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Summary 

Data on the rate constants for radiative and non-radiative decay of 
isolated substituted benzenes as a function of excess energy are considered 
with reference to current theories. The possible role of vibrational 
redistribution in these isolated molecules is discussed, and the assumptions 
inherent in the use of theoretical models stressed. 

Introduction 

In recent years a fruitful interaction between experimentalists and 
theoreticians has led to the development of extensive quantum-mechanical 
treatments with which the major features of non-radiative decay of molecu- 
lar species can be understood [l] . At the same time an extensive, and 
increasing, body of experimental information has been accumulated with 
which to test the predictions of such theories_ The methods by which the 
experimental information is obtained usually generate simultaneously 
information concerning the radiative decay of the molecular species and 
this aspect of the electronic relaxation of molecules has also been treated 
theoretically, although to a lesser extent. One of the particular problems 
which has attracted attention recently has been the energy dependence of 
non-radiative and radiative decay in polyatomic molecules. In the particular 
case of benzene, the experimental decay characteristics of single-vibronic 
levels [Z] have been investigated from a theoretical standpoint [3] , and 
exact agreement reached with some slight manipulation of adjustable 
parameters. This treatment also provides a basis for a rationale of the non- 
radiative decay of fluorobenzene and hexadeuterobenzene, although 
quantitative predictions are not possible in the case of the fluorinated com- 
pound. Until very recently, the energy dependence of the rate constant for 
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radiative decay of such molecules has been largely ignored from a theoretical 
standpoint, but a simple treatment has been given which explains some of 
the features for a variety of molecules. [4]. 

Benzenoid hydrocarbons provide an attractive subject for such studies 
since the molecules are generally volatile, and relatively strongly fluorescent. 
Moreover, simple substitution in the benzene ring reduces the symmetry of 
the molecule, and generally results in an increase in the oscillator strength 
for the S,-S, transition, which makes experiments easier to perform since 
simultaneously more light is absorbed in the system, and higher pressures can 
be obtained while retaining the isolated molecule condition. The major, and 
very important disadvantage in the study of substituted benzenes is that 
concomitant with the absorption transitions becoming allowed, there is a 
dramatic increase in the density of upper-state vibronic levels which can be 
reached optically from the ground state. Single-vibronic levels thus become 
difficult to populate exclusively, and except in the case of some simply 
fluorinated and deuterated benzenes, excitation produces a distribution of 
emitting levels. Nevertheless, it is felt that the results of such experiments 
can provide information of relevance to the current theories of radiative 
and non-radiative decay of molecules, and some recent results are discussed 
here. 

Experimental 

The results reported here are either derived from the literature, or were 
measured in our laboratories. These latter results include measurements of 
fluorescence decay times, fluorescence quantum yields, OS-perturbed 
So-T, absorption measurements, and low pressure fluorescence spectra 
under moderate resolution. The apparatus used for measurement of fluores- 
cence decay times has been described fully in earlier reports [ 5, 61, and 
briefly consisted of a free-running N2 flash lamp, Bausch and Lomb high- 
intensity monochromator, or Rank Precision D330 monochromator with 
10 BL (or better) band-pass, T-shaped quartz fluorescence cell, and Ortec 
time-correlated single-photon counting equipment with a Northern multi- 
channel analyzer. Calibrations of the system were carried out frequently 
with acetone (7 = 1.7 ns), toluene (7 = 54 ns) and a convolution procedure 
was adopted to obtain the fluorescence decay curves for decays less than 5 ns. 
The chief disadvantage of the system is the relatively low repetition rate of 
the flash lamp (about 3 kHz) and the fact that there is still some line 
structure in the Nz spectral output when operated at 25 lb/in2. Nevertheless, 
in general good exponential decay for all compounds reported here over at 
least two decades of decay was observed, and results were reproducible 
within at worst 10% but usually within 2%. 

