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Vibrational energy dependence of radiationless conversion 
in aromatic vapours 

BY G. S. BEDDARD,t G. R. FLEMING, 0. L. J. GIJZEMAN1 
AND SIR GEORGE PORTER, F.R.S. 

Davy Faraday Research Laboratory of The Royal Institution, 
21 Albemarle Street, London W1X 4BS 

(Received 29 March 1974) 

Under collision-free conditions the fluorescence lifetimes of naphthalene, 
1-2 benzanthracene, chrysene and pyrene decrease with increasing excita- 
tion energy within the first excited singlet state. In anthracene the 
fluorescence lifetime is constant within the first excited singlet state. An 
explanation of these findings in terms of bond length changes between the 
excited singlet state and the first triplet state, and also the symmetry of 
the first singlet state is given. The effect of added foreign gas on fluo- 
rescence lifetimes and triplet yields is discussed in terms of a model which 
allows the non-radiative decay probability to vary with the degree of vibra- 
tional excitation. Excellent agreement is obtained with the experimental 
results on naphthalene fluorescence. The decrease of triplet yield as foreign 
gas pressure is reduced is also interpreted in terms of this model. 

INTRODUCTION 

A great deal of experimental and theoretical effort has recently been directed 
towards an understanding of the radiative and non-radiative properties of excited 
states, as a function of excess vibrational energy (Spears & Rice I 97I; Heller, Freed 
& Gelbart I972; Fleming, Gijzeman & Lin I973). Both experiment and theory have 
focused attention on the low pressure (collision free) gas phase, and on the study of 
single vibronic levels. The effect of collisions on the properties of excited states has 
been studied experimentally by several authors (Neporent I950; Stevens i957; 
Ashpole, Formosinho & Porter I97I; Formosinho, Porter & West I973; Beddard, 
Formosinho & Porter I73 b) and a detailed theoretical approach to this problem 
has recently been attempted (Lin I972; Von Weyssenhoff & Schlag I973; Freed & 

Heller I974). 
Most aromatic molecules in the gas phase show a rather broad absorption 

spectrum, and the excitation of discrete, single vibronic, levels is possible in only 
a few cases. It has been accomplished for benzene by Spears & Rice (I97I) and for 

naphthalene by Hseih, Laor & Ludwig (I 97I) and by Knight, Selinger & Ross (I 973). 

t Present address: Physical Chemistry Department, South Parks Road, Oxford. 
I Present address: Laboratory for Physical Chemistry, Nieuwe Prinsengracht 126, 

Amsterdam (c), The Netherlands. 
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520 G. S. Beddard and others 

However, relatively broad band excitation, involving many levels, may still yield 
valuable information on the photophysical processes of excited aromatic molecules, 
especially when performed in conjunction with studies of the pressure dependence. 

We report the results of our study of the decay rates in the excited state of several 
large aromatic molecules as a function of excess vibrational energy. The previous 
work of Beddard et al. (I 973 b) and Ashpole et al. (I 97I) on the effects of pressure and 
wavelength upon naphthalene fluorescence and triplet yields, and later work on 
other molecules, is discussed with particular reference to the model of Freed & 
Heller (I974). This model seems suitable for the present purpose since it deals exclu- 
sively with the gross features of the relaxation process, which are expected to be 
revealed in these studies. 

EXPERIMENTAL 

The photon counting method was used for measuring the fluorescence decays. 
The fluorescence was detected at right angles by an E.M.I. 9813 kB photomultiplier. 
The band width of the exciting light was 0.5 nm or less. Measurements were made 
with the pressure of aromatic < 27 Pa (0.2 Torr), the compounds being heated, 
where necessary, to provide this pressure. Where the decays were exponential, 
a weighted least-squares estimation of the lifetime was used. For non-exponential 
decays a combination of two exponential decays was used to fit the measured 
decay curve. 

For naphthalene all the emission above 320 nm was monitored. For anthracene, 
chrysene, pyrene and 1-2 benzanthracene all the emission above 380 nm was 
monitored. In anthracene the fluorescence lifetime is short and convolution was 
performed to determine the true lifetime. 

