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s ta te  is t h e  most  likely pathway.  
(f) For t h e  alkynes a similar series of pathways a r e  feasible. 

All the  ra te  constants fall in a nar row range, and oxygen het- 
eroatom substituents do not result in significantly faster quenching 
rates. Indeed, one of t h e  largest bimolecular quenching ra te  
constants is found for diphenylacetylene, a quencher that  can only 
realistically react  by a diradical  intermediate  or by collisional 
deactivation of t h e  triplet s ta te .  
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The yields of electronically excited acetone from high-temperature decomposition of gas-phase tetramethyldioxetane (TMD) 
are  reported. High temperatures a re  achieved by using infrared-sensitized excitation of TMD. Emission studies a r e  used 
to obtain the yield of excited singlet acetone, = 0.017 (h0.008). This value is approximately a factor of 2 higher than 
that  reported in solution. A lower limit for the yield of triplet acetone is determined by using transient absorption studies, 
aT 0.10 (k0.03). This value is comparable to previous results in solution. The lifetime of triplet acetone observed in the 
present experiment is approximately 5 ps, almost 2 orders of magnitude shorter than the lifetime of thermalized triplet acetone 
a t  low pressures. The short lifetime is attributed to electronic quenching by the infrared-absorbing gas CH3F, with an estimated 
rate constant of 5 x 10- l~  cm3/(moIecuIe s). 

Introduction 
The high yield of electronically excited products from the  de- 

composition of tetramethyldioxetane (TMD) has stimulated ex- 
tensive studies of this intriguing molecule. In addition to  numerous 
studies in t h e  gas  and in recent work has 
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addressed t h e  decomposition of solid-phase TMD as a possible 
source of a short-wavelength chemical laser.21 These many studies 
have shown tha t  decomposition of TMD results in t h e  formation 
of two molecules of acetone, one of which may be electronically 
excited (reaction 1).  

TMD ---* A* + A0 (1) 

The chemiexcitation yields of singlet acetone, 'A*, and triplet 
acetone, 3A*, have previously been measured in solution a t  tem- 
peratures  in t h e  range 325-360 K." The results indicate t h a t  
30-50% of the reactions lead to 3A*, 0.04-0.08% of the reactions 
form 'A*, and the  remainder form only ground-state acetone, A,. 
T h e  chemiexcitation yields have not been measured for decom- 
position of either solid-phase TMD or gaseous TMD a t  elevated 
temperatures  (>500 K).  This  is unfortunate  because these 
quantities a r e  essential in assessing the  possibility of a chemical 
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passed through a needle valve and over the TMD crystals held 
at  constant temperature, giving a partial pressure of TMD of 
0.3-1.0 Torr. The gas mixture then passes into a 17-cm diameter 
cylindrical reaction cell. Total pressures of 10-100 Torr are 
maintained in the reaction cell by using a second needle valve. 
The TMD crystals are synthesized by using a modified version 
of Kopecky's method.23 

The gas mixture is irradiated at 0.25 Hz by using unfocussed 
light from a multimode TEA-C02 laser. The laser pulse duration 
is 1 psi and the fluence is varied between 0.2 and 1.2 J/cm2. Laser 
wavelengths of 10.6 and 9.5 pm are used to vibrationally excite 
the infrared-absorbing gases SF6 and CH3F, respectively. Col- 
lisional relaxation of the initially excited IR absorber (in 1-3 ps) 
leads to rapid heating in the irradiated volume. A full discussion 
of the temperature and density profiles within the reaction cell 
as a function of time may be found e 1 ~ e w h e r e . f ~ ~ ~ ~ ~ ~ ~  

Decomposition of TMD at  elevated temperatures via reaction 
1 is accompanied by blue chemiluminescence. As discussed below, 
the emission is due to 'A* fluorescence. The emission is collected 
at  right angles relative to the excitation beam, imaged onto the 
slit of a 0.25-m GCA/McPherson monochromator, and detected 
by using a 1P28 photomultiplier tube. The signal is averaged by 
using a Transiac transient digitizer controlled by a DEC LSI 
11/23 microprocessor. 

