OF quanta exited in a given mode. 

1_ Introduction 

Much work has been done in the past few years on the problem of the nonradiative decay of single vibronic 
states in isolated molecules [1,2]. Less attention has been paid to the radiative decay of these levels. Usually rhe 
nonradiative decay rate is obtained from combined lifetime and quantum yield data. Quantum yields in the gas 
phase are extremely difficult to determine and large uncertainties are reported. The present note presents a sim- 
ple relation for the dependence of the radiative decay rate on excess energy, which can be used to check the con- 
sistency of observed data and to predict new experimental results. 

There has been some argument in the literature [2--61 whether vibrational redistribution trikes place prior to 

emission, or whether the initially prepared state decays before this prows takes place. In the present note we de- 
rive formulae, applicable to the decay of single vibronic IeveIs and compare tiem with available experimental data. 

2. Theory 

The radiative decay rate for a given vibronic level bv” is given by the well known Einstein coefficient for span- 

taneous emission as: 

(2) 

Here Q and 5 label the lower and upper electronic states with vibrational quantum numbers v’ and v”, respectively. 
The B’s represent vibrational wavefunctions, assumed to be the products of single harmonic oscillator wadefunc- 
tions. R,, is the electronic transition moment and Who the electronic energy gap. The summation in eq. (1) takes 
into account the emission from an initial level bv” to all lo-wer levels Qv’. 

Two cases will now be considered. 
(a) The electronic transition is symmetry allowed, which means that we can take R,, to be constant and remove 
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it from the summation. 
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(b).The transition is forbidden by symmetry but vibronically allowed; in which case the dependence of R,, on nor-, 
ma1 coordinates of the promoting mode(s), Qi, has to be taken tinto account. In general Rba can be written as: 

where the derivatives represent changes in the transition moment in the lower and upper electronic state, re- 
spectively. 

Eqs. (1) and (2) can be combined to pive: 

A ~y,,={4R~a(0)13fic3!(Sg+S1+S,+Sj), (4) 

s, =-F [pv; t f)wl’ - (1:’ t ;,+] 3 I(ebY.llem.)12 . 

It is seen that the si are proportional to decreasing powers of the electronic energy gap, so we expect SO > S, 
> S, > 5’3. The assumption of a harmonic oscillator model seems reasonable in view of the fact that only the first 
few members of any progression are usually seen in either absorption or emission, where anharmonicities are not 
expected to be very important. 

S, can now be written as: 

where 4 is the hamiltonian for a harmonic oscillator in the lower electronic state, and the XbV; are vibrational 
wavefunctions [T: the upper electronic state. 

Expanding Hi In terms of upper state quaniities yields: 

q - ;h;-* t f$.“Q; = ;o;* + ;u;~(Q;:~ + 2Q;hj +$?) . 

i-Iere primed quantities refer to the lower and double primed quantities to the upper electronic state; 6i is the dis- 
placement. 

Using rhese equations for S, we ob;ain: 

It& thus seem that to this approximation Abv” depends lir,early on vibrational quantum number v;‘. 
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The terms S, and S, are more complicated, end in general we may expect them to depend on (u;-’ f ,‘)2arrd 
(UT + f)3, respectively. However, since these terms will be small compared to So and Sr we have neglected frequen- 
cy changes in their evaluation. It is then found that both S, 
der ($‘/wbnj2 and (o;-‘/o~,)~, respectively. Neglectin 

and S, depend linearly on vi-‘, with coefficients ofor- 
g these. higher-order terms, and also the second term in eq. 

(5), which will be small compared to unity, we have: 

2.2. Symmeny forbidden trurzsitiorls 

A completely general treatment of Ab,, 1~ is this case presents formidable difficulties. For simplicity we wiLl re- 
strict ourselves to cases where there is only one promoting mode, i, and only the linear tern1 in the expansion of 
Rho, eq. (3), has to be retained. Thus eq. (3) becomes: 

Rbn = {(dR,,/aQ$,-, + (aRb,/~Q,!‘),}Q~ + (Mbo/aQ’>, 8,. = a,QF + j3i”i . (7) 

If the promoting mode is non-totally symmetric it wiI1 have no displacement and we can put Ai = 0 in eq. (7). 
Analogous to eq. (4) we then have: 

where we have kept only the lowest order terms. 
It follows from eq. (8) that for symmetry forbidden transitions even the zeroth-order term (Sb) depends on 

(Y; f i)_ Evaluation of 5’; yields: 

Although the last equation implies that, for the promoting mode A,,,,f varies quadratically with usI the second 
term in this equation will be smaller than the zeroth-order term 5’; by a factor (wj’<wbO), Thus, retaining only the 
dominant terms, we can write A,,,, as: 

where i represents the (one) promoting mode and j labels all other modes. 
It can easily be shown that, if there is more than one promoting mode, the resulting expression for A,,<* can 

be obtained by summing eq. (9) over all promozing modes. If the promoting mode is doubly degenerate, as is the 
case for benzene, the term (a~;‘++) should be replaced by (Y; + I). This, however, will not change the expected Lin- 
ear dependence of Ab,,-f on Y;. 