RESULTS 

The lifetimes under collision-free conditions of naphthalene, anthracene, 
1-2 benzanthracene, chrysene and pyrene as a function of excitation wavelength are 
given in tables 1-5. A plot of inverse lifetime (decay rate) against excess energy is 
shown in figure 1 where benzene (Spears & Rice I97I) has been included for com- 
parison purposes. The decays of naphthalene, anthracene, 1-2 benzanthracene and 
chrysene were all exponential, whereas the pyrene decays were all non-exponential 
except at the shortest wavelength used (265 nm). The pyrene decays were analysed 
as two exponentials, the long component being measured at 1 [s in each case. In 
table 5 both long and short components are given; in figure 1 only the long com- 
ponent is shown. The pyrene decay curves fall into two types, at 265 nm the decay 
is exponential for two decades decrease in intensity, after this a slight tailing is seen, 
possibly due to pyrene-pyrene collisions. In the region 330-370 nm the decays are 
non-exponential initially, becoming exponential at longer times. From 280 to 
330nm the total decays are a mixture of these two types. 
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For both chrysene and 1-2 benzanthracene the lifetimes measured at the longest 
wavelength are very similar to the solution values (Birks I970), indicating that the 
vapour phase quantum yields are also similar to their solution values (0.14 and 
ca. 0.2 respectively). 

The anthracene lifetimes are very similar to those recently published by Laor, 
Hseih & Ludwig (I973) and they show a remarkable constancy for excitation in Si, 

TABLE 1. FLUORESCENCE LIFETIMES OF NAPHTHALENE VAPOUR 

(23 0C, 0.0091 kPa (0.07 Torr)) 

wavelength/nm excess energyt/Cm-1 lifetime4lns 
308 466 220 
300 1313 150 
290 2463 83.2 
278 3951 63.1 
268 5293 46.3 
246 8630 26.2 

t Origin taken as 312.5 nm. 
4 Precision + 2 ns. 

TABLE 2. FLUORESCENCE LIFETIMES OF ANTHRACENE VAPOUR 

(105 OC, 0.0052 kPa (0.04 Torr)) 

wavelength/nm excess energy/cm-" lifetimet/ns 
370 0 5.03 
362 597 5.05 
347 1,791 5.05 
330 3 276 5.07 
300 6 306 5.05 
240 14 640 3.9 

t Precision + 0.15 ns. 

TABLE 3. FLUORESCENCE LIFETIMES OF 1-2 BENZANTHRACENE VAPOUR 

(140 TC, 0.013 kPa (0.1 Torr)) 

wavelength/nm excess energy/cm-' lifetimet/ns 
380 0 45.6 
370 711 45.0 
360 1 462 44.9 
350 2 255 42.2 
340 3 096 41.5 
330 3 981 40.8 
320 4 934 39.3 
310 5 942 38.7 
300 7 017 38.2 
270 10 721 37.3 
260 12 145 31.6 
250 13 684 30.5 
240 15 351 29.2 

t Precision + 1 ns. 



522 G. S. Beddard and others 

and an abrupt change when excitation is into S2. In naphthalene, 1-2 benz- 
anthracene, chrysene and pyrene, the decay rate changes smoothly as excitation 
changes from S1 to S2. 

TABLE 4. FLUORESCENCE LIFETIMES OF CHRYSENE VAPOUR 

(190 TC, 0.026 kPa (0.2 Torr.) 

wavelength/nm excess energy/cn-' lifetimet/ns 
355 0 43.8 
345 817 41.5 
330 2 134 39.5 
320 3 081 35.4 
310 4 089 34.7 
270 8 868 32.2 
250 11 831 30.6 
240 13 498 29.2 

t Precision + 1.5 ns. 

TABLE 5. FLUORESCENCE LIFETIMES OF PYRENE VAPOUR 

(120 0C, 0.013 kPa (0.1 Torr.) 

fast component slow component 
wavelength/nm excess energy/cm-' lifetime/ns lifetime/ns 

370 0 97 512 +10 
360 751 90 440+ 5 
347 1 791 78 388 
330 3 226 90 308 
322 4 029 130 308 
310 5 223 110 286 
300 6 306 97 240 
285 8 061 93 200 
265 10 709 113 

DISCUSSION 

Vibrational energy dependence of fluorescence lifetimes 

Except for anthracene, the rate of fluorescence decay increases with energy of 
excitation. This we attribute to an increased probability of radiationless conversion 
from higher vibrational levels. 