Dark intermediates of the decomposition of TMD (3A*) are 
monitored by using absorption spectroscopy. The experimental 
arrangement for the measurement of transient absorption in our 
high-temperature LPHP cell is similar to that described above 
with several modifications. The infrared laser is aligned collinearly 
with a 40-W Dz lamp or a 1000-W xenon lamp through the LPHP 
cell. A quartz window is used as a dielectric mirror to pass the 
UV light and reflect the IR radiation at 9.5 pm. The Reststrahlen 
maximum for quartz occurs at 8.9 pm,26 and, therefore, a sig- 
nificant fraction of the incident IR light at 9.5 wm is reflected. 
The transient absorption is measured by using a gated photo- 
multiplier attached to the monochromator. Signals are collected 
and averaged as before. 

For determination of the chemiexcitation yields for reaction 
1, it is necessary to measure not only the 'A* and 3A* concen- 
trations but also the amount of TMD that undergoes decompo- 
sition during each laser shot. Determination of this latter quantity 
is complicated by the fact that 20-100 laser shots are averaged 
to obtain better luminescence signal levels. A qualitative picture 
of the average TMD concentrations in the cell as it is sequentially 
irradiated with laser pulses is shown in Figure 1, bottom. Before 
laser irradiation, the TMD concentration is given by [TMDIo. 
During laser irradiation, the concentration decreases due to de- 
composition. This decrease is partially offset by replenishment 
of TMD from the incoming flow. After 5-20 laser shots, the TMD 
concentration reaches a steady-state value, [TMD],. At this point, 
decomposition by each laser shot is exactly replenished by the flow. 
In the present experiment, all measurements were made after 
steady state was achieved. 

The chemiexcitation yields are obtained by determining the ratio 
of the concentration of excited (emitting) species to the number 
of TMD molecules that decompose on each laser shot at steady 
state. As shown below, under our experimental conditions, all 
of the TMD in the irradiated volume decomposes for each laser 
shot at steady state. The chemiexcitation yields are thus based 
on [TMD],,. [TMD],, is, in turn, measured by monitoring the 
time-averaged TMD absorption at 205 nm in situ during the 
decomposition. Plots of the absorption of TMD and of acetone 
at 205 nm as a function of pressure are linear. The UV-absorption 
cross sections obtained from the slopes of the lines are uTMD = 
1.3 X cm2. Measurement of 
the UV absorption at 205 nm thus allows the determination of 
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Figure 1. Top: schematic diagram of the experimental arrangement 
Bottom: schematic representation of the spatially averaged TMD con- 
centration as a function of time during laser irradiation. 

laser based on high-density TMD.21 In the present study, we report 
quantitative chemiexcitation yields of lA* and 3A* for the 
high-temperature decomposition of gas-phase TMD. 

A previous study performed at moderate temperature (475 K) 
reported emission from infrared-sensitized excitation of TMD.* 
We have extended these studies to higher temperatures using the 
technique of laser-powered homogeneous pyrolysis (LPHP). The 
LPHP method not only results in very large temperature excur- 
sions but also allows a quantitative determination of the decom- 
position kinetics to be made. In the present study, we characterize 
the emission resulting from the high-temperature decomposition 
of gas-phase TMD. We report chemiexcitation yields, emission 
spectra, and photon yields for the decomposition at elevated 
temperatures. 

Singlet-excited acetone is monitored directly by its fluorescence 
near 410 nm, and its fluorescence yield calibrated against la- 
ser-induced fluorescence of benzene. In previous s t u d i e ~ , ~ , ~  
triplet-excited acetone was observed through its phosphorescence 
near 460 nm. In the present investigation, no long-lived phos- 
phorescence is detected. We measure the absolute density of 3A* 
using transient absorption spectroscopy. 

