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This paper reports new measurements of the non-exponential fluorescence decay of pyrazine, covering the time range 
0.1-200 ns. The results of our measurements remove the inconsistencies between experiment and the Frad-Lahmani- 
Tramer-Tric model of the radiationless decay in this molecuIe. In particular, our data show that the triplet component of 
the mixed singlet-triplet levels does increase with increasing triplet density of states. The elective density of tripler levels 
determined from our experimental data exceeds the theoretical density of vibrational levels. We propose that at the 
excitation levels achieved in the triplet manifold there is extensive scrambling of rotational states, but that conservation 
of nuclear spin states permits a level with total angular momentum quantum number 1 to couple to only (2J+ 1)/4 of 
the 2J-tI rotational levels built on one vibration. The appropriate theoretical density of states to be compared with 
experiment is then obtained by multiplying the vibrational density of states by J/2. Good agreement is found between 
experimentally determined and calculated densities of states. 

1. Introduction 

In principle, a study of the time resolved 
emission from a molecule beIonging to the 
“intermediate case” of radiationless decay 
theory can provide information concerning the 
intramolecular couplings and level structure of 
the molecule. In contrast, in a molecule belong- 
ing to the statistical limit of radiationless decay 
theory the time evolution of a prepared state 
involves so many levels that individual level 
character is washed out, and the pattern of level 
couplings is masked. Although not overwhelm- 
ing, the available evidence suggests that all of 
the arqmatic hydrocarbons fall into the statis- 
tical limit category. The azabenzenes, on the 
other hand, fall into the intermediate case, since 
they have small singlet-triplet energy gaps [l-5] 
and strong couplings between n# excited sing- 
let and triplet states. Typically, the fluorescence 
quantum yield from an azabenze2e is pressure 
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dependent and its fluorescence decay is non- 
exponential. In the simplest model [6,7] of 
azabenzene excited state dynamics the fluores- 
cence decay can be described as the sum of two 
exponential components. It is argued that the 
rapidly decaying component represents the evol- 
ution of an initially prepared superposition of 
molecular states having only singlet character 
into quasi-stationary mixed singlet-triplet states, 
while the slowly decaying component represents 
the subsequent evolution of those mixed quasi- 
stationary states; the latter may be either radia- 
tive (with radiative rate proportional to the 
singlet character of the state) or nonradiative. 
Although this model accounts for many of the 
observations, the currently available data lead 
to two inconsistencies which require 
clarification. First, the indirectly obtained radia- 
tive lifetimes of the mixed singlet-triplet states 
vary in such a way that the number of coupled 
levelsdoes not change appreciably as the 
vibronic energy of the initially prepared singlet 
increases, thereby requiring the singlet-triplet 
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coupling strength to decrease as the density of 
triplet states increases, the two rates of change 
exactly compensating one another. Second, the 
effective number of levels coupled to the initial 
singlet level, calculated from experimental data, 
is significantly larger than expected from the 
density of vibronic states at that energy. 

In this paper we report the results of new 
studies of the fluorescence decay of the azaben- 
zene pyrazine. The non-exponential fiuores- 
cence decay of pyrazine vapor has been studied 
several times in recent years [4,6,8]. The life- 
times of both the slowly and rapidly decaying 
components of the fluorescence have, however, 
been difficult to measure, because of the weak- 
ness of the former and the short time scale of 
the latter. The lifetime of the slowly decaying 
component has been shown to depend on press- 
ure and the initial vibronic level pumped, with 
measured values ranging from 100 to 200 ns 
[4,6]. The best value in the Iiterature for the ’ 
directly measured lifetime of the rapidly decay- 
ing component is <OS ns [6], while quantum 
yield measurements and estimated radiative life- 
times for this component Iead to an expected 
fluorescence lifetime between 0.1 and 0.3 ns 
16,!?]. In the present work: we report direct 
measurements of the time evolution of the 
fluorescence decay of pyra’ine covering the 
range 0.1-200 ns. These new data are used, 
along with a plausible extension of the pre- 
viously proposed model of azabenzene 
dynamics, to remove the two inconsistencies in 
the existing interpretation of the dynamics of 
decay of excited pyrazine. 