The constancy of the fluorescence lifetime of anthracene over a range of pressures 
and excitation wavelengths, compared with the other molecules shown in figure 1, 
is very striking. In anthracene, apparently both the non-radiative and radiative 
rates are insensitive to the vibrational energy content, unless an increase in one 
exactly balances a decrease in the other, which seems very unlikely. The radiative 
process in anthracene is strongly allowed in contrast to the other molecules shown 
in figure 1. From our previous calculations (Fleming, Gijzeman & Lin I973) we 
expect less energy dependence for an allowed transition than for the case where 
a promoting mode is involved. 
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The model of Heller et al. (I972) can be applied to the variation of the non- 
radiative rate with vibrational energy, provided rapid vibrational energy redistribu- 
tion is not occurring. In this model, totally symmetric C-C modes are optically 
populated whilst totally symmetric C-H modes act as accepting modes to take up 
the electronic energy gap. The increasing radiationless rate with excess energy, 

3.2 - 

0~~ 

m2.4- AA ^-A' 

81.6 , 

o 08- / 

-El 

0 4 8 12 16 
excess energy/103 cm-' 

FIGuRE 1. Plot of fluorescence decay rate against excess energy for: ---, benzene; @, naph- 
thalene; A, anthracene; A, 1-2 benzanthracene; Q, chrysene; El, pyrene. The decay 
rates for anthracene have been divided by 10 to bring them on scale. 

within this model, is due to the increasing ability of the C-C modes to act as 
accepting modes as the number of quanta in the C-C modes in the initial state is 
increased. In other words, the Franck-Condon factor (moptIm + a0pt> increases with 
mopt. For example, for an undistorted harmonic oscillator we have 

(m m + 1>12 X(m + 1), (1) 

I<mlm>12- 

where X is the dimensionless displacement parameter. The C-H Franck-Condon 
factors are of the form (Oln>, and since the C-H displacements are very small in 
aromatic hydrocarbons (Byrne, McCoy & Ross i965) they decrease very rapidly as 
n increases. Thus if, for higher initial optical levels, the C-H modes are in a position 
to accept less energy than they do for low initial levels, the radiationless decay will 
be accelerated for the higher levels. As equation (1) shows, the larger X becomes the 

33 Vol. 340. A. 
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more likely will this effect become, for a given m. The X used in equation (1) is 
related to bond length changes by the formulae (McCoy & Ross i962) 

X= M(0(AQ)2/2h, 

and AQ ( Ar ()2)-, 

where Ari is the change in bond length (in angstroms) of the jth C-C bond. Thus, 
the larger the differences in bond lengths between the two states involved in the 
radiationless transition, the faster the rate of increase will be as the vibrational 
energy in the initial state is increased. 

Let us assume that the dominating process in the decay of the anthracene S_ state 
is S1 -- T1 intersystem crossing. The S, state has La symmetry as does the T1 state. 
(All T1 states of the polyacenes are of La symmetry.) Hilckel theory would predict 
these two states to have identical bond lengths, as no distinction is made between 
singlet and triplet states in this approximation (see, for example, Streitweiser I 96 I). 
Thus Hulckel theory would predict no increase in S1-T1 intersystem crossing rate in 
anthracene, since X 0. In all other cases in figure 1 the symmetries of Si and T. 
are different. Thus, according to HIuckel theory, a non-zero value of X will result, 
leading to an increasing radiationless rate with increasing vibrational energy. These 
conclusions are supported by the more sophisticated calculations of McCoy & Ross 
(i962), who used Pariser's (I956 a, b) wave functions to calculate bond orders in the 
excited states of benzene, naphthalene, anthracene and azulene. By using table 3 of 
McCoy & Ross (i 962) it is possible to calculate AQ (P in their notation) for S,-T1 in 
anthracene. The result is AQ(S1-T1) 0.0038A.t The corresponding value for 
naphthalene is AQ(S1-TI) 0.0765A consistent with simple ideas from Hiickel 
theory. So we find AQ2 aphthalene/AQ2nthracene 400 and hence, on the basis of our 
Franck-Condon factor argument, we can infer that the rate of increase of S1-T, 
intersystem crossing in anthracene would be negligible compared with naphthalene. 
On the basis of our previous calculations (Beddard, Fleming, Gijzeman & Porter 
1973 a), if internal conversion (S,-SO) were significant in anthracene, we would 
expect this process to increase with increasing vibrational energy since AQ(S1-SO) 
is of reasonable magnitude (0.087A). Thus we conclude that S-T1 intersystem 
crossing is the major decay route in anthracene. These arguments should be applic- 
able to all aromatics where S, is of La synmmetry. Perylene falls into this category 
and Ware & Cunningham (i966) have reported that the fluorescence lifetime is 
independent of excit-ation wavelength between 380 and 320 nm. We would also 
predict that naphthacene, for example, would show no variation of intersystem 
crossing rate with excess energy within the first absorption band. 