Experimental Section 
A detailed description of the LPHP technique may be found 

elsewhere,22 and only a brief summary will be provided here. The 
LPHP flow system is indicated schematically in Figure 1, top. 
Infrared-absorbing gas mixtures (CH3F or 20% SF6 in N2) are 
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Figure 2. Temporal profile of the 410-nm emission resulting from the 
high-temperature decomposition of TMD using SF6 as the infrared ab- 
sorbing gas (4 Torr of SF,, 16 Torr of N,, and 0.25 Torr of TMD). 

the steady-state TMD concentration with little interference from 
acetone. 

The fraction, F, of TMD molecules within the irradiated volume 
that undergo decomposition is given by 2,22 where V, and V, are 

the total and laser-irradiated volumes, respectively, and 7, and 
Tf are the time between laser shots and the flow lifetime of the 
gas in the cell, respectively. Typical values for these parameters 
are VT = 1414 cm3, VR = 16 cm3, T ,  = 4 s, Tf = 350 s, and 
[TMD],/[TMD],, = 1.95. From 2, the fractional decomposition 
of TMD per shot is found to be unity over the temperature range 
studied. 

One additional comment concerns the choice of path lengths 
of the LPHP cell for the various types of experiments. Most of 
the emission experiments were performed with a short-path-length 
cell (b  = 1 cm) to minimize thermal gradients due to significant 
power absorption by the gas mixture. An exception is the ex- 
periment using SF, as the IR absorber, in which the average 
temperature of the gas was determined by using the measured 
IR-power absorption and the known heat capacity of the gas 
mixture (b = 14 cm). For the transient absorption measurements, 
a compromise between the absorption path length for monitoring 
the 3A* density by the white-light probe and the optical density 
of the gas mixture in the IR was achieved (b  = 8 cm). 

Product analysis (GC/MS) carried out after laser irradiation 
indicates that acetone is the only (>99%) product of the high- 
temperature decomposition of TMD. 

Results and Discussion 
Description of the Emission from T M D  Decomposition. The 

decomposition of TMD at elevated temperatures is accompanied 
by blue luminescence. A typical emission profile is indicated in 
Figure 2, where an average of 100 shots is shown for a gas mixture 
of 20% SF6 in N2 at  a total pressure of 20 Torr. The emission 
rises fairly sharply after laser irradiation and then decays almost 
exponentially at a rate of I x IO6 s-l. 

The temporal profile of the blue emission from TMD decom- 
position is a strong function of total gas pressure and incident laser 
fluence, variables that influence the gas temperature. Increases 
in either the infrared absorbing gas pressure or the laser fluence 
lead to increases in the reaction temperature.22 The variation in 
emission profile with laser fluence is shown in Figure 3. It can 
be seen that both the rise and decay time of the emission are 
shorter at higher temperatures. Note, however, the areas under 
the curves in Figure 3 are the same. Thus, the same total amount 
of emission is occurring at medium and very high temperatures, 
even though the time scale for the emission is changing dra- 
matically. 

There are several ways of estimating the temperature excursions 
achieved in the present study. One method involves calculating 
an average temperature based on the laser power absorbed and 
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Figure 3. Variation in the temporal profile of the 410-nm emission with 
incident laser fluence using CH,F as the infrared absorbing gas. Gas 
pressures of 7.25  Torr of CH,F and 0.75 Torr of TMD were used in all 
three cases. 

the heat capacity of the gas mixture, assuming fast and complete 
thermalization of the gas mixture. For example, the emission 
profile shown in Figure 2 was obtained by using a laser fluence 
of 1 .O J/cm2, a measured laser-power absorption of 0.47 J/cm3, 
and a path length of 14 cm. The heat capacity of 20% SF, in 
N2 is 13 cal/(mol K) at 800 K.27 With a total pressure of 20 
Torr, these values result in a calculated temperature jump of 750 
K. 

