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The collisional loss of vibrational energy from gas-phase toluene, pumped by a pulsed KrF
laser operating at 248 nm, has been observed by monitoring the time-resolved infrared
fluorescence from the C-H stretch modes near 3.3 um. The fragmentation quantum yield of
toluene pumped at 248 nm was determined experimentally to be ~6%. Energy transfer data
were obtained for 20 collider gases, including unexcited toluene, and analyzed by an improved
inversion technique that converts the fluorescence intensity to the bulk average energy, from
which is extracted ({AE )), the bulk average amount of energy transferred per collision.
Comparisons are presented of these results with similar studies of benzene and azulene, and
with the time-resolved ultraviolet absorption study of toluene carried out by Hippler et al. [J.
Chem. Phys. 78, 6709 (1983)]. The present results show ({AE ) to be nearly directly
proportional to the vibrational energy of the excited toluene from 5000 to 25 000 cm ~ . For
many of the colliders at higher energies, the energy dependence of ({AE )) is somewhat
reduced. A simple method is described for obtaining good estimates of (AE ), (the energy
transferred per collision in deactivating collisions) by carrying out an appropriate least-squares
analysis of the ({(AE )) data. The values of (AE ), are then used in master-equation
calculations to investigate possible contributions from “supercollisions” (in which surprisingly
large amounts of energy are transferred) in the deactivation of toluene.

i. INTRODUCTION

The vibrational relaxation of highly excited molecules
has a large influence on many chemical processes and it has
been investigated by a variety of experimental and theoreti-
cal methods. Traditionally, energy transfer has been investi-
gated in unimolecular reaction systems,' but physical tech-
niques, which can be used below the dissociation energy,
have proved to be very useful in measurements of ((AE )},
the bulk average amount of energy transferred per collision.
Direct experimental results on ((AE )} are available for ex-
cited triatomic and large polyatomic molecules over a wide
range of vibrational energy and temperature. Most of the
studies have been carried out using time-resolved infrared
fluorescence (IRF) or ultraviolet absorption (UVA), The
IRF technique has been used to measure the collisional deac-
tivation of azulene,? 1,1,2-trifluoroethane,® benzene,* and
several of its derivatives.” The UVA technique has been used
to study energy transfer in several large polyatomic mole-
cules,®” CF;L® and the triatomics SO, (Ref. 9) and CS,.'°
In addition, techniques based on photothermal processes
have been employed for energy-transfer studies.'’"'* Tech-
niques developed recently by Luther and co-workers'> and
by Weisman and co-workers'® promise to provide informa-
tion that is even more detailed.
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The present work is part of a series of investigations of
benzene derivatives, which are large molecules with high
densities of states, but are small enough to provide practical
tests of theoretical calculations. Theoretical descriptions of
large-molecule energy transfer have lagged behind the ex-
perimental measurements, although some progress is being
made. Several theoretical models have been developed for
large molecule energy transfer, including models originally
developed for small molecules and then extended to larger
species. Some of these models, such as the Schwartz—
Slawsky—Herzfeld theory!” as extended by Tanczos!® and
corrected by Yardley, are discussed by Yardley.!” Later, sta-
tistical models and statistical dynamical models were devel-
oped to explain experimental data on ({AE }}."*° Of special
note are the impulsive ergodic collision theory, developed by
Schranz and Nordholm,?' the model described by Sceats,??
and the approach taken by Gilbert?® and Lim and Gilbert,>*
who have described the biased random-walk model, which
has only been applied to monatomic colliders thus far. One
avenue for theoretical development is the use of classical
trajectory calculations, although they suffer from funda-
mental defects, as described elsewhere,?® and they depend on
detailed potential-energy surfaces, which are largely un-
known. Nonetheless, trajectory calculations carried out by
Lim and Gilbert for azulene®® and by Schatz and co-workers
for CS, (Ref. 27) seem to be quite successful in describing
major qualitative features of collisional energy transfer.