To set the background for our experiments 
we first summarize ihe existing data concerning 
the fluorescence decay of pyrazine and the 
theoretical model designed tojnterpret that 
decay. _ 

2. Background information 

A substantial volume of information concern- 
ing the pressure dependence of pyrazine fluores- 
cence, phosphorescence, and biacetyl sensitized 
phosphorescence quantum yieIds [4,6, S] is 

available. The fluorescence quantum yield from 
the vibrationiess excited state decreases from 
about 3 X 1O-3 in the low pressure limit to about 
1 x 10e3 as the pressure is increased beyond 
2 Torr [6]. The phosphorescence yie!d, on the 
other hand, increases from zero in the low 
pressure limit to about 1.5 x 10e3 at pressures 
greater than 10 Torr [6]. The intensity of 
biacetyl sensitized .yhosphorescence parallels the 
pressure dependence of the intensity of pyrazine 
phosphorescence except that the high pressure 
biacetyl sensitized phosphorescence quantum 
yield is near unity 14,8). The pressure depen- 
dencies of the fluorescence and phosphores- 
cence quantum efficiencies are not symmetric, 
i.e., the phosphorescence grows in more slowly 
than the fluorescence dies out. 

Most of these observations can be interpreted 
in terms of a model applied to pyrazine by 
Frad, Lahmani, Tramer and Tric (FLTT) [6]_ In 
this model colIisions play an important role in 
relaxing the vibrational ener,7 within the triplet 
manifold, but do not affect the strength of the 
singlet-triplet coupling. Because of this coupling 
the eigenstates In) of the molecule cannot be 
purely singlet or triplet in character; they can be 
represented as linear combinations of the form 

In>=aIs)+C P$>, (1) 
I 

where the summation is over all zero-order trip- 
lets jr) which interact with a given zero-order 
singlet Is). If we assume that radiation couples 
the ground state exclusively with the singlet 
term in the expansion (l), absorption into a 
vibronic level prepares a coherent superposition 
of states having only singlet character. The evol- 
ution of this nonstationary state into mixed 
singlet-triplet states causes a loss of singlet 
character and, therefore, a fluorescence decay. 
The total decay rate of the nonstationary state 
is given by 

k = k-t kx, (3 

where ksT is the rate of decay of the initially 
pure singlet into mixed singlet-tripIet states and 
kx is the sum of the competitive internal con- 
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version, photochemical decomposition, and 
fluorescence rates of decay of the singlet. 

The mixed singlet-triplet levels reached after 
the initial evolution of the prepared wave 
packet state can decay by a variety of processes. 
For the case of interest to us, the slowly decay- 
ing component of the fluorescence has the same 
emission spectrum as does the initial fluores- 
cence decay of the nonstationary state, but with 
an intensity reduced by a factor N + 1 related to 
the number of levels coupled in the mixed 
states. If a quasistationary mixed state had no 
other means of decay, the slowly decaying com- 
ponent of the fluorescence wouId have a 
lifetime 

&=(N+l)/kZ=(N+l)~~, (3) 

i.e., N + 1 times the lifetime of the singlet in the 
hypothetical limit of zero coupling with the trip- 
let states. Since a mixed singlet-triplet state can 
also decay via hot phosphorescence, intersystem 
crossing, or photochemica1 decomposition, the 
lifetime of the slowly decaying fluorescence 
need not be simpIy related to the extent of the 
singiet dilution in the mixed state as in eq. (3). 

We have thus far discussed onIy the behavior 
of an isolated molecule. Collisions open up new 
decay channels for the mixed states and, there- 
fore, cause the quantum yield of the slowly 
decaying component of the fluorescence to 
decrease with an increase in pressure. Collisions 
can readiIy coupIe the mixed states to a large 
number of nearly pure triplet states within a 
small energy range of the initially prepared 
level. Such coI!ision-induced coupling need not 
invoIve vibrational relaxation, since Gelbart and 
Freed [lo] have suggested a mechanism 
whereby rotational relaxation alone is sufficient 
for conversion from a mixed singlet-triplet state 
to one of pure tripIet character. A diminution of 
the slowly decaying component of the fluores- 
cence can aIso be generated by resonant trans- 
fer of the eiectronic energy from the initially 
pumped molecule to a “cold” molecule. Any or 
all of the processes mentioned might contribute 
to the observed pressure dependent quantum 
yield of pyrazine fluorescence, but none have 
much effect on the lifetime of the rapidly decay- 

ing component of the fluorescence. Although 
collisions could, in principle, affect the rapidly 
decaying component lifetime by inducing vibra- 
tional relaxation, even at 1 atm only a small 
percentage of the molecules suffer collisions 
during that lifetime, and all of the vibrational 
states that might be so populated have similar 
lifetimes [ll]_ 