In previous LPHP work, the temperature of the hot irradiated 
region was determined by measuring the extent of decomposition 
of a temperature standard whose activation parameters were 
well-known.22 We obtain a crude estimate of the peak temperature 
under one set of experimental conditions using dicyclopentadiene 
(DCP) as a temperature standard. DCP decomposes to form two 
molecules of cyclopentadiene ( A  = 5.3 X I O i 3  SKI, E ,  = 38.5 
kcal/mol).28 This reaction is followed by monitoring the real-time 
absorption of cyclopentadiene at  250 nm,29 where DCP is 
transparent. With approximately 18 Torr of CH3F and 2 Torr 
of DCP, a peak temperature of 920 K (f100 K) is determined. 
Unfortunately, we were unable to estimate temperatures signif- 
icantly lower than this due to the low extent of decomposition, 
hence low transient absorption, of DCP on the microsecond time 
scale. Furthermore, other temperature standards with decom- 
position parameters closer to that of TMD were not readily 
available. 

A final method of estimating the temperature utilizes TMD 
itself as the temperature standard. As discussed below, the ob- 
served emission profiles reflect the TMD density during decom- 
position. With the known activation parameters for TMD de- 
composition ( A  = 4 X lOI3 s-’, E,  = 27.6 kcal/mol),I2 estimates 
of the temperature can be obtained from the emission decay times. 
For example, after correction of the activation parameters to 
account for falloff under our low-pressure conditions, the emission 
profiles in Figure 3 correspond to calculated temperatures in the 
range 750 (0.2 J/cm2) to 870 K (0.7 J/cm2). 

Although all three methods indicate that large temperature 
excursions are occurring in the present work, they differ somewhat 
in their detailed evaluation of the temperature and in precisely 
how it varies with incident laser fluence. Additional studies are 
required to obtain this information. However, for the present 
study, it is sufficient to realize that quite high temperatures, as 
high as 950 f 100 K, are achieved. 

The emission observed in the present study is much shorter lived 
(microsecond time scale) than the emission observed in previous 
sensitization studies at 475 K (millisecond time scale).* Due to 
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Figure 4. Luminescence spectra of the emission resulting from the de- 
composition of TMD for high-incident laser fluence (0.7 J/cm*), 0, and 
low-incident laser fluence (0.2 J/cm2), 0. All data were taken by using 
CH3F as the infrared absorbing gas with pressures and decay curves as 
in Figure 3. Acetone fluorescence (-) and phosphorescence (- --) spectra 
are shown for comparison. 

the higher temperature achieved in the present study, the rate of 
decomposition (reaction 1) is expected to be much faster than in 
previous work at 475 K.* For example, using the known Arrhenius 
parameters,I2 we calculate rate constants of 9.7 and 1.3 X lo6 
s-l at 475 and 800 K, respectively. In the present experiment, 
the rise and fall of the fluorescence is observed on the microsecond 
time scale, comparable to the calculated unimolecular decom- 
position rates. As will be discussed below, this argues that the 
observed emission is from a short-lived radiator. 

The high-temperature luminescence spectrum obtained in the 
present experiment is indicated in Figure 4. This point-by-point 
spectrum was obtained by integrating the areas under the emission 
profiles as a function of detection wavelength. Also shown in this 
figure are the spectra of acetone fluorescence and phosphorescence 
normalized to the same peak i n t e n ~ i t y . ~ * ~ ~  It can be seen that 
the present emission is due to acetone fluorescence. The effective 
lifetime of acetone fluorescence has been shown previously to be 
2 1 1 9 . ~ ~ 9 ~ ~  Thus, the observed emission provides an instantaneous 
profile .of the TMD density during the decomposition reaction. 
No acetone phosphorescence was observed in the present exper- 
iment (as concluded from the spectrum and the fast time scale 
of the observed emission). 

Determination of the High-Temperature Photon Yield and 
Singlet Yield. The photon yield, a, is defined as the number of 
photons emitted per decomposition event. The photon yield was 
measured by comparing the observed emission from reaction 1 
with emission from benzene, whose fluorescence quantum yield 
is well-known. Benzene excited at  252 nm has been shown pre- 
viously to have a fluorescence quantum yield 4 = 0.22 for pressures 
in the range 0.5-20 Torr.35-36 The excitation and detection 
geometries used to measure benzene fluorescence were identical 
with those described previously for fluorescence from TMD de- 
composition. The benzene pressure was varied between 0.3 and 
1.0 Torr. Excitation at 248 nm was achieved by using a KrF 
eximer laser. The point-by-point spectrum for benzene is shown 
in Figure 5. The photon yield for reaction 1 was obtained by 
comparing the two emission signals after correcting them for the 
number of molecules excited in each case by using eq 3, where 