We should point out that a small AQ(S1-TI) for C-C bonds does not imply that 
the absolute value of the rate S1-T, is small. This is primarily determined by C-H 
bond length changes and the energy gap. 

All the molecules shown in figure 1, with the exception of anthracene, have S 

1 A- I 0-10' - 0. I nm. 
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states of Lb symmetry and thus would be expected to show increases in their S1-T1 
intersystem crossing rates with increasing excess energy. In addition, the radiative 
rate would be expected to be more sensitive to vibrational energy since there are now 
forbidden transitions (Fleming et al. 1973). However, we expect the variation of the 
fluorescence lifetime to be dominated by variations in the non-radiative decay rate. 
This is borne out for the two molecules for which quantum yields are known, 
naphthalene (Beddard et al. I973 b; Uy & Lim I972) and benzene (Spears & Rice 
1971). We will assume it to be true for the other molecules. Setting aside pyrene for 
the moment (the only one of these molecules with a non-exponential decay curve) 
it is seen from figure 1 that the decrease in lifetime, with vibrational energy, becomes 
less rapid as molecular size is increased. This seems reasonable, because as molecular 
size is increased, the antibonding effect of excitation is spread out over more bonds. 
Thus in the series benzene, naphthalene, 1-2 benzanthracene S, and T1 will become 
progressively closer in bonding to SO (and hence to each other) and so will become 
progressively less sensitive to vibrational energy content in the processes of S, -> T1 
and -> So. Also, increase of -molecular size will increase the number of high 
frequency totally symmetric C-H accepting modes, making the C-C modes less 
effective in competing for the vibrational energy. This effect will also reduce the 
sensitivity of the radiationless decay on excess vibrational energy. Lowering the 
symmetry of the molecule, e.g. by substitution, would have the same effect. This 
argument seems to be borne out by the cases of 1-2 benzanthracene and chrysene 
which have the same number of C-C bonds and, within experimental error, 
exactly the same rate of change of fluorescence lifetime with excess energy. 

Pyrene seems to provide a rather special case. The fluorescence decays are non- 
exponential at wavelengths 370-285nm. This has been explained by Werkhoven 
et al. (I97 i) as being due to 'slow' (lo = 107 s-1) vibrational redistribution. If vibra- 
tional redistribution is occurring in pyrene, then neither the theory of Heller et al. 
(1972) (no redistribution) or that of Fischer (I970) (fast redistribution) would apply. 
However, the same general considerations of C-C bond length changes given for 
the other molecules should hold. Now, since the 'average' population of totally 
symmetric C-C modes in S, would be less than predicted for a given excitation 
energy, the lifetime, as measured by the slow decay (decay of the redistributed levels 
(Werkhoven et al. 1971)) might be expected to change more slowly with excitation 
energy than for a molecule of equivalent size where vibrational redistribution is not 
occurring. As figure 1 shows, the lifetime of pyrene (19 C-C bonds) changes approxi- 
mately half as rapidly (4 x 1O5 S--1 per 103 cm-u) as it does for 1-2 benzanthracene 
and chrysene (21 C-C bonds) (8 x 1051s- per 103 cm-1). 

Pressure effects in naphthalene fluorescence 
Recent measurements by Beddard et al. (I973 b) of the fluorescence lifetimes and 

quantum yields of naphthalene as a function of excitation energy and foreign gas 
pressure have shown that, for high excitation energy, the normal stabilization effect 
is observed but that, for low excitation energy, there is a decrease in the lifetime and 

33-2 
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quantum yield with increasing foreign gas pressure. This second effect, it was con- 
sidered, could not entirely be attributed to collisional activation of the initial state- 
' going up to a Boltzmann distribution'. It was proposed that collisional vibrational 
redistribution to singlet vibrational levels with large intersystem crossing rates was 
responsible. 