When both the fast and slow decays can be 
described by exponentials, the total fluorescence 
intensity can be written as 
IF(t) = A.sre-kS~‘+AM e-‘s~‘P’r, (4) 
where the subscripts ST and M refer to the fast 
and slow decays, respectively, and the pressure 
dependence of kM is displayed explicitly_ A nor- 
mal Stern-Volmer plot of the quantum yield 
ratio ip~(O)/@&) versus pressure is not linear 
[4], but FLTT have shown that by removing the 
pressure independent quantum yield of the 
rapidIy decaying component, an analogous plot 
of the pressure dependence of the slowly decay- 
ing component quantum yield is !inear. From 
these modified Stern-Volmer plots, and the 
assumption of unit quenching efficiency per hard 
sphere collision, FTLL were able to estimate 
the zero pressure lifetimes for several mixed 
singlet-triplet states; the estimates range from 
more than 800 ns for the origin level to less 
than 100 ns for a level with 1975 cm-’ excess 
vibrational energy. 

FI’LL also estimated the “radiative lifetime” 
of the mixed states: 

& = 7M(o)(@r(o) -@J&o))-‘. (5) 
Values calculated in this fashion vary only 
slightly, and not at a11 systematically, from level 
to level, thereby implying that the effective 
number of triplet levels, N, coupled to the 
initially pumped singlet is independent of initial 
state over a range of 2000 cm-‘. A comparison 
of eqs. (5) and (3) implies that (N + l)= is 
similarly independent of initial state over a 
range of 2000 cm-‘. Yet, for the energy levels 
under consideration the tiplet density of states 
varies by more than an order of magnitude. 
Moreover, in the simplest equal coupling model 
of intermediate case radiationless processes, the 
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number of triplet levels coupled to the prepared 
singlet and m, the density of triplet states, are 
related by [12] 

‘v = PT.&- (6) 

Since the fluorescence quantum yield of the 
rapidly decaying component of the fluorescence, 

%(a) = %T/ TR = W ksr, (7) 

is almost independent of the excited level, we 
conclude that 

Nap&, (8) 

where kR is the radiative decay rate of the sing- 
Iet. In the absence of a very strong level depen- 
dence of kR, icr should be proportional to PT, in 
direct conflict with FLTT’s conclusions. 

Use of eq. (5) to estimate the radiative life- 
time of the mixed quasistationary state rests on 
the assumption that the rate of decay of the 
prepared singlet nonstationary state into the 
mixed singlet-triplet states is much larger than 
the rates for all other initial state decay chan- 
nels. This is certainly a reasonable assumption 
for the lowest vibrational sta?e of the singlet 
manifold where the triplet yield @+= ks/k is 
unity according to biacetyl sensitized phos- 
phorescence measurements [4]. For other levels 
the available triplet yield data are somewhat 
ambiguous. Aizawa et al. 181 found a gradual 
decrease in relative triplet yields for the first 
25GO cm-’ of excess vibrationa energy, but 
their choice for normalization implies that the 
triplet yields for levels other than the lowest are 
significantly less than unity. We note that the 
level independence of the rapidly decaying com- 
ponent lifetime (see section 4) provides support 
for assuming a level independent triplet yield, 
since a significant growth with ener,9 of kx 
would have to be accompanied by a decrease in 
ksr- 

The observed dependences of the biacetyl 
sensitized phosphorescence and direct pyrazine 
phosphorescence are consistent with the FTLL 
model. The measured phosphorescence yield 
(==1.5 x 10”) and Iifetime (6 x lo-' s) at high 
pressure indicate that the phosphorescence 
radiative lifetime is long (~2 x lo-’ s) [6]. The 

i 

absence of observed hot phosphorescence at low 
pressures is consistent witli the iow pressure 
long fluorescence lifetime to phosphorescence 
lifetime ratio of lo-‘. The decay rate of the 
mixed state appears to be nonradiative and 
strongly dependent on the vibrational energy in 
the triplet manifold, ranging from about 5 x 
lo5 s-* with 5000 cm-’ excess vibrational energy 
to 1.6 x 10’s_* with a relaxed vibrational distri- 
bution. This strong level dependence is the 
source of the observed phosphorescence 
intensity pressure dependence; only molecules 
having a collisionally relaxed triplet live long 
enough to yield appreciable phosphorescence. 
Similarly, only these collisionally relaxed 
molecules live long enough to transfer energy to 
biacetyl molecules, colliding at a rate of 3 x 
IO5 s-l [S]. The degree of relaxation necessary 
to yield phosphorescence is significantly greater 
than that needed to quench the slowly decaying 
component of the Ruorescence, hence the asym- 
metry in pressure dependences mentioned 
earlier. 