Quantum yields of fluorescence were measured using again a quartz 
T-shaped cell, high intensity 500 W xenon arc source, Bausch and Lomb 
grating monochromator with grating blazed at 300 nm, with a band-pass of 
10 a, with an RCA 935 photodiode to measure the number of photons 
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absorbed, and an RCA lP28 photomultipler tube to measure emitted photons. 
The system was calibrated with benzene vapour excited at 253.7 nm, and 
the quantum yield of emission of this compound in the region 2 - 20 Torr 
was taken as 0.18 [ 71. Corrections for the fact that viewing geometries 
produce non-linear relationships between observed emitted photon intensity 
and optical density were applied in the manner described fully elsewhere [5]. 

Fluorescence spectra were recorded using a 450 W xenon arc source 
and Rank Precision D330 monochromator with 10 A band-pass, or a 
Coherent Radiation 52 B argon ion laser frequency-doubled to 257.25 nm 
with the Model 144 UV generator as light source; a 10 cm X 10 cm fluores- 
cence cell in the shape of a cross with 3 cm diameter windows throughout; 
a Rank Precision Monospek 1000 analyzing monochromator, and a 
Brookdeal 5Cl photon-counting detector system used in conjunction with 
an EM1 6256 QB photomultipler tube [S] . The digital output from the 5Cl 
was converted to an analogue signal and was displayed on a strip chart 
recorder as a function of wavelength. 

Oz-perturbed So-T, absorption spectra were recorded in the presence 
of 170 atm. of O2 in a specially constructed cell which has been described 
elsewhere [9] , using a Unicam SP700 recording spectrophotometer. 

Results and discussion 

Assumptions in interpretation of the results 
The results outlined below can be interpreted on the basis of the 

simple scheme below: 

A + hv + ‘A,, 1, 

lA -+ n A+hv k, 

(1) 

(21 

kNR (3) 

There are several assumptions implicit in the adoption of such a scheme. For 
our results, the composition of the emitting states, ‘A,, will be those states 
populated by the electronic transition from the Boltzmann distribution of 
ground state absorbing levels, plus those populated by any intramolecular 
vibrational redistribution process [lo] , The effects of the latter process will 
be discussed below. At the pressure of aromatic molecules used on most of 
the decay time and quantum yield measurements, 0.25 Torr, it has been 
assumed that collisions with surrounding molecules do not take place sig- 
nificantly within the radiative lifetime of the excited singlet state of the 
aromatic species. There is some evidence to indicate that this might be valid, 
since over the pressure range 0.1 to 0.5 Torr, the fluorescence spectrum, 
quantum yield, and decay time of a typical example studied here, p-fluoro- 
toluene (PFT), was invariant with pressure. Over the range 2 - 8 Torr of the 
same compound, however, some variations were observed indicating that at 
these elevated pressures bimolecular processes which noticeably affected the 
electronic relaxation characteristics of the compound were of importance. 
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This is not to say that in the pressure range 0.1 - 0.5 Torr there do not occur 
some long-range bimolecular interactions which disturb the population of 
rovibronic levels initially produced, and which could give rise to such 
phenomena as rotational line-broadening in absorption [ll] , but it does 
appear that should such interactions occur, they do not grossly affect the 
electronic relaxation phenomena observed. Given that for the most part, 
owing to the complexity of the molecules studied, the 1 nm excitation band- 
pass used excites a wide distribution of emitting levels initially, especially 
since sequence congestion may be very marked in these molecules, it is not 
perhaps surprising that small changes in rovibronic make-up might not lead 
to observable differences in electronic relaxation phenomena. 

The second, and more serious assumption has been used in the 
evaluation of rate constants for radiative (Iza ) and non-radiative (iz,, ) decay 
that eqns. (4) and (5) are valid. For excitation to a single vibronic level 
these equations are rigorously correct provided electronic relaxation is not 
dependent upon degree of rotational excitation within the vibrational 
envelope, and this appears to be the case for benzene [12]. When a 
distribution of vibrational levels is being observed, however, the possibility 
exists that some of the excited vibrational levels, by virtue of their particular 
vibronic make-up, may undergo fast non-radiative relaxation processes which 
are not available to the other levels. Under these circumstances the initially 
prepared levels will be partitioned into observable fluorescent states and non- 
observable states undergoing non-radiative decay on a time-scale shorter than 
fluorescent decay. Quantum yield measurements apply to both types of 
states, whereas fluorescence decay measurements are made upon only the 
longer-lived fraction of initial states, and thus eqns. (4) and (5): 

kR = @FhF 

k 
(l - *F) 