To test this hypothesis we attempted to fit the lifetime measurements with the 
step-ladder model of vibrational relaxation of Freed & Heller (I974). This model 
assumes that the molecule can be replaced by one AN-fold degenerate oscillator. 
Collisions induce transitions to adjacent levels only, and the decay rate of each level 
is assumed to increase linearly with quantum number. Thus km = d + ml, where km 
is the decay rate of level m, d being the decay rate of the lowest level and I the in- 
cremental decay rate. Explicit expressions for the lifetime or quantum yield as a 
function of pressure are given in the appendix. The parameters required are: 

(1) The average amount of energy removed per collision. This determines the 
spacing of the levels of the effective oscillator. To take into account the effect of 
temperature, a parameter 0 h(oeffectivelkT is defined. 

(2) The decay rate of the lowest level of the effective oscillator (d). This is deter- 
mined from the zero pressure lifetime at the longest wavelength. 

(3) The incremental decay rate (1) which is determined from the zero pressure 
lifetime at the shortest wavelength combined with the value of Aoeffectivew To 
a reasonable approximation the variation of decay rate with excess energy in 
naphthalene can be equated with changes in the non-radiative decay rate (Uy & Lim 
1972). 

(4) The collision frequency (-rate of transition v = 1 -e v = 0). This is used as 
a variable. The collision frequency is directly proportional to foreign gas pressure 
since we are considering only excited aromatic-foreign gas collisions. The pro- 
portionality constant, i.e. the efficiency compared with gas kinetic collision fre- 
quency, is determined empirically by comparison of experimental and calculated 
curves. 

(5) The degeneracy of the effective oscillator, obtained from the high pressure 
lifetime, 1, and 0. A degenerate oscillator was used to mimic the density of states 
function of the molecule. We would expect that the degeneracy required to fit the 
experimental results would be less than the degeneracy required to give the true 
density of states at any energy. In naphthalene an oscillator of degeneracy II 
gives a reasonable approximation to the density of states as calculated by the 
method of steepest descents (Lau & Lin Iy97). The degeneracy of the effective 
oscillator for our best fit is twofold. 

Once a particular 0 (hweffective) has been chosen, the rest of the parameters are 
determined via the experimental lifetimes. The best fit of the experimental results, 
with argon as foreign gas, is shown in figure 2, where the calculated rates have been 
determined from the tangent to the slope of the (non-exponential) decay curve at 
400 ns. The same method was used by Beddard et al. (I 973 b) to extract lifetimes 
from the experimental results. As can be seen from the figure, the model reproduces 
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both the increase in lifetimes (decrease in rate) at high excess energies and the 
decrease in lifetime (increase in rate) at low excess energy. (The numbers above the 
curves in figure 2 denote the initial quantum number in the effective oscillator, i.e. 

Eexcess/l(Oeffective.) Our conclusion is, then, that the experimental results are con- 
sistent with the idea that the Boltzmann population can be approached 'from 
below' as well as from above. The approach from below gives rise to the observed 
decrease in lifetimes as foreign gas pressure is increased. 

20 

16* 

v12 . 
7 

! ? .. - * 20 To/Torr 40 

() 2 4 I_1/kPa 6 

FIGuRE 2. Plot of fluorescence decay rate of naphthalene vapour (k) against argon gas 
pressure (P.). Solid lines represent calculated values, points experimental values. 
D = 2, 0 = 1.5, 1 = 0.945 ns'1, d = 4.88 ns'1. 

A possible objection to this argument might be that, since the ground state is in 
Boltzmann equilibrium, excitation at the wavelength of the 0-0 transition will 
produce a Boltzmann distribution in the excited state, immediately on absorption. 
In other words, light of frequency equivalent to the 0-0 transition will produce not 
only the vopt -0, {v} = 0 level (vopt denotes the optical mode and {v} denotes the 
vibrational quantum number of all other modes), but also the Vopt 0, {v} = 1, 2, ... 
levels. Now, if decay rate increases, with increasing vibrational energy in the 
excited state, in the absence of collisions, it will tend towards a vopt = 0, {V} 0 
population, as the level vopt = 0, {v} 1 will decay more rapidly than vopt= 0, 
{v} = 0. Collisions will then be required to return the excited state to a Boltzmann 
distribution. This process will cause a decrease in the lifetime as molecules are 
constantly being pumped into shorter-lived levels. 