9 = 0.22(Fl(TMD)/ [TMD*])( [C6H6*] /Fl(benzene)) (3) 

FI is the fluorescence signal, [TMD*] is the number of TMD 
molecules that undergo dissociation per shot, and [C6H6*] is the 
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Figure 5. Determination of the photon yield for reaction 1. Emission 
spectrum from the decomposition of TMD, 0, compared to the benzene 
fluorescence spectrum, 0, at 0.3 Torr, shown on the same intensity scale. 
The TMD curve was obtained by using an incident laser fluence of 0.7 
J/cmZ and CH3F as the sensitizing agent. 
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Figure 6. Transient absorption signal at 300 nm following infrared 
excitation of a gas mixture consisting of 1 .O Torr of TMD and 1 1.5 Torr 
of CH3F. The absorption was measured by using (a) a high-pressure 
xenon lamp (1000 W) and (b) a deuterium lamp (40 W). The relative 
transmission scale corresponds to part a .  The transmission signals before 
and after the peak transient signal are given by I ,  and f,,, respectively. 

number of excited benzene molecules per shot. The fluorescence 
signals were corrected for the different detection sensitivities at 
the two fluorescence wavelength maxima. 

It was previously shown that all of the TMD molecules within 
the irradiated volume undergo decomposition at steady state, 
yielding [TMD*] = [TMD], = 1.8 X loi6 molecules/cm3 for the 
data in Figure 5. The number of benzene molecules excited per 
shot can be calculated by using the absorption cross section for 
benzene at 248 nm, and the incident laser 
fluence. Comparing the emission curves for TMD and benzene 
by using eq 3 results in a calculated photon yield of 9 = 3.4 X 

with use of the benzene fluorescence quantum 
yield of 0.22 determined at 252 nm. The largest source of error 
in this determination is the steady-state concentration of TMD, 
measured with an estimated error of &25%. Note that over the 
temperature range studied, the photon yield is independent of 
temperature. 

The decomposition of TMD in solution has previously been 
shown to result in a yield of 0.0004-0.008 for IA*." The 
fluorescence quantum yield for acetone is reported to be 0.002.33,34 
This predicts a maximum theoretical photon yield of 0.008 X 0.002 
= 1.6 X for 'A*, which is close to, although smaller than, 
our measured value. Conversely, our measured photon yield 
predicts a singlet yield of 0.017 f 0.008, about 2 times larger than 
the yield observed in solution. 

= 100 M-' 

& 1.5 X 

(37) Bischel, W. K.; Jusinski, L. E.; Spencer, M. N.; Eckstrom, D. J. J .  
Opt. SOC. B 1985, 2, 811. 
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Figure 7. Absorption spectrum of the peak transient signal due to triplet 
excited acetone using experimental conditions as in Figure 6 .  Also shown 
are previous spectra of triplet acetone in solution. The present spectrum 
and those of Porter et aL3*J9 have been normalized to the absolute cross 
sections of Kasama et aL40 

Determination of the Triplet Yield Using Transient Absorption. 
Because 3A* does not measurably emit under our experimental 
conditions, it was not possible to determine the triplet yield from 
emission studies. Triplet excited acetone was therefore studied 
by using absorption spectroscopy. A transient absorption signal 
at 300 nm obtained during the decomposition of TMD is shown 
in Figure 6A. This figure displays the xenon lamp intensity 
through the LPHP cell as a function of time before and after the 
decomposition and displays a maximum of about 5% attenuation 
of the monitoring light beam at 300 nm. Any species created that 
absorbs light a t  300 nm causes the lamp intensity to decrease. 
The observed signal in Figure 6a suggests a transient species is 
formed rapidly after infrared irradiation and decays in approx- 
imately 5 ps. The much larger signal decrease occurring at  95 
ps corresponds to gating off the photomultiplier tube, thus pro- 
viding a zero level enabling quantitative transmission measure- 
ments. Part B in this figure is a similar experiment shown on an 
expanded scale obtained by using the D, lamp. 