Clearly, despite its successes, the FLTT analy- 
sis suffers from serious inconsistencies. The first 
of these we have already discussed; it arises 
from the apparent lack of energy dependence of 
the effective number of coupled levels. Our 
directIy measured Iifetimes, however, reveal that 
the effective number of coupled levels does 
increase with excess energy, and at about the 
rate expected from a calcmation of the triplet 
density of states. Second, it is found that the 
effective number of levels coupled to the initial 
singlet state, calculated from the experimental 
data, is significantly larger than expected from 
the density of states at that energy [6]. A 
simiIar inference has been made by Spears and 
El-Manguch 1131 with respect to the radiation- 
less decay of pyrimidme. Although the results 
reported in the present work reduce, relative to 
previous estimates, the discrepancy between 
experimentally determined and theoretical 
densities of states in pyrazine, the experimental 
values are still about twenty times larger than 
those calculated from the (assumed) triplet state 
vibrational frequencies. We suggest a plausible 
resolution of this discrepancy in section 5. 
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3. Experimental details 

Excitation in the 3100-3275 A region was 
produced by a synchronously-pumped mode- 
locked-laser system. An acousto-optically mode 
locked CR6 Ar’ laser, operating at about 1.0 W 
and 5145 A, synchronously pumped a 
rhodamine 640 dye laser. A 2 x 8 mm LiI03 
crystal, z-cut at 64”, converted about 1% of the 
focused output to its second harmonic. The pul- 
ses arriving at the sample were much shorter in 
duration than the time resolution of the detec- 
tion system, and had a bandwidth of about 
4 cm-‘. Fluorescence was distinguished from 
laser scatter and phosphorescence by using a 
3350 8, cut off filter (Schott WG-335) and a 
100 A band-pass fiber centered at 3400 or 
3500 A. 

The samples were confined in a 1 x 1 cm fused 
silica cuvette adapted with a valve and vacuum 
fitting. Samples were prepared on a grease-free 
vacuum line by repeated sublimation of 99 + % 
pure solid pyrazine (Aldrich). The argon used in 
the studies of the pressure dependence of the 
fluorescence was obtained from Merck 
(99.998% pure). Pressures less than 10 Tot-r 
were measured using a Baratron gauge (MKS 
i44E80) with a reference manifold held below 
IO-“Torr. The sample ccl!, when detached from 
the vacuum line, !eaked at a rate of =10b3 Torr 
per hour. Higher pressures were measured using 
a standard spring vacuum gauge with =3 Torr 
resolution. 

Lifetimes and relative quantum efficiencies of 
fluorescence were measured using the time cor- 
reiated photon counting technique. Two 
different timing configurations were used, 
depending on the time-scale of the measure- 
ment. For the determination of the slowly 
decaying fluorescence component the laser repe- 
tition rate was reduced about a thousand fold 
from the normal 93.5 1MHz by a Iow voltage 
electrooptic modulator. For the measurement of 
the rapidly decaying fluorescence component 
the full laser repetition rate was employed, and 
the time-to-amplitude converter was used in the 
“inverted” configuration. The two experimental 
arrangements are described in more detail below. 

(i) Low repetition rate system. In order to study 
the slowly decaying fluorescence component it 
was necessary to lower the repetition rate of the 
exciting pulses (normally at 10.70 ns spacing) 
with a Pockeis cell (Coherent Model 28) driven 
by an avalanche transistor circuit. The syn- ’ 
chronization pulses from the acousto-optic 
modulator were divided down to give a repeti- 
tion rate of 45.64 or 91.28 kHz. This trigger 
signal was sent through a variable delay (Ortec 
425A) in order to synchronize the firings of the 
Pockels cell with the appropriate laser pulses. 
The Pockels cell operated with an extinction 
ratio for the visible light of about 300, implying 
an extinction ratio of nearly 100000 for the 
ultraviolet pulses from the second harmonic 
generating crystal. Only the pulse immediately 
following the selected one contributed notice- 
ably to the detected fluorescence. A portion of 
each extracted pulse was split off to a fast 
photodiode triggering a constant fraction dis- 
criminator (Ortec 583) and, finally, the start 
conversion of a time-to-amplitude converter 
(Ortec 453). Fluorescence caused by the 
remaining portion of the laser pulse was collec- 
ted (-f/4) onto the apertured face of a photo- 
multiplier (Amperex XP202Oj. The fluorescence 
signal pulses were amplified (EN1 600L) and 
were used to drive the stop conversion of the 
time-to-amplitude converter through a second 
constant fraction discriminator (Ortec 583). The 
output of the time-to-amplitude converter was 
collected in a pulse height analyzer (Tracer 
Northern 1705) and transferred to a VAX ll- 
780 computer. The width of the signa! from a 
non-fluorescing scatterer, i.e., the instrument 
function, was about 300 ps. Each selected laser 
pulse on the average generated much Iess than 
0.01 of a detected fluorescence photon, thus 
satisfying the criterion for avoiding photon 
pileup, but also leading to a low count rate. 
This was particularly inconvenient when 
measuring the lifetime of the rapidly decaying 
component of the fluorescence. 