NR = 
7F 

(4) 

(5) 

may not be meaningful. If the fraction of observable states remains constant 
in any set of experiments, then use of eqns. (4) and (5) will give rise to 
values of k, and k,, which are incorrect by a constant factor, and thus 
comparison of relative measurements will be permissible_ It might be 
expected, however, that the fraction of observable states produced under 
such circumstances would be strongly dependent upon excess energy in the 
excited states, and values of k, and kNR would not be correct. The best 
test of partitioning is the addition of large pressures of moderating gas to 
the system, since the quantum yield of fluorescence for higher excited levels 
will approach that of the Boltzmann distribution obtained at excitation 
near the zero point level upon addition of the moderating gas if partitioning 
is absent, but will reach some lower asymptotic value if it occurs. Comprehen- 
sive testing of all compounds for this phenomenon has not been carried out, 
but some results at higher pressures would suggest that, at least in some 
cases, it is not important [ 131 . 
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The final assumption in the discussion below is that non-radiative decay 
in these molecules is accounted for exclusively by intersystem crossing to 
the triplet manifold. This is a contentious assertion, since no physical proof 
can be obtained with current experimental techniques in low pressure 
experiments. The methods of evaluation of triplet-state quantum yields 
available include observation of triplet-triplet absorption spectra [ 14, 153, 
use of the spectrophone technique [163, and use of chemical quenchers 
such as olefins [17], and biacetyl [18]. In the case of chemical addition 
the success of the method depends upon there being a significant difference 
in singlet state and triplet state lifetimes such that addition of the triplet 
scavenger does not perturb the singlet manifold. Given the requirement in 
isolated molecule experiments that total pressures may not exceed 0.25 Torr, 
the fact that for some relaxed triplet-state levels of substituted benzenes the 
triplet lifetimes are already sub-microsecond and are expected to shorten 
perhaps exponentially with increasing excess energy [19], it can be seen 
that scavenging experiments are not practicable in these cases. In the triplet 
absorption and spectrophone experiments performed to date, high pressures 
were employed, and thus the triplet state may be populated through the 
vibrationally relaxed singlet state. There was some evidence in the spectro- 
phone experiments on benzene [16] , in which the triplet state is monitored 
directly, that the quantum yield of triplet formation decreased as succes- 
sively higher levels in the singlet manifold were excited. The method, 
however, may only detect relatively long-lived triplet states, and it is con- 
ceivable that non-radiative decay of higher excited singlet levels occurs 
initially in a rate-determining manner, to levels in the triplet manifold, which 
then decay before detection to a high level of the ground state, or to some 
other species. Clearly a good physical method capable of use at low pressures 
is required in order to detect such likely short-lived excited triplet states, but 
in the absence of any such evidence, the assumption has been made that in 
benzene the non-radiative decay of the singlet manifold up to 2,800 cm-’ 
above the zero-point level is best represented in terms of intersystem crossing. 
Data for the substituted benzenes are compared on the same basis. 

Radiative decay 
The energy dependence of the radiative rate constant for excitation in 

a progression in benzene [2] , hexadeuterobenzene [20] , and fluorobenzene 
[20], has been shown to be linear and decreasing, except where the 
transition is symmetry-forbidden and the progression being excited is that 
of a promoting mode for the optical transition 141. Results for isolated 
substituted benzenes studied here are shown in Fig. 1, and it can be seen 
that except at high excess energies where strong deviations are observed in 
PFT, a linear decrease of radiative rate constant for nominal excitation of 
the v1 (C-C totally symmetric ring breathing mode) progression with excess 
energy (solid symbols) can be said to hold in these cases, although it should 
be noted that results for other pumped levels (open symbols) also fall on the 
same line. 
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Fig. 1. Plots of rate constant for radiative decay of isolated substituted benzenes (kR) 
against excess energy, 25 “C. HFPX = 1,4-bis(trifluoromethyl)benzene; HFMX = 1,3- 
bis(trifluoromethyl)benzene; MFT = 1,3-fluoro(methyl)benzene; MFBTF = 1,3-fluoro- 
(trifluoromethyl)benzene; OFT = 1,2-fluoro(methyl)benzene; PFT = 1,4-fluoro(methyl)- 
benzene; OFBTF = 1,2-fluoro(trifluoromethyl)benzene; PFBTF = 1,4-fluoro(trifluoro- 
methyl)benzene. Solid symbols represent members of v1 progression. 