The spectrum of the observed transient absorption signal is 
indicated in Figure 7. The general shape and position of the 
observed signal are similar to those reported previously for triplet 
acetone in s o l u t i ~ n ~ ~ - ~ ~  (also shown in Figure 7). We have 
therefore assigned the observed transient as 3A*. Note that there 
is a large variation in the shapes of the reported 3A* spectra in 
the 300-350-nm region. The origin of this discrepancy is not clear 
but may be related to secondary photolysis of 3A*. The present 
values agree with the most recent ones obtained in solution by 
Kasama et al.40 

Solution-phase spectra of triplet acetone have not been obtained 
at  wavelengths below 300 nm due to interference from ground- 
state acetone absorption. We also have a small interference for 
X < 300 nm due to acetone that is formed via reaction 1. The 
data shown in Figure 7 were obtained by assuming that a t  the 
absorption peak, the TMD had completely decomposed, and thus 
any absorption signal was due to the sum of 3A* and ground-state 
Ao. The contribution from ground-state acetone was subtracted 
out by using the known absorption coefficients for acetone4I and 
the concentration of acetone expected from total decomposition 
of TMD within the irradiated volume (as discussed below). The 
resulting spectrum is that shown in Figure 7. 

An important point to notice in Figure 6b is the base-line shift 
before and after laser excitation. More UV light is passing through 
the cell after irradiation than before. This shift is due to de- 
composition of TMD ( E  = 25 M-' cm-' a t  300 nmZ3) to form 
ground-state acetone ( E  = 7.7 M-I cm-' at 300 nm4I). Thus, the 

(38 )  Porter, G.; Yip, R. W.: Dunston, J. M.: Cessna, A. J.; Sugamori, S. 

(39) Porter, G.: Dogra, S. K.: Loutfy, R. 0.; Sugamori, S. E.: Yip, R .  W. 

(40) Kasama. K.; Takematsu, A,;  Arai, S. J. Phys. Chem. 1982, 86, 2420. 

E. Trans. Faraday SOC. 1971, 67, 3149. 

Trans. Faraday SOC. 1973. 69, 1462. 

measured base-line shift, - log (Zl/Zo) (Figure 6), is due to the 
difference between absorption by TMD (before laser irradiation) 
and by ground-state acetone (well after laser irradiation). To a 
first approximation, the final concentration of acetone is simply 
twice the steady-state concentration of TMD. However, the actual 
acetone concentration measured 50 ps after laser excitation is 
much lower due to shock-wave expansion of the irradiated gas 
mixture.2s It can be shownZ5 that for a peak temperature of 950 
K, the gas density in the irradiated region decreases by a factor 
of 2.7 for reaction times longer than 30 ws. Thus, the acetone 
concentration at 50 p s  can be estimated as (2/2.7)[TMDIs,. The 
base-line shift can therefore be expressed as in 4, where b is the 

UV absorption path length. With use of this equation and known 
values for tTMD and tacetOner the base-line shift gives the steady-state 
concentrations of TMD during the decomposition. The steady- 
state concentration of TMD determined in this way agrees 
quantitatively to within 30% with that determined from UV ab- 
sorption at 205 nm discussed above. 

Triplet acetone in solution has a fairly strong absorption at 300 
nm with t = 600 f 100 M-' ~ m - ' . ~ '  With use of this value and 
the absolute absorption at the peak of the transient signal, the 
peak concentration of 3A* during TMD decomposition can be 
determined. Knowledge of both [TMD],, and the peak concen- 
tration of 3A* allows the chemiexcitation yield for 3A* from 
reaction 1 to be calculated. 