(ii) High repeti& rare sysrem. The rapidly 
decaying component of the fluorescence has a 
time profile only slightly wider than the instru- 
ment response function (see fig. I), so to make 
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accurate measurements of this region of the 
fluorescence decay it is necessary to expand the 
time scale and to accumulate a large total num- 
ber of counts. Because of the short lifetime of 
this component of the fluorescence it was poss- 
ible to eliminate the Pockels cell used in the 
setup described above, and thereby to use the 
full laser repetition rate. We have also used an 
inverted time-to-amplitude converter configur- 
ation in the detection system. In this case the 
start conversion trigger signal was derived from 
the photo-multiplier signal, while a signal 
derived by division from the mode locker syn- 
chronized output provided the stop signal. 
Because the stop conversion input can handle a 
much higher frequency signal than can the start 
signal, the mode locker signal is divided only by 
8 or 16 and the total rate of timing conversions 
is increased relative to that possible using the 
normal start/stop configuration of the time-to- 
amplitude converter. 

4. Results 

4. I Lifetimes 

Results of measurements of the rapidly 
decaying component of the fluorescence at rela- 
tively high pressure (>5 Torr) have been repor- 
ted previously [ll]. These measurements have 
been repeated for several vibronic levels using a 
different but essentially identical apparatus; the 
new and old data agree to within 5%. Fig. I 
shows an example of the instrument response 
function, fluorescence decay profile, and the 
fitted curve obtained by convoluting the 
response function with a single exponential 
decay. The lifetime of the rapidly decaying com- 
ponent of the fluorescence is independent of 
pyrazine pressure between 0.045 and 5 Torr. 
Even i atm of argon added to 5 Torr of 
pyrazine has little influence on this decay pro- 
cess. Note that the variation in lifetime from 
level to level is small; up to 1200 cm-’ excess 
vibrational energy all of the measured lifetimes 
fall in the range 90-130~s. 

f 5400 

S 
3600 

1 

0 0.37 0.74 1.1 I 1.48 1.85 222 
Time (nsscl 

Fig. !. Instrument response function and fluorescence decay 
from the vibrationless first singlet state. The convoluted fit 
(so!id line) to a single exponential decay is superimposed 
over the fiuorescence decay. The time ofiset is real. Note 
that though the data were collected in a time inverted 
configuration, they are shown here in the normal sense. 

The decay profiles obtained with the high 
repetition rate system were used to obtain the 
relative quantum yields of the short and long 
lifetime components of the fluorescence_ These 
yields are obtained by integrating the appropri- 
ate regions of the decay profile (the baseline 
between the pulses is predominantly due to the 
long lifetime component of the decay). The 
quantum yield ratios obtained in this manner 
are in qualitative agreement with those obtained 
from published quantum yields [6-j, if we assume 
that the pressure dependence of the total yield 
is due only to the pressure dependence of the 
long lifetime component yield. 

The !ow repetition rate experiments, in which 
the long time tail of the fluorescence can be 
observed clearly, also provide the ratio of quan- 
tum yields of the rapidly and slowly decaying 
fluorescence components. Fig. 2 shows one such 
decay curve for pyrazine, at 0.32 Torr, excited 
into the vibrationless first singlet state. The 
spike at the beginning of the curve is the rapidly 
decaying component of the fluorescence, which 
in this case is responsible for about 70% of the 
total emission. The small spikes dispiaced by 11 
and 13 ns are a second Iaser peak and an elec- 
trical reflection, respectively. Fig. 2 clearly 
reveals that the slow fluorescence decay is non- 
exponential, though small sections of that decay 
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Fig. 2. Fluorescence decay from the vibrationless first singlet 
state showing the long-lived component. The baseline is 
about four counts per channel. 

can be fit well with a single exponential. The 
initial portions of the slowly decaying com- 
ponents of fluorescence for different vibronic 
levels all correspond to lifetimes shorter than 
100 ns, which values are significantly less than 
those reported by other workers [4,6]. 
However, the earlier investigators typically 
analyzed a portion of the decay curve beginning 
100-200 ns after the initial spike, so the more 
rapidly decaying portion of the slowly decaying 
fluorescence was not detected. 