Toluene has been the subject of previous energy transfer
studies. Hippler and co-workers®® %) used the UVA tech-
nique to follow the collisional deactivation of highly excited
toluene produced from the photoisomerization of cyclohep-
tatriene. In that experiment the toluene molecules were pre-
pared with 52 000 cm ! of vibrational excitation after irra-
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diation of the cycloheptatriene, which undergoes fast inter-
nal conversion and subsequent molecular isomerization to
form the highly excited toluene. At this high energy the to-
luene molecule can further dissociate into benzyl radicals
and H atoms (E; = 30 180 cm ~ '), but this decomposition
can be minimized by efficient competition of collisions.
Hippler and co-workers carried out a very complete study,
investigating the deactivation of the excited toluene by about
60 different collider gases. Their results will be discussed
further and will be compared with the present work in Sec.
Iv.

Luther and co-workers’® have developed a multiphoton
ionization method (termed “kinetically controlled selective
ionization:” KCSI) that promises to give detailed informa-
tion about the time-dependent population distributions that
occur during the vibrational deactivation of large molecules.
Currently, the collisional deactivation of toluene produced
by the photoisomerization of cycloheptatriene is being inves-
tigated by this technique and only preliminary results have
been published.’® By varying the delay time between the
pump laser and the multiphoton ionization probe laser, the
time evolution of the population distribution at selected en-
ergies can be monitored during the relaxation. An advantage
of this technique is that the KCSI signal gives information
about the higher moments of the population distribution, in
addition to ({AE )). A disadvantage of the technique is that
the accessible energy window is quite low ( <10000cm ™ !)
and the photophysics of the multiphoton ionization must be
characterized fully.

An important result of the KCSI experiments on to-
luene is that “supercollisions” make a contribution.'® Super-
collisions are collisions in which an unusually large amount
of energy is transferred. The existence of supercollisions was
inferred by Oref and co-workers from experiments with cy-
clobutene excited by large molecule colliders,® and the
K CSI experiments indicate they are also present in the deac-
tivation of toluene. Recent classical trajectory calculations
provide supporting evidence.?’ The presence of supercolli-
sions can strongly affect the time-dependent population dis-
tributions produced in collisional deactivation and they may
also affect measurements of ((AE )).

In the present work, the IRF technique is used to moni-
tor the collisional deactivation of highly vibrationally excit-
ed toluene pumped with a KrF excimer laser at 248 nm. This
study is part of a larger effort (which began with investiga-
tions of azulene and benzene) to compile an experimental
database that will aid in understanding how different molec-
ular properties affect the energy transfer process. An impor-
tant aspect of this effort is to develop methods for the extrac-
tion of the energy-transfer parameters from the measured
IRF decay, while minimizing systematic errors due to the
analysis method. Moreover, careful attention is given to the
evaluation of the statistical errors in order to facilitate valid
comparisons with other experimental and theoretical stud-
ies. An added feature of the present work is the description of
a simple, reasonably accurate method for estimating
{AE),, the average energy transferred in deactivating colli-
sions, which is often the most useful energy transfer param-

eter for implementing master-equation calculations. Finally,

the possible contributions of supercollisions to the present
results are investigated through the use of master-equation
calculations.