It is generally considered that the amount of energy removed per collision for 
aromatic-inert gas collisions is of the order of a few hundred wavenumbers (see, for 
example, Stevens (I957)). In other words a strong collisional process, where the 
molecule is equilibrated in one collision, is not operating. Accordingly we attempted 
to fit the data with heffective varied between 100 and 600 cm'. The best fit (figure 2) 
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was for Ioeffective 300 cm'. An effective frequency of 200 or 400 cm-' gave con- 
siderably poorer fits with the data. Once htoeffectve is known, the efficiency of the 
collisions can be obtained. It was found that k(v = 1 --v- O)/Zlgk was ca. 2 %. Since 
the rate of going from level n to level n - 1 is proportional to n, the efficiency will 
increase for depopulation of higher levels. An average efficiency taken over the first 
10 levels would be ca. 10o. This is of the same magnitude as the average efficiency 
calculated for the relaxation of P-naphthylamine by argon, by Von Weyssenhoff & 
Schlag (I973), of 14-21 ? 

2.4L 

8, 

Ce 1.6 4 
S~~~~~~~~~~ 

0.8 0 
C) * 

40 80 120 P'q/ Torr 160 

0 8 .16 P\1/kPa 

FIGURE 3. Calculated relative fluorescence quantum yield F/jFa naphthalene vapour against 
argon gas pressure (PM). The numbers above the curves are the initial quantum number 
in the effective oscillator. The parameters used for the calculation are the same as for 
figure 2. 

Figure 3 shows the variation of quantum vield with gas pressure calculated with 
the same parameters as figure 2. This should be compared with figure 3 of Beddard 
et al. (I973 b) (here the results are with methane, but the qualitative similarity is 
very marked). The yields are plotted as ratios of the yield, WM, at a given pressure 
divided by the zero pressure yield, Fo, of that particular level. Thus all the points on 
the high pressure side represent the same quantum yield. A comparison of figures 
2 and 3 shows that a higher pressure of buffer gas is required to equilibrate the 
quantum yields than to equilibrate the lifetimes. This is to be expected since the 
quantum yield is the area under the fluorescence decay curve and will be primarily 
determined by the first part (short time) of the decay. The lifetimes (both experi- 
mental and calculated) were, however, determined when the fluorescence intensity 
had declined to ca. 1 0 of its initial value (400 ns). 

The low pressure region of the curves for levels 8 and 16 in figure 3 show an 
interesting effect which may be amenable to experimental observation. The ratio 
FM/FO for level 8 initially changes slightly more rapidly than for level 16. This can 
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be rationalized since level 8 has a longer lifetime than level 16 and thus will be 
affected at lower collision frequency. However, since level 16 differs in quantum 
yield from the equilibrium value, by a larger amount, the relative effect will be 
greater, when the collision frequency becomes large enough to affect this level 
significantly. Inspection of the upper two curves of figure 2 of Beddard et al. (I 973 b) 
certainly does not rule out that this effect is occurring, but the data are not 
sufficiently accurate to confirm this prediction unambiguously. 

Pressure effects in the triplet state 

The first investigations of the effect of added foreign gas on the formation of 
triplet states in aromatic hydrocarbons were carried out by Porter & Wright (I 955). 
Their findings were later confirmed quantitatively by Ashpole et al. (I97I). All 
experiments show that the observed optical density of the triplet state increases to 
a maximum value with increasing pressure of added gas. Since the values of the 
absorbance were obtained at times, long enough for a complete thermal equilibra- 
tion of the triplet state to occur, there appear to be two explanations for the observed 
behaviour. The first, originally proposed by Ashpole et al. (I 97 I), attributes the fall 
off at low. pressure to the occurrence of reversible intersystem crossing. This theory 
has been criticized by Soep, Michel, Tramer & Lindquist (I973), who argued that 
this model must lead to non-exponential fluorescence decay, which is not observed. 