A qualitative understanding of this behaviour can be obtained by 
consideration of the simple treatment of Lin et al. [4 ] , which in a revised 
form {21] predicts the energy dependence of the radiative decay rate 
constant for pumping a progression Vi as: 

3 ‘2 ” - 2 
kR (Vi, = 4R~,(O)w~,/3i=Ic 3 [ 1 + z( Wj Wj 1 - 

4~~~ j 
I 

c3i 

3v; (WI2 - 01’2) 
+- 

2aba W: 
1 

(6) 

where Rba(O) is the electronic transition moment, #ba the difference in 
electronic energies of ground and excited states, and WJ and w; the upper 
and ground-state vibrational frequencies respectively. The treatment is 
based upon the Born-Oppenheimer separation of electronic and vibrational 
wave functions, assumption of the simple harmonic oscillator approximation 
for evaluation of Franck-Condon factors, and in its simplest form, neglects 
displacement of the upper potential surface with respect to the lower. The 
equation clearly shows the linear dependence of kR (vi) upon vibrational 

quantum number vi, and since in general WI_ < WY, the negative slope of 
plots of kR (u:) against u: is also explained. Quantitatively, however, the 
expression does not predict observed behaviour. This can be demonstrated 
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for compounds for which all frequencies are known, such as fluorobenzene 
(Table 1) [20]. Denoting 7 (01.~ - w;“)/w~ as IZ:f(w), it can be seen from 

Table 1 that the total value of this quantity is -8700 cm-l, which is small 
compared with a,_ (- 40,000 cm-’ ), which results in k, (vi) being less 
sensitive to the changing value of ui than experiment shows to be the case. 
For the other aromatic molecules for which variation in k, with V: has 
been obtained (Fig. l), complete assignment of vibrational frequencies has 
not been carried out. The agreement of eqn. (6) can be tested in an 
approximate fashion, however, by the following procedure. 

Writing: 

(42 - w;2) 

w; = (w; + w,“) (wj - wjy/wj (7) 

Table 1 shows that this approximation is reasonable, since 2A aj for fluoro- 
benzene is only a factor of 1.38 less than Cf(w) obtained rigorously, and the 
equivalent ratio for benzene is only 1.2. 

Thus we can write: 

kR (u;) = 4R;,(O)w:, /3hc3 [l + -3 IZ(Auj) + ~ 
2&&, j 

3ui f(w:)] 
2Wba 

Plots of k, (u:) against u: should be straight lines with values of slope/ 
intercept, denoted by S, given by: 

3 
~ / (l+- 
2wba 

z(Awjl) 
2wba j 

Given that: 

Wba = wOO - ‘/2X(Amj) 
i 

eqn. (9) can be rearranged to give; 

TAwj = if(wi)/s -000 

(8) 

(9) 

(10) 

(11) 

Experimental slopes, S, for all compounds are given in Table 2, from which 
it can be seen that values of f(wi)/S are very small compared with woo, again 
giving rise to impossibly large values of $I( Awj). This is shown by dividing 