1. EXPERIMENT

The collisional relaxation of toluene was monitored
with the IRF technique, which has been described elsewhere
in detail.>* Basically, a KrF excimer laser (248 nm) irra-
diated the gas-phase species in a 30 cm long, 4.5 cm diam
Pyrex cell. Laser-beam transmittance measurements carried
out with a Scientech volume-absorbing calorimetric power
meter gave an  absorption cross section of
(3.74+0.2) X107 ¢m? (base ¢) at 248 nm for toluene,
very similar to the value obtained previously for benzene.*
The average laser fluence employed in the present measure-
ments was ~25 mJ cm ~?, such that ~0.5% of the mole-
cules in the laser beam were excited. This laser fluence may
be high enough to produce multiphoton ionization of a small
fraction of the toluene, as in benzene,?° but no indications of
this process were observed. The C~H stretch IRF emission
near 3.3 um was viewed through a quartz side window by a 3
mm diam InSb (77 K ) photovoltaic detector (Infrared As-
sociates) equipped with a matched preamplifier and an in-
terference filter. The signals were further amplified with a
Tektronix AM 502 ac-coupled amplifier and averaged with a
LeCroy 9400 digital oscilloscope for ~ 5000 pulses, in order
to achieve good signal/noise ratios in each experiment. The
signal was further analyzed after transfer to a Macintosh
personal computer. The IRF signal time response was limit-
ed by the ~ 5 us rise time of the infrared detector/preampli-
fier, as described previously.*

Toluene (Aldrich) was degassed prior to use. Flowing
conditions were employed for pure toluene decay measure-
ments and pressures in the cell were varied from 10 to 50
mTorr (at pressures lower than 10 mTorr, diffusion of the
excited species and deactivation on the cell walls may intro-
duce complications). Collider gas experiments were per-
formed under static bulb conditions in mixtures containing
10 mTorr of toluene (“parent” gas) and up to about 800
mTorr of the collider. The collider gases were all research
grade and were used without further purification. The gas
samples were introduced into the cell through a fine-control
needle valve and pressures were monitored with a 0-1 Torr
capacitance manometer (MKS Baratron model 227).

A small pressure decrease was observed while irradiat-
ing pure toluene (10-50 mTorr) under static bulb condi-
tions, indicating the presence of photolytic reactions. Some
polymeric deposition on the walls has been reported in the
literature for higher pressure conditions; in our experiments
(involving much lower pressure) a brown film developed on
the windows at the sites of entry and exit of the laser beam.
The possible formation of products was investigated in Ref.
31, where it was concluded that the yield of CH, and H, or
C,H, was negligible. The absence of bibenzyl in that study
suggested that if benzyl radical were formed, the only signifi-
cant reaction was the recombination to re-form toluene. In
order to determine the possible effects of toluene photode-
composition in the static cell experiments [the threshold en-
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ergy to produce the benzyl radical and H atom is ~ 30 180
cm ™! (Ref. 32)], we used a modulated molecular-beam
mass spectrometer to search for photoproducts, as described
previously.* The quantum yield for toluene loss was found to
be 6 + 2%, and the only gas-phase product detected was H,.
This result is consistent with the formation of benzyl radicals
and hydrogen atoms, which can react to produce H, and
bibenzyl, which has too low a vapor pressure at room tem-
perature to be detected in our experiments; this set of prod-
ucts can explain both the small pressure decrease observed
and the film deposited on the windows.

The effect of the toluene photodecomposition on the
IRF measurements is probably quite small, because the
~10000 cm~' energy remaining after photodissociation
must be partitioned between the hydrogen atom and the ben-
zyl free radical. Benzyl is likely to emit IRF near 3.3 um and
it may contribute to the observed signal. However, with
<10 000cm ~ !, the initial fluorescence intensity of each ben-
zyl radical will be <6% of that of each excited toluene mole-
cule, which contains ~40 000 cm ~!. This small relative in-
tensity, coupled with the low quantum yield for benzyl
radical formation, will produce very little contribution by
excited benzyl to the observed IRF signals.

Ill. TOLUENE PHOTOPHYSICS

In the present experiments toluene was excited at 248
nm to the S, state, which, as described below, subsequently
undergoes radiationless transitions to form highly vibration-
ally excited molecules in the ground state (S,). As men-
tioned in the preceding section, about 6% of the toluene also
is lost through photodissociation. A fundamental require-
ment of the IRF experiment is that the rate of internal con-
version (IC) or intersystem crossing (ISC) to the ground
state in the surviving molecules must be rapid compared to
collisional deactivation and infrared fluorescence. Therefore
it is important to know the rates of the radiationless pro-
cesses and the amount of energy that is lost by fluorescence
from the excited S, state.