An alternative explanation again invokes enhanced intersystem crossing from 
higher vibrational levels, this time from the triplet state (Freed & Heller I974). In 
this model, vibrationally excited triplet states are lost during vibrational relaxation 
via intersystem crossing to the ground state. If we assume that the intersystem 
crossing rate (T1 -->SO) increases with increasing vibrational energy, the amount of 
triplets lost will be increased at lower pressures. This in turn will lead to a lower 
optical density for the equilibrated or relaxed triplet. This explanation is supported 
by the experimental results of Ashpole et al. (197I), who found that the rate of 
decrease of the triplet absorbance with decreasing pressure depended on the nature 
of the added foreign gas and was greater for gases with a higher efficiency of vibra- 
tional energy removal. 

Further support for this hypothesis can be obtained from the experiments where 
only the first excited singlet state of anthracene is irradiated, by using conventional 
flash photolysis with filtered flash sources (Ashpole et al. I97 I) and from the laser 
flash photolysis experiments of Formosinho et al. ( 973). :In both cases we expect the 
triplet states to be formed with less excess vibrational energy than in the case of 
a wide band flash. This implies that less triplets are lost during vibrational relaxa- 
tion, because of a lower probability of crossing to the ground state. Thus, the change 
in absorbance between high and low pressure regions should be less, as is observed 
experimentally. 

As can be seen from the discussion given so far, the behaviour of the triplet state 
is intimately linked with the presence of an incremental decay rate. In view of our 
previous discussion of pressure effects in the excited singlet state, we expect this 
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incremental decay rate to be determined by the displacement of the C-C modes 
between T1 and S.. By reasoning analogous to that given earlier for the excited 
singlet states, we then find that the incremental decay rate should be less for the 
larger molecules pyrene and perylene than for naphthalene and anthracene. Thus 
pressure effect will be less pronounced for the former molecules, again in agreement 
with the results of Ashpole et al. (I 97I ) . 

So far our discussion has been concerned only with the long time, equilibrated, 
behaviour of the triplet state. Recently, experiments relating to the short time 
properties of the triplet yield have also been reported (Formosinho et al. I;973 

Soep et al. I973). In these experiments the triplet-triplet absorption is monitored 
immediately after intersystem crossing. Unfortunately, owing to experimental 
difficulties, only changes within one vibronic band could be determined as a function 
of pressure. 

Immediately after intersystem crossing the triplet state will be formed with a 
large amount of excess vibrational energy. According to recent theories of radiation- 
less conversion (Heller et al. I 97z), part of this energy will be contained in the optical 
(C-C stretching) modes, if these modes were originally excited in the singlet state. 
Thus the observed T-T absorption band will be a mixture of the n -? n, 
n-1 -onn-1... 0 -?0 vibrational transitions, where n is determined by the singlet 
excitation process. If one assumes that the vibrational band shape is determined 
entirely by sequence congestion, and that this effect is identical for the no-n and 
0 -- 0 transitions, the height of the T-T absorption band in the initially formed 
triplet state will be determined by n, the number of C-C quanta excited. This 
argument has been used previously by Fleming et al. (I 974) to explain the results 
of Formosinho et al. (I 973). 

However, if the sequence congestion effects are different for the n - n and 0 -0 
transitions, this argument will no longer be valid. The integrated absorption band 
will still provide a rough measure of the n -o n and 0 -*0 Franck-Condon factors, 
provided the concentration of triplets are the same. In general we expect 
F(n ->n) < F(O ->O) (Fleming et al. I974). 

In the experiments of Formosinho et al. (1973) the absorption was monitored at 
low pressure as a function of time (and wavelength). Under these conditions many 
triplet molecules will undergo radiationless transitions to the ground state during 
the (slow) vibrational relaxation process. This effect will offset the increased 
Franck-Condon factor for the 0 ->- 0 transition, and may lead to the similar inte- 
grated intensity ratio for the n -> n and 0 -*0 transitions which was observed. 