7 (Aoi) by the number of vibrational modes, N, leading to average values of 

Awj shown in the last column of Table 2. The results are clearly at least an 
order of magnitude too large, and the discrepancies are undoubtedly due at 
least in part to the neglect of displacement in the simple treatment. If 
included, eqn. (6) would be rewritten: 
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where 6 is a measurement of the displacement. For fluorobenzene, the 
magnitude of Z$ (oj2 a2 /li)required to give exact agreement with experiment 

can be evaluat;d as 0.65, and a similar treatment for benzene in which the 
6l 1’ progression is excited yields a corresponding value of - 0.75. These 
values are not unreasonable when compared with values of displacements 
given by Ross and McCoy [22] . Displacement terms may be of even greater 
importance in some of the methyl and trifluoromethyl benzenes which have 
lower symmetry and therefore larger number of totally symmetric modes 
for which displacement terms may be significant. Displacement is clearly of 
importance in PFT, since in absorption (Fig. 2) the vi = 6 member of the 
v1 progression is visible, whereas for zero displacement it would not be 
anticipated that members above the vi = 3 level would have significantly 
large Franck-Condon factors. Unfortunately displacement terms are not 
simple to evaluate, and thus quantitative calculations are difficult to carry 
out. The effects of anharmonicity may also severely distort the simple 
picture presented by the theory of Lin et al., which nevertheless is of 
considerable interest. 

The phenomenon of unimolecular vibrational redistribution is pertinent 
to the current discussion, since the results for excitation to other vibrational 
levels (Fig. 1) do not appear to deviate significantly from those obtained 
for excitation of the v1 progression, and one cause of this could be the 
redistribution process, leading to a smooth dependence of kR upon AE. 
Alternatively, the behaviour could simply be a reflection of the fact that 
many levels are populated by the excitation process in these complex 
molecules, although most of the oscillator strength in absorption is apparent- 
ly carried by the vl frequency. Recent studies on p-difluorobenzene (PDFB) 
do not show such a smooth dependence [23], and we considered it of 
interest to compare the fluorescence spectra of this compound and those of 
PFT in which redistribution may occur. Spectra are given in Figs. 3 and 4 
from which it can be seen that differences exist. In PDFB excited to the 
zero-point level, e, e + Ye, e + 2v1, and e + 3vr there is good evidence for 
resonance fluorescence (Fig. 3) and even at the highest level considerable 
vibrational structure is in evidence, although an underlying continuum is 
also observed at this relatively high excitation energy. By contrast, excita- 
tion of the same progression in PFT gives spectra which are considerably 
red-shifted with respect to the exciting radiation, and moreover are largely 
structureless. This behaviour is that expected if redistribution (Fig. 5) were 
to occur, and spectra from the other substituted benzenes studied parallel 
this behaviour. The fact that the absorption spectrum of PFT and related 
compounds are crowded makes it difficult to ascribe the spectral characteris- 
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Fig. 2. Absorption spectrum of PFT vzfour, 1.9 Torr, 22 “C, 5.5 cm path length. 
Assignment of frequency at 1194 cm 
398 cm-l. 

is ambiguous, .and can also be due to 794 + 

tics solely to the effects of redistribution since spectral congestion might 
also give rise to such effects. However, excitation at 257.25 nm with the 
frequency-doubled argon ion laser which has very narrow spectral band- 
pass produced spectra identical to that seen in Fig. 4, and some differences 
might have been expected if congestion were the sole cause of the difference 
in this spectrum and that of PDFB. There is in addition no evidence of 
resonance fluorescence for excitation at this frequency, and yet as Fig. 2 
shows, the 0 - 3 band appears very strongly in absorption, indicating 
favourable Franck-Condon factors which would have been expected to 
give rise to bands observable in emission. Should redistribution occur on a 
time-scale comparable to electronic relaxation, a time-dependent fluorescent 
spectrum should result, and experiments are currently being carried out to 
test this and other pressure effects using a mode-locked cavity dumping 
accessory to the doubled argon-ion laser. Temperature studies are also being 
carried out to evaluate the role of sequence congestion in this system. 

A further effect may be of importance in this system, as has been 
found in NO [24] and glyoxal [25] recently. This is vibrational relaxation 
which occurs uia an electronic energy transfer mechanism: 
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Wavelength in nm 

Fig. 3. Fluorescence spectra of 0.1 Torr PDFB excited at different wavelengths (arrowed) 
corresponding to (A) zero-point level, (B) one, (C) two, and (D) three quanta of ~1 
(totally symmetric C-C breathing mode) respectively. 