The pressure dependence of the long lifetime 
component of the fluorescence near the begin- 
ning of the decay is shown in fig. 3. The decay 
rates were obtained, in each case, from a single 
exponential fit to the first 100 ns of the slow 
decay. The two levels studied in detail (0” and 
10a’) have the same collisional deactivation rate 
for the slow decay. That rate is 6.5 X 
10’s_1 Torr-‘, roughly four times the hard 
sphere collision rate. The zero pressure inter- 
cepts reflect the expected vibrational energy 
dependence of the non-radiative decay rate of 
the mixed singlet-triplet states, e.g., as in inter- 
system crossing TI --, SO. 

4.2. Singlet dilution and the triplet density of 
states 

The low repetition rate fiuorescence decay 
profiles provide the most convenient data for 
determining the amount of singlet character in 

Fig. 3. Long-lived component decay rates for the vibration- 
less (lower) and 10a’ (upper) levels of the first singlet state. 

the mixed singlet-triplet states, or, conversely, 
the effective number of triplet levels diluting the 
singlet character. This determination is based on 
the relation? 

AsJAw = (klksr)W f 1) = W+ l)+r, (9) 

and the assumption Qr= 1. The value of AM 
was obtained by extrapolating the nearly 
exponential initial portion of the slow decay 
back to zero time. From fig. 2 it is clear that the 
same kind of extrapolation using instead the 
later portions of the slowly decaying fluores- 
cence would significantly underestimate the 
amount of singlet character in the mixed states. 
The value of AST was obtained by dividing the 
integrated fast decay component emission 
intensity by the lifetime tsT_ 

Values of N + 1 estimated in this manner are 
listed in table 1. Note that these values are 
independent of pressure, though the experi- 
mental error increases at very high or low press- 
ures. In the former case this error results from 
uncertainty in the extrapolated t = 0 intercept of 
the slow decay, and in the latter case from the 
reduced signal-to-noise ratio and interference 
from scattered laser light. 

i Thii formula is a slight modification of the one proposed 
by van der Werf and Komman deur [14]. who ux a 
different definition for N. 
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Intersystem crossing rates and associated parameters 

Level KC’ 
s-l Torr-’ x 1O-6 

N-k1 priabs) 
(cm) 

PA=lc) 
(cm) 

0 0.125 130 65 560 4200 180 
10a’ 0.120 83 63 160G 11500 35% 
6a’ 0.105 - - 2300 14500 500 

=) Stem-Volmer quenching constant for emission from this level. 

The dilution factor is, of course, related to 
the effective density of states in the triplet 
manifold. Since the decay of the short lifetime 
component of the fluorescence is nearly 
exponential, we expect the spectral shapes of 
the absorption and emission transitions to be 
nearly lorentzian; the half width at half 
maximum is then &r = (2rrcrs.r)-’ in cm-‘. 
Integration of the lorentzian line-shape function 
(whose maximum= 1 in units of the reciprocal 
effective density) gives 

N = pr/2crsr = AsTpT. 

If VST is defined by &~=z-&p~, then 

(10) 

N = 2&p+. (11) 

This is the same formuia used by FLTT, though 
their definition of hsr leads to a different 
relationship between N and PT. Spears and El- 
Manguch use different fromulae for both N and 
&r, but essentially the same relationship 
between N and pr as in eq. (10). Given an 
experimentally determined value for N, p-r rep- 
resents a lower bound to the density of states in 
the triplet manifold, since there could be triplet 
levels within the transition linewidth which are 
not coupled to the singlet. Values of Pr calcu- 
lated from eq. (10) are listed in table 1 as pr 
(obs). Note that pT (ohs) is not influenced by 
inaccuracy in the measurement of h_. since 

m 

pr= 2crsrN = 2c J Is&t) dt/Asf, (12) 
0 

The variation in & as a function of the 
initially populated singlet level which we find is 
quite different than that estimated by FLIT; 
our lifetimes are all shorter than those they 
have inferred. Moreover, our directly measured 
decay rates do not vary sufficiently to account 
for all the levei dependence of the slowly decay- 
ing component quantum yield. In fact, the dilu- 
tion of the singlet in the mixed states depends 
almost linearly on ,~r, rather than being 
independent of pi_ This behavior is consistent 
with the prediction embodied in the proportion- 
ality (8). 

where 1s-r is the decay profile of the short-lived It should be pointed out that comparison of 
component of the fluorescence. our data and those of FJLTT is subject to an 