In excited toluene, conversion to the electronic ground
state apparently occurs, as in benzene, through two succes-
sive ISC steps (S, —T;—S,), and direct IC to the ground
state is not important.** Much information is available about
the spectroscopy and decay mechanisms of the first excited
singlet states of aromatics, but less information is available
concerning the low-lying triplets. Lifetimes of many S, levels
at energies near the origin are known,** mostly determined
by fluorescence lifetime measurements. Jacon et al.>® studied
the fluorescence decay times and quantum yields for isolated
toluene molecules as a function of energy and wavelength.
They found that the rate of nonradiative transitions from S,
increases rapidly with energy: at 248 nm this rate is
~3.3%107 s~ ! and the fluorescence quantum yield is 0.09.
Unfortunately, there are no direct measurements of the rate
constant for S, — 7', ISC at an energy corresponding to 248
nm, but the rate constant for ISC is 8.5 10°s ! at 37 500
cm ~',3 and this value increases with the excitation energy;
furthermore, it was found that IC can be neglected, because
the quantum yields for fluorescence and for ISC account for
94% of the decay from the S state. According to Burton and

Noyes the same mechanism is likely operating at 40 300
cm~! (248 nm). Thus, in the present experiments, the
S,— T, ISC is the dominant deactivation process of the S,
state and its rate is probably ~3X107s !,

There are three measurements under collision free con-
ditions of the T, triplet lifetime of toluene,>*3%%" and these
studies at the same energy reveal some minor discrepancies.
For example, at E(vib,T;) = 9370 cm ~ !, Luther and co-
workers reported a value of k; = 3.4X10° s~ !, which is
~30% lower than the extrapolated value from Dietz, Dun-
can, and Smalley;>? the latter measurement was reported to
be twice as large as the value from Ref. 36. Notwithstanding
these relatively small differences, a major concern of all these
studies has been to explain the energy dependence of the
radiationless decay rates. The T, — S, ISC in some aroma-
tics, including benzene and toluene, exhibits a very strong
increase in rate within the first 1000-2000cm ~ ! followed by
a much more gradual increase (almost no energy depen-
dence), a region termed the ““saturation range.” In the pres-
ent experiments (~11 500 cm ™! of vibrational energy in
the triplet state), the triplet state decay rate is kr~10°
s~ 1 .36

Thus, we conclude that ~90% of the toluene molecules
that do not decompose are found in highly vibrationally ex-
cited states of S, after ~1 us, or less; the remaining ~ 10%
are lost from view due to electronic fluorescence and do not
participate in IRF emission.

IV. RESULTS AND DISCUSSION
A. Inversion of IRF data to obtain ({£)),,, and ((AE)),,,

A typical fluorescence decay curve obtained for pure
toluene at 20 mTorr is shown in Fig. 1; the decay curves for
other collider gases were similar, but had lower signal/noise
(S/N) ratios and the decays occurred on different time
scales. Due to the limited time response of the infrared detec-
tor, the intensity at z = 0 was not observed directly, but was
obtained by back-extrapolation of a function fitted to the
data obtained after 7 us. As in previous experimental
work,>* these IRF decay curves, although approximately
exponential, are better fitted to nonexponential empirical
functions using nonlinear least squares. The Marquardt non-
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FIG. 1. C-H stretch IRF fluorescence decay. Conditions: 248 nm excita-
tion, 20 mTorr toluene (flowing system).

J. Chem. Phys., Vol. 85, No. 1, 1 July 1991



Toselli et al.: Vibrational relaxation of toluene 179

linear least-squares algorithm®® was used to obtain numeri-
cal fits to the following empirical function:

(I(2))y =Aexp(— k't +b"t?) + B, (1)

where k’ and b’ are fitted parameters which depend on col-
lider gas pressures (see below). This expression was used to
obtain a smooth empirical fit to the experimental data and to
extrapolate the intensity to ¢t = 0.