‘A*, + A,, + A, + “A; (13) 

and is more efficient than the gas-kinetic collision efficiency, since it occurs 
via the transition dipole-transition dipole interaction which can extend over 
long-ranges [26] . It is possible that the effect may occur strongly in com- 
pounds such as PFT, and results in red-shifted emission spectra even at low 
pressures, but the effect would be pressure dependent and there is no 
strong evidence for its occurrence in these compounds to date. Careful low- 
pressure studies will be required on the systems to evaluate the importance 
of mechanism (13). 

Non-radiative decay 
As stated above, a model has been developed which is capable of 

describing accurately the non-radiative decay of benzene molecules in terms 
of intersystem crossing to the triplet manifold [3] . The scheme is shown in 
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Fig. 4. Fluorescence spectra of 0.125 Torr PFT excited at different wavelengths 
(arrowed) corresponding to (A) zero-point level, (B) one, (C) two quanta of ~1, (D) one 
quantum of V1 + 1194 cm-l respectively. 

Fig. 6, and consists of a method of evaluation of averaged Franck-Condon 
factors for the transition from the optically pumped member of the 
progression cr) a to the isoenergetic levels of the triplet manifold. If the 
transition is symmetry forbidden as in the case of benzene, the amount of 
energy to be partitioned among the triplet levels is AE, given by 

AE = AEsT + (v, + ‘A) hw, - ‘hficd~ (14) 
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Fig. 5. Scheme illustrating vibrational redistribution process. Resonance fluorescence is 
structured, fluorescence from dense set of levels is structureless, red-shifted. Spectra similar 
to the latter can also be due to sequence congestion in the excitation process. 

so I 

Fig. 6. Scheme illustrating model for non-radiative decay in benzene [ 31. 

where wk is the promoting mode frequency. Only totally symmetric 
vibrational modes have non-zero displacements between singlet and triplet 
manifolds, and therefore have large Franck-Condon factors. The energy is 
thus partitioned essentially into the a, totally symmetry carbon skeletal 
breathing mode and the totally symmetric C-H stretching frequencies in 
benzene. The calculation of absolute values of lZNR in this way depends 
upon a knowledge of wk, but this obstacle can be overcome by consideration 
of the value of kNR for excitation in a progression relative to its value for 
excitation of the zero-point level. Exact agreement of the relative value of. 
kNR as a function of excess energy with experiment was obtained by con- 
sideration of small frequency changes in the optically pumped mode in going 
from singlet to triplet manifolds, and these were fixed at 25 cm-’ for the 
ring breathing mode [3]. The model was extended to hexadeuterobenzene 
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and fluorobenzene, and qualitative predictions made which were in agreement 
with observation. Thus in the deuteriated compound, the lower frequency of 
the C-D totally symmetric mode renders it a less effective acceptor in the 
triplet state, and the relative value of Iz,, is thus a more sensitive function of 
excess energy than in the case of benzene. For fluorobenzene by contrast, 
the reduction in symmetry introduces two more totally symmetric C-H 
vibrations which may act as good acceptors, and the relative values of h,, 
are thus a less sensitive function of excess energy than is the case of benzene. 
We may consider the model in the case of the molecules studied here. The 
values of the rate constants relative to that of the zero-point level are shown 
in Fig. 7 as a function of excess energy, with members of the u1 progression 
denoted by solid symbols. Values are also shown in Table 3, from which it can 
be seen that up to an excess energy of around 3000 cm-’ the increase in h,, 
with excess energy is smooth and very close to that for benzene with the ex- 
ception of PFT which shows a much stronger dependence upon AE. There is 
some evidence that above 3000 cm-’ MFT also shows an increase in IZNR, al- 
though there is only a single result to substantiate this behaviour. Most mole- 
cules therefore behave similarly to benzene, and it may be correct to make the 
assumption that the non-radiative decay is intersystem crossing to the triplet 
state. PFT poses a problem, since its behaviour seems markedly different. 
Within the framework of the model proposed for benzene, a stronger depen- 
dence of kNR upon energy than expected could be caused by larger frequency 
changes, of the order of 80 cm-’ in the vl mode, in going from the singlet state 
to the triplet state. We have attempted to observe these frequencies in absorp- 
tion using the OS-perturbed So-T1 method [9] _ The results are somewhat 