5. Discussion 

The insensitivity of rsr to pressure supports 
the hypothesis that collisions do not affect the 
coupling between zero-order singlet and triplet 
states. Over the range of excess vibrational 
energy studied the density of triplet states cou- 
pled to the prepared singlet state varies by more 
than an order of magnitude. Since & is pro- 
portional to v&p=, v.~ must decrease as pi 
increases. This decrease in vsr, however, is not 
sufficient to change the proportionality between 
N and p-r [see eq. (lo)] as suggested by FLTT. 
The lack of any dramatic initial level depen- 
dence of rST is consistent with the results of 
inter-system crossing theory for n--z ir* transi- 
tions, since the dominant coupling between an 
II-~* singlet and a T-Z-* triplet is direct spin- 
orbit interaction, which is much stronger than 
the vibronic spin-orbit interaction between two 
r-rr* or n-v* states of different multiplicity 
[5,15]. 
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uncertainty traceable to the fact that the col- 
lision partners used were different; isopentane 
in the latter case and pyrazine itself in the for- 
mer case. Since the estimated lifetime of the 
vibrationless level is about eight times larger 
than the dire&y measured value, the Stem- 
Volmer pIot determination of the quenching 
efficiency when isopentane is the collision part- 
ner suggests that isopentane is a slightly better 
quencher than is pyrazine. The relative values 
of directly determined and Stern-Volmer Efe- 
times for other levels give qualitatively similar 
results. The general agreement between the 
pressure dependences of the slowly decaying 
fluorescence quantum yields for the two 
different collision partners is sufficient to elimi- 
nate the possibility that there is a large 
difference in their quenching efficiencies. In 
turn, this inference implies that fluorescence 
quenching by Forster type transfer of electronic 
energy to a ground state pyrazine molecuIe can- 
not be important under our experimental condi- 
tions. 

The density of vibronic states in the triplet 
manifold can be evaluated by inverting the one 
molecule partition function using the method of 
steepest descent [16]. To simplify calculation, 
the 24 normal modes of pyrazine were divided 
into groups having nearly the same frequency. 
When available, the mode energies were taken 
as those of the first excited singlet (4 at 
~3000 cm-l, 4at =1400cm-‘, 7 at 
~1050 cm-*, 6 at ~600 cm-’ and 3 at 
3330 cm-‘). Two triplet electronic states were 
considered: TI at S1 -4500 cm-’ and Tz at S1 - 
2900 cm-‘. We have assumed that the mixing of 
T1 and TZ is strong, so that the effective value 
of p-r is a combination of the densities of states 
of T1 and T2. 

The calculated values of p-r as a function of 
energy should be considered lower bounds to 
the true values. As shown in table 1, the values 
of p-r inferred from the experimental data do 
exceed the corresponding calculated values. The 
discrepancies between the values, which amount 
to a factor of 25-30, are too large to attribute 
to anharmonicity effects, or to changes in pr 
traceable to frequency shifts arising from 

vibronic interactions between levels in T1 and 
TZ. As the following argument shows, it is 
plausible that the discrepancy arises from the 
influence on PT of the scrambling of the projec- 
tion of the angular momentum onto the nearly 
symmetric top axis, which elect is neglected in 
our calcu!ation of the density of vibrational 
states. 

Novak and Rice [17] have shown that when 
the change in geometry between singlet and 
triplet states is not large, the rate of a radiation- 
less process is independent of the initial angular 
momentum of the molecule. The several 
mechanisms which permit breakdown of the 
selection rules for particular components of the 
angular momentum merely broaden the range 
of coupled states and, provided there is no final 
state selection in the detection process, the net 
coupling to au final states is conserved. Et is a 
direct implication of this result that the relation- 
ship between N and p-r, as in eq. (6), is 
independent of initial rotational state and of the 
breakdown of angular momentum selection 
mles. In the low temperature domain, as in the 
experiments of McDonald and co-workers 1181, 
the angular momentum selection rules are well 
satisfied and the inferred and calculated values 
of p-r are in agreement; this is the domain 
where quantum beats in the fluorescence decay 
can be observed. At room temperature, as in 
our experiments, high rotational states of the 
molecule are present and quantum beats cannot 
be seen. Nevertheless, something can be said 
about the infiuence of rotational motion on the 
intersystem crossing process. 