3. Discussion 

A linear dependence of the radiative rate constant of naph’thalene vapour on excess energy has been observed 
by Lim and Uy [7]. They explain their data with an equation, assuming rapid vibrational redistribution. The ques- 
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tion as to under what experimental conditions and for which molecules one can measure the properties of a rapid 
vibrational redistribution has not yet been answered completely (Z-61. For low excess energy this assumption 
seems questionable. 

Thus, we will compare our theory for single vibronic levels with existing experimental data. In all cases plots of 
K,, the radiative rate constant, versus v;-‘, the number of quanta in a g\.en mode j, should yield straight lines; 
their slopes will be determined by the frequency differences of the two state: involved. This linear dependence 
has in fact been assumed by Heller and Freed [8] in their model of the effect of pressure on electronic relaxation. 
We have shown that this assumption is entire!y reasonable. 

Fig. 1 illustrates the linear dependence for SO2 [9] and N2 [I 01, where, in the case of N2! a quantum yield of 
unity has been assumed. The deviation from linearity at higher quantum numbers (v > 6) is probably due to in- 
creased anharmonicity at this large excess energy (> 10000 cm-l), or to the presence of the alfIg electronic state, 
which is known to lie in this energy region [I I]. Since for SO, the excited state frequency is lower than the ground 
state frequency [ 121 the slope is negative, as follows rrom eq. (6). In the N2 case WY > wi, thus gjving a positive 
slope. From the slopes and the intercepts of the two curves we obtain the transition moments as 0.69 D for N, 
(observed value 0.78 D [lo]) and 1.00 D for SO2, in agreement with the fact that these transitions are strongly al- 
lowed. 

Less &tailed information can be obtained from the plots for tluorobenzene [ 131 as shown in fig. 2: where, 
moreover, the transition may Se partly induced by vibronic coupling [1.3]. The qualitative features of the theory 
are confirmed however. All curves have a negative slope as predicted by our equations, since w;-’ < GJ~ for all modes 
concerned. All progressions in mode 1 have the same slope, in aseement with theory. The modes 61, and 1721 
could be promoting modes, since they have the right symmetry. If this were the case, however, KR should increase 
with Y: [cf. eq. (9)]: which is not observed. We may thus conclude that these particular modes do not induce the 
transition significantly in emission. This statement means that, in emission, the transitions Y;,~+Y;~~, with Y” = 
Y’ 2 31, take place, which are allowed by symmetry; possibly other non-totally symmetric modes change by one 
quantum in the transition. 

Fig. 2 aIs0 shows the variation of K, in one progression in the single vibronic level fluorescence of pyrazine 
[14]. Again a linear relationship is obtained. 

The plots for benzene and perdeuterobenzene [ 13,151 are shown in fig. 3. Since the transitions involved are 
strictly symmetry forbidden, one (or more) promoting mode(s) must be involved. In agreement with our eq. (9) 
all progressions in the promoting mode (mode 6),shown an increase in KR with increasing 1~;. The situation for 
the other modes is less ciear-cut, but linear plots are obtained in most cases. The graphs for 1’ show an appreci- 

Fig. .I. Plot of the radiative rate constant (KR) versus upper state 
quantum number for the SO2 (6-+% and N, (B%g+~3Z~) transition. 
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Fig. 2. Radiative ra;e constant (KR) versus number of quanta 
excited (!I in the upper electronic state for fluorobenzcne ana 
pyrazine. Modes ,are labelled as in rers. [12,13]; c.g., 12’ 18a’ 
refers to a progression in mode 18a (quantum number along 
the x axis) with one quantum of mode 12 excited also. ::I-=-/ b b 

Fig. 3. Radiative rate constant (KR) versus number of quanta 
excited in the upper electronic state for benzene and perdzu- 
tcrobenzene. Notation as in fig. 2. 

able discrepancy. This may be due to the fact that significant absorption to other states takes place upon escita- 
tion of these levels [ 151. 

However, generally our theory seems to be supported by the experimental evidence available and it seems that 
our treatment can thus be applied to observed data on single vibronic levels. 
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