1000 2000 3000 4000 5000 

A E (cm-‘) 

Fig. 7. Plots of rate constant for non-radiative decay of selected levels of isolated 
substituted benzenes relative to that for zero-point level in each case against excess 
energy. Symbols as for Fig. 1; solid symbols represent members of vl progression. 
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TABLE 3 

(kNR)I(FZN~)O for v1 progression 

Compound vl(cm-l) (kNR)0 X kNR/(kNR)o for no Vl excited 

lo’(s-1) 0 1 2 3 4 5 6 

Benzene 923 
MFT 965 
OFT 707 
PFBTF 792 
MFBTF 963 
HFPX 770 
HFMX 963 
PFT 794 

- 

5.4 f 0.4 
6.9 * 0.5 
5.4 + 0.3 

11.0 f 1.1 
9.2 f 0.7 
4.0 * 0.2 
1.9 f 0.3 

0.03 1 
x 
c 
2 
: 002 

i 

.u 
s 
0 

1.22 1.73 2.42 - - - 
1.61 2.00 3.20 - - - 
1.25 1.57 - - - - 
- 1.53 2.22 - - - 
1.32 1.89 2.55 - - - 
1.27 1.64 - - - - 
1.28 1.90 - - - - 

2.78 4.41 - 8.04 10.4 13.0 
.-~ ~___ 

t 

t 

t 

0.01 - I 
F 

7 0.02 

1 

- 0.02 

- 0.01 

I 1 

280 290 300 310 320 330 

Wavelength (nm) 

Fig. 8. 02-perturbed SO-T, absorption spectra for PFT, fluorobenzene, benzene and 
p-difluorobenzene. 

self-defeating, however, since the presence of the O,, while perturbing the 
system to make the spin-forbidden transition observable, simultaneously 
broadens the features one is attempting to observe. The results obtained are 
shown in Fig. 8, from which it can be seen that there are some features in 
the spectrum of PFT which have a mean separation of 900 + 100 cm-‘, 
some 100 cm-l greater than the known frequency of the v1 vibration in 
PFT of 794 cm, but it would be foolhardy to ascribe these features to the 
v1 progression in the triplet state. 

Having considered the effects of vibrational redistribution upon the 
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singlet state spectra and radiative decay, it is pertinent to enquire what the 
effects might be on intersystem crossing rates. Lin has shown [ 191 that 
exponential increase in k NR with excess energy should be expected in such 
circumstances. The effect is known to be absent in benzene, and yet for 
most of the molecules studied here, the variation in k,, with excess energy 
is similar to that for benzene. The data for PFT certainly do not appear to 
be strongly exponentially increasing with excess energy but do resemble 
the kind of result obtained for naphthalene using the model of communica- 
ting states [27] . This model does involve vibrational redistribution, and it 
may well be therefore that the phenomenon occurs in this compound. There 
is a very small barrier to rotation of the methyl group in the compound, and 
this may provide a means of scrambling vibrational energy in the excited 
state. 

ChannelI1Iproces.s 
It is well known that in benzene at an excess energy of - 2800 cm-‘, 

a new non-radiative decay channel appears which has been termed the 
Channel III process 111 J . This process gives rise to vanishingly small quan- 
tum yields of fluorescence [ 71 and considerable broadening of the rotational 
structure of the absorption spectrum [ 11] . It is perhaps remarkable that in 
the case of PFT, the increase in k NR with excess energy is a smooth function 
up to excess energies even as high as 5000 cm-‘, demonstrating the apparent 
absence of this phenomenon in PFT. Only in the case of MFT is there any 
evidence of a sudden increase in k,, (at 3800 cm-l), and this is based only 
upon a single datum-point. The Channel III process has been ascribed in 
benzene to a crossing to a new state, perhaps a UVT* 3Ezu state [ll] , and 
the absence of the process in these compounds would apparently suggest 
that such a level lies to higher energies in these species. It will be of interest 
to probe these compounds further to discover the reasons for the apparent 
absence of the Channel III phenomenon. 
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