Pyrazine is an asymmetric top. Because of the 
differences between the three moments of iner- 
tia, the projection of the total angular momen- 
tum along any molecule fixed axis is not a con- 
stant of the motion. It is conventional to rep- 
resent an asymmetric rotor hamiltonian as the 
sum of a symmetric rotor term and an asym- 
metry term, and to represent the wavefunction 
of the asymmetric rotor as a linear combination 
of symmetric rotor wavefunctions, each of which 
is characterized by a value of K, the projection 
of the total angular momentum along the prin- 
ciple axis of the limiting symmetric rotor used 
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to define the basis functions. It is then found 
that the asymmetry term in the hamiltonian 
leads to nanzero off diagonal matrix elements 
connecting states K and K zk:2 only, i.e., the 
energy matrix can be separated into two sub- 
matrices, one for odd K and one for even K. 
Ali of the above describes the rigid molecule. 
We propose that, at the modestly high energies 
in the triplet manifold reached via the intersys- 
tern crossing, vibration-rotation interaction, 
Coriolis coupling, Fermi resonance, and other 
non-rigid body couplings lead to complete 
scrambiing of the states of different I(. 
However, the effective number of rovibronic 
levels that can be coupled to an initial level with 
to&I angular momentum quantum number J is 
determined by the strong prohibition against 
transitions between states with different nuclear 
spin symmetry species. In the case of pyrazine 
there are two nuclei with nonzero spin (IH = 
l/2, TN = 1). The statistical weight factors for 
the allowed rotational levels built on different 
vibrations can be computed by the method of 
Wilson [19], but for our purposes a much sim- 
pler classical description is valid. Since we are 
concerned with energies large compared to the 
rotational spacing it is satisfactory to reduce the 
total number of rotational IeveIs by dividing by 
the symmetry number of the molecule, namely 
4. If this proposal is accepted, the triplet vibra- 
tional density of states must be multiplied by 
J/2 to count completely all the states coupled to 
one state in the singlet. At room temperatrlre, 
using the known rotational constants of 
pyrazine, the most probable value of J ~23, 
a&d the-distribution oi J is l/e of the maximum 
for J = 47 and J = 5. Thus, for our thermal’ 
ensemble J/2 is of the order of 13 to 20, which 
leads to good agreement with the ratio of 
densities of states obtained from the data in 
table 2. We consider,the residual discrepancy 
between calculation and experiments to be 
within the combined uncertainties of the two 
determinations. 

Table 2 
Fluorescence lifetimes of pyrazine vibronic levels 

J..tvel Liietime (ps) 

low pressure ” high presets’ 

OD - 130 
16b’ 237 120 
10a’ 383 125’ 
16a’ 400 110 
16b* 474 130 
6a’ 585 100 
10a’ 826 120 
6a’lOa 94s 120 
52 1037 120 
4az 1170 95 
8a’ 1377 100 

120 
108 
120 

90 
110 

80 
120 
115 
120 

95 
- 

a1 About 5 Torr of pyrazine (the vapor pressure at room 
temperature). 

” Same as in a) except with 1 atm of argon added. 
<’ Life times at 0.5 and 0.2 Torr w~tre both about 120 ps. 

fluorescence). Consider the simplest case, a 
symmetric top without vibration-rotation inter- 
action. If the moments of inertia in the zero- 
order singlet and triplet states of this symmetric 
top are the same, no amount of collision 
induced rotational relaxation results in creation 
of a pure triplet state, since if Js and Ks are 
equal to & and KT for two coupled levels, then 
states (14, KG) will still overlap with states 
(JL, Kk 1. If there is a difference in the moments 
of inertia of the two states, the situation is 
different. For a symmetric toi, molecule with 
constants like those of pyrazine, at room tem- 
perature a collision induced state change of 
/iv/ > 5 is +ficient to prepare a triplet level 
such that E,,,(J&,, K&.) - E,,(J:, K:) 2 A=. Such 
collision induced changes in JT and K= shouId 
be at least as frequent as hard sphere collisions, 
since rotational equilibration occurs at a rate 
comparable to or greater than the hard sphere 
collision rate. Since pyrazine is nearIy a sym- 
metric top, the preceding shotild be applicable, 
at Ikast qualitatively, to our experiments. 

Rotational relaxation can also be important in That rotationaI relaxation may be important. 
the collision induced decoupling of the singlet in quenching the long component ffuoresctince 
and triplet states (i.e., for the pressure depen- does not preclude.the most obvious pressure 
dence of the slowly decaying coupon&t of the dependent decay mechanism: collision induced 
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vibrational relaxation. Our new lifetime 
measurements can be combined with the avail- 
able pressure dependent phosphorescence data 
[6] to give estimates of the number of hard 
sphere collisions necessary for vibrational 
relaxation to the thermalized triplet. The values 
we estimate are smaller than those previously 
estimated (2-3 versus 10). The small number of 
collisions required to populate phosphorescing 
triplets suggests that either the triplet Iifetime is 
more sensitive to energy than previously sup- 
posed, or that the vibrational relaxation involves 
large energy transfers in each colIision. 
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