In the experiments of Soep et al. (I973), the triplet-triplet absorption was 
monitored at a fixed time (30 ns) while varying the pressure. In the high pressure 
region we expect the intersystem crossing to originate from a vibrationally relaxed 
singlet state (Beddard et al. I973 b). This implies that the triplet state is formed with 
no C-C quanta excited. Furthermore, because of the high pressure, virtually no 
triplet molecules will decay during vibrational relaxation. The observed integrated 
intensity will thus correspond to the 0 -> 0 absorption band only. 
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In the low pressure region there are two possible explanations. The first is that, 
since no vibrational relaxation occurs in the singlet manifold, intersystem crossing 
will occur via S2 -S* -T ** transitions. We expect this process to be faster than 
intersystem crossing from a thermalized S, state, as occurs in the high pressure case 
(Heller et al. I 972; Beddard et al. I 973 a). Thus more triplet molecules will be formed 
at low pressure but the integrated intensity will be given by the product of the high 
triplet concentration and a small (no-n) Franck-Condon factor. Thus an explana- 
tion of the integrated intensities in the high and low pressure limits requires con- 
sideration of both Franck-Condon factors and concentration of triplet molecules, 
as in the experiments of Formosinho et al. (I973). A second explanation could be 
that the low pressure intersystem crossing process S2 -S T** actually 
prepares the triplet state with no C-C quanta excited. Since the incremental decay 
rate in the singlet state is primarily determined by the number of totally symmetric 
C-C quanta excited, this process will produce the same triplet concentration as in 
the high pressure case (S2w-?S1 *SA-*T* ANw*TI). We would then expect that 
both the high and low pressure cases will give the same integrated T-T absorption 
intensity. Obviously, only a detailed time and pressure study can further clarify 
these results, and elucidate the possible involvement of internal conversion from 
high vibrational levels of S, (Beddard et al. 1973 a). 

CONCLUSIONS 

Changes in non-radiative decay of vibrationally excited states with excess energy 
are intimately linked with the displacements of the optical (C-C) modes. The 
magnitude of the incremental decay rate can be correlated with the symmetry of 
the S, and T, (or T, and SO) states and with the size of the molecule. Pressure effects 
on fluorescence lifetimes (or on the observed absorbance of T, - T. absorptions) can 
then be understood on the basis of the differences of relaxation rates into lower 
levels. This approach provides a coherent description of the pressure and energy 
dependence of electronic relaxation in aromatic vapours. 

We wish to thank Professor Karl Freed for sending us details of his stochastic 
model of vibrational relaxation before publication, and for helpful discussions on 
this subject. We thank the S.R.C. for the award of studentships to G. S. B. and 
G. R. F. and the Royal Society European Exchange Programme for the award of 
a Fellowship to 0. L. J. G. 

APPENDIX 

As has been shown by Freed & Heller (I974), the population of the various levels 
of the effective oscillator are obtained from the generating function Gm(s, t) as: 

1 /n 
Pn(MrnOt)-n Gm(8, (Al1) n! ~~~ s=O 
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where Pn(m, t) is the probability of finding the molecule in level n of the oscillator 
at time t, if the initial excitation is in level m. The generating function is given by: 

M(I(S t) 
e-t 

{ 
7- Z+Y 

, (A 2) 
m'[slosh (bt)]D ( 1 + Zy)D 

a 2 
J1+ Z Y} 

where b = v, cD=d ?+Dv(1-fy), Y- tanh(bt), 

,y- 2s1 
Z _ / y=1+p+-, 82 =y 2 -4p. (A 3) 

Here, d is the decay rate of the lowest level of the oscillator, I is the incremental 
decay rate, v is the collision frequency for the transition v 0-> v 1, D is the 
degeneracy of the oscillator and p = exp (hO)effective/kT). 

Neglecting changes in the radiative decay rate, the total unresolved emission 
intensity is given by: 

00 

im(t) f E Pn(M, t) fm(l, t) 
n=O 
-f ~e. Dt H X+~l 

[cosh (bt)]D ( 1 + XY)D 
2 

(8 1 + XM) A4 
where X (y - 2)/3 andf is the radiative rate constant for all levels. The decay rate 
is then obtained as k(t)- d/dt ln Im(t) 

k(t) = id In Id,(t) 

= D+b[DY+ DX y m6IT))]. (A 5 = c?~b |Y+I +XY (DYm8IX 1(1+XY) 8(X+ Y)) 

In general the decay rate given by equation (A 5) will be time-dependent, leading 
to non-exponential decay. However, it can easily be shown that in the limit v -> 00, 

k(t) -o- d + (DI/p - 1), which is the decay rate for an ensemble of equilibrated 
degenerate harmonic oscillators. If v -O0, k(t) -+- d + ml as expected. 
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