A lower limit to the yield of 3A* formation is given by eq 5 

by using the fact that all of the TMD in the irradiated volume 
undergoes dissociation. The data in Figure 7 for wavelengths 
between 300 and 320 nm result in a lower limit for the triplet yield 
of aT I 0.10 (f0.03). As was the case in the 'A* yield, the largest 
source of uncertainty in the 3A* yield was in the determination 
of [TMD],. Over the range of UV wavelengths used, the mea- 
sured chemiexcitation yield for 3A* was independent of wave- 
length. Equation 5 results in a lower limit to the chemiexcitation 
yield because only the peak concentration is measured,. not the 
total production of 3A* integrated over time. Furthermore, if any 
3A* has left the irradiated region in the 10 ps before the peak 
signal (due to shock-wave expansion), then the true chemiexci- 
tation yield could be up to 2.7 times higher than the value reported 
here. The measured lower limit to the chemiexcitation yield is 
comparable to the triplet yield reported for TMD decomposition 
in solution (0.3-0.5).'' The lifetime of the transient signal and 
the calculated triplet yield were independent of TMD pressure 
over the range studied, [TMD],, = 0.35-0.70 Torr. 

The temporal profile of the transient absorption signal indicates 
that the 3A* population is relatively short lived. The exact tem- 
poral profiles observed depend on the temperature of the laser- 
irradiated gases. Higher temperatures result in slightly faster 
transient rise and decay times. Exponential fits of the absorption 
decay data a t  a total pressure of 12.5 Torr (in essentially pure 
CH3F) yield an average lifetime for 3A* of 5 3 ps. This is much 
shorter than the lifetime of gas-phase vibrationally relaxed triplet 
acetone, 200 ps ,  measured in the milliTorr and Torr pressure 
range.42*43 Note, however, that this time scale is similar to that 
observed for 3A* in solution (values ranging from 2-50 ps).38-40,44 

One possible explanation of the shorter lifetime of 3A* observed 
in our high-temperature experiment is that further decomposition 
of hot 3A* is occurring. This possibility, however, can be ruled 
out by the product analysis carried out after laser irradiation, 
which indicates that acetone is the only product formed in the 
decomposition. Another possible reason for the shortened lifetime 

(41) Calvert, J. G.: Pitts, J. N., Jr. Photochemistry; Wiley: New York, 

(42) ONeal ,  H.  E.; Larson, C. W. J .  Phys. Chem. 1969, 73, 1011. 
(43) Copeland, R. A,: Crosley, D. R. Chem. Phys. Letr. 1985, 115,  362. 
(44) Turro, N.  J.: Steinmetzer, H. C.; Yekta, A. J .  Am. Chem. SOC. 1973, 

1966; p 371 .  

95, 6468. 
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of TMD is electronic quenching by the CH3F buffer gas. The 
data in Figure 6 were obtained by using 1 1.5 Torr of CH3F. Thus, 
if quenching is the mechanism for depletion of 3A* population, 
the quenching rate constant is approximately 5 X cm3/ 
(molecule s). This value can be compared to previously measured 
acetone triplet quenching rates in solution and in the gas phase. 
Rate constants in the range 10-16-10-12 cm3/(molecule s) have 
been measured for a variety of quenchers in s o l ~ t i o n . ~ ~ - ~  In the 
gas phase, O2 has been shown to quench 3A* with a rate constant 
of 7.5 X cm3/(molecule s).~~ Further tests of the quenching 
postulate under our experimental conditions are difficult because 
variations in the CH3F pressure cause variations in the temperature 
of the reacting system. We have been unable to perform ab- 
sorption studies using SF6 as the heating gas due to the technical 
problem of low reflectivity of quartz at 10.6 pm. Further studies 

(45) Costela, A,; Crespo, M. T.; Figuera, J. M. J .  Photochem. 1986, 34, 
165. 

of electronic quenching of directly excited gas-phase acetone would 
prove very useful. 