In order to relate the observed IRF signal to the vibra-
tional energy content of the excited toluene, the following
theoretical expression®* (originally from Durana and Mc-
Donald*®) was used:

N modes Vmax
I(E) = ——(°"—— > hvd® Y vp, ((E—uvhv).

s f=1 v;=1
(2a)

Here, N,, is the number of vibrationally excited molecules,
A s the Einstein coefficient for spontaneous emission for
the 0+ 1 transition of mode i, v; is its quantum number, Av,
is the energy of the emitted photon, and p,(E) and
Ps - (E —v,hv,) are, respectively, the density of states for
all s oscillators at energy E and that for the s — 1 modes,
omitting the emitting mode and the energy contained in it.
The summations are carried out for all vibrational modes
that emit in the wavelength range observed and for all vibra-
tional levels of each mode permitted by conservation of
energy.

Because the vibrational frequencies of the C-H stretch-
ing modes are found in a narrow range of energy (3000 + 60
cm~ ') and the absolute intensity is not used in the data
analysis, the number of excited molecules, the photon ener-
gies, and the Einstein coefficients can be combined in an
undetermined constant term, and a relative intensity, /' (E),
can be defined, which only involves densities of states and
which is directly proportional to the average energy residing
in the C-H stretch modes,

1 maodes Ymax

p,(E) 2 2 v,ps_ (E —vhv,).

=1 b =1
A vibrational assignment*® for toluene was used to obtain
the densities of states, which were evaluated using the Stein
and Rabinovitch implementation*! of the Beyer-Swinehart
algorithm®? for exact counts of states, as modified by Asth-
olz, Troe, and Wieters*® for free rotors.

To convert the observed intensity decays to energy de-
cays, knowledge of the initial energy is exploited to scale the
experimental data so that the initial intensity corresponds to
that calculated according to Eq. (2b): I'(¢=0) = 0.177.
The initial energy is taken to be the sum of the photon energy
( ~40300cm ~!) and the average thermal energy of toluene
at 300 K (~700 cm ~'). The scaled experimental intensity
data, or its least-squares fit, can then be “inverted” to give
the corresponding energy. To facilitate this process, values
of I'(E) were calculated for the energy range from 5000 to
45000 cm ~' and the results least-squares fitted to give the
following expression:

I'(E) = (2b)

In £E=11.924140.89703In 7' 4+ 0.093 16(In I")?
4+0.006396(In ') +0.000226(In I')*, (3)

where
5000 cm ~ '<E<45000cm .

To obtain the energy transfer parameters, the experi-
mental intensity decays must be converted to energy decays
and subsequently differentiated to obtain ((AE )), the aver-
age energy-transfer step size,

%«E» = ky, N ((AE)), (4a)

d

dZ<<E>> ((AE)). (4b)
Here, the double angular brackets** denote bulk averages of
vibrational energy and energy-transfer step sizes, k, is the
Lennard-Jones collision rate constant, N is the number den-
sity of collider, and Z( = k;; Nr) is the number of collisions.
It is important to note that the product &, ; ({AE )) appears
in Eq. (4), and not the individual terms; the separation of
this product into separate terms is arbitrary and is done for
historical reasons and for convenience. In comparisons with
other work, it may be necessary to adjust the values for
{{AE)) to compensate for different choices of k. In the
present work, values of k,; were determined in the same
manner and with the same Lennard-Jones parameters as in
Ref. 6(b) in order that direct comparisons can be made easi-
ly; the numerical values are collected in Table I.