Conclusion 
The high-temperature decomposition of gas-phase TMD has 

been studied by using LPHP to obtain quantitative values for the 
chemiexcitation yields. The observed emission is due entirely to 
‘A*, whose yield is measured to be as = 0.017 f 0.008. This value 
is somewhat higher than that observed at room temperature in 
solution. A lower limit to the triplet yield was found to be aT 
2 0.10 f 0.03. This yield is comparable to that found previously 
in solution. The main difference observed in the present study 
is the very short lifetime of 3A* under our experimental conditions. 
This is postulated to be due to electronic quenching by CH3F with 
an estimated rate constant of 5 X 
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Sources of Excited Cyclohexane in the Radiolysis of Cyclohexane‘ 
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Streak camera measurements of the relative yield of the excited state of cyclohexane (CH*) as a function of electron scavenger 
concentration (perfluoro-n-hexane, COz, and N20) strongly indicate that less than 10% of the CH* is formed by direct excitation. 
The effects of the scavenging of geminate electrons on the yield of CH*, in terms of the formulationf, = (cY[S])~/(I + (cY[S]~) ,  
wheref, is the fraction of geminate electrons scavenged, [SI is the scavenger concentration, and CY and n are constants (parameters), 
can be described as follows: for perfluoro-n-hexane, n = 1 and a = 35 M-]; for C 0 2 ,  n = 0.6 and a = 50 M-’; for N20,  
n = 0.6 and a = 40 M-’. The effects of static quenching of CH* by the electron scavenger are taken into account in the 
analysis and are estimated from the values measured for the quenching rate constants. We obtain quenching rate constants, 
corrected for the effects of time-dependent rates, 2.4 X 1O’O M-I s-l for N 2 0  and C 0 2  (3Z20% estimated uncertainty) and 
0.71 X 10” M-’ s-I for perfluoro-n-hexane ( 3 ~ 1 5 %  estimated uncertainty). 

Introduction 
When liquid hydrocarbons are subjected to ionizing radiation, 

excited states can be formed instantly by direct excitation and 
almost instantly (in ca. 100 ps) by geminate ion recombination. 
The overall efficiency of excited-state formation in cyclohexane, 
which has been a frequently studied liquid in this respect, can be 
stated in terms of the measured G value of 1.45 f 0.15 molecules 
per 100 eV absorbed2 by the solution, or in other words, about 
one excited state for every three ionizations. 

Experiments have shown that the excited state observed via its 
emission in the 200-nm region is formed rapidly (in less than 100 
ps), but limitations on time resolution and interference from 
Cerenkov light have prevented the direct determination of the 
fractions of this excited state formed by direct excitation and 
recombination. Thus, the origin of the excited state has been 
determined by inhibiting the ion recombination reaction with 
additives which react with the electron, and thus determining the 
total yield of fluorescence as a function of electron scavenger 
concentration. However, an electron scavenger can affect the 
fluorescence by mechanisms other than electron capture; Le., the 
fluorescence yield can be decreased by both static and dynamic 
quenching of the excited states by the electron scavenger. Since 
many parameters neeeded to determine the role of the concen- 
tration of an electron scavenger are not well-known, the inter- 
pretation of these measurements is fraught with difficulties. In 
fact, recent experimental results have led to opposite conclusions 
concerning the fraction of these excited states which are produced 
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by ion recombination vs the fraction produced by direct excitation 
of the s o l ~ e n t . ~ - ~  

We have developed a streak camera technique to measure the 
emission induced by 30-ps pulses of electrons and have shown the 
importance of fast time resolution in determining the “initial yields” 
and rate constants of very rapid processes. The role of interfering 
Cerenkov radiation is difficult to determine if the time resolution 
is not about a factor of 10 faster than needed to determine the 
reaction rates. With our present equipment, it is possible to 
determine both the “initial yield” and the decay of the excited 
state. We can measure the rate of excited-state quenching and 
from those data estimate the reaction cross section for the 
quenching reaction. Using this cross section, we can also estimate 
the static (or Perrin) quenching volume. Thus, such experiments 
can determine all the parameters necessary to separate the im- 
portant processes which lead to a decrease in the initial yield of 
excited states. 

Experimental Section 
The cyclohexane and isooctane (Burdick and Jackson distilled 

in glass grade) were purified by passage through columns of silica 
gel (Aldrich, grade 12,28-200 mesh) which had been heated in 
a vacuum oven at 290 OC overnight. The absorbance at 206 nm 
was about 0.05 per cm for the purified deaerated solvents. 
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