Note that the population distributions evolve with time
and thusboth ((E }) and ({AE )) are time dependent. Since
both ({E(#))) and ({AE(s))) are determined for the same
instant of time from the experimental data, ((AE )) can be
expressed as a function of ({(E ) ). Toemphasize that the bulk
average energies and step sizes were obtained from experi-
mental data according to the inversion methods described in
this section, the subscript “inv” is added: ({E)),, and
( (AE > > inv*

For experiments involving collider gases it is necessary
to account for the effects of self-collisions (toluene*—
toluene), in addition to collisions of excited toluene with the
collider gas. In the present work two different approaches
were evaluated: methods 4 and B. Method 4 was used pre-
viously to extract energy-transfer parameters in experiments
with benzene, where a full description of the method is pre-
sented.* Basically, method A4 is as follows: (a) each experi-
mental decay curve is normalized according to laser pulse
energy and absorber number density and the intensities were
normalized so that the average intensity of all runsat t =0
was equal to 0.177 (see above), but individual runs may
differ; (b) it is assumed that the decay rate of the IRF signal
is due to the linear combination of parent and collider contri-
butions, i.e., a linear sum rule (LSR) is assumed for the
parameters in Eq. (1): k'=k,N,+ kN, and
b"=b,N? + b.NZ, where k; and b, are constants and N,
represents the concentration of the parent or collider; (c)
assuming the validity of the LSR, a least-squares fit gives
empirical values for k., b, k,, and b,, and synthetic IRF
decay curves are generated based on k. and b, in Eq. (1)
(i.e., contributions from collisions with parent gas are ne-
glected); (d) the full covariance matrix resulting from the
nonlinear least-squares fit is assumed to be associated with
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TABLE I Collider gas data.

oy " «/K* 10%% —((AE)),, > (AE),*

Collider (A) (K) (cm®s- ') (em-') C (em™') c, 10°C, (1/cm~ ")
CH, 5.92 410 7.32 867 + 18 46.2 0.0538 —4.57
He 2.55 10 7.14 6241 28.6 0.007 84 — 1.00
Ne 2.82 32 4.26 7742 32.4 0.009 84 — 1.47
Ar 347 114 4.62 11243 36.1 0.008 98 —0.323
Kr 3.66 178 4.15 110+ 4 36.1 0.009 85 —0.769
Xe 4.05 230 4.25 124 +- 6 44.1 0.009 54 — 0.0406
H, 2.83 60 13.57 89+3 29.1 0.010 66 —1.49
D, 2.73 69 9.69 103 42 38.7 0.011 64 — 1.69
N, 3.74 82 5.27 139 44 39.3 0.0159 —2.63
o, 3.48 103 4.93 151 +3 354 0.0142 —1.63
co 3.70 105 5.44 163+ 3 34.8 0.0144 — 147
CO, 3.94 201 5.46 2454+ 6 37.4 0.0230 —3.33
H,0 27 506 7.13 364 4 13 52.1 0.0323 —5.05
D,0 2.71 506 6.82 29348 70.4 0.01797 —0.691
CH, 3.79 153 7.43 225+ 6 47.1 0.0197 —2.54
NH, 2.90 558 7.80 285 + 10 48.6 0.0213 — 194
SF, 5.20 212 5.09 368 + 4 46.9 0.0292 —3.50
-C;H, 4.63 299 6.86 576 + 12 22,6 0.0473 — 1701
C,H, 4.78 271 6.92 487 + 12 38.7 0.0333 —0.307
n-C,H,, 5.40 307 7.15 619 1+ 18 57.2 0.0403 —3.51

* Lennard-Jones parameters (for collider gases) from Ref. 6(b).

®Uncertainties are + 20 statistical errors; possible systematic errors are not included.

¢Evaluated at ((E)},,, =24000cm ~".

“(AE(E)) 4 = C) + GE + GE™.

k. and b, (i.e., it is assumed that there is no uncertainty N.k§,

associated with contributions due to parent gas) in the sub-
sequent propagation of errors analysis; (e) inversion of re-
sulting predicted net decay curves through use of Eq. (3)
giVeS ( <E( t) > )inv and ( <AE > )inv fOI' the
toluene* 4 collider gas collisions; (f) propagation of errors
is carried out using the full covariance matrix to obtain un-
certainties in {({E }),,, and ((AE)),...

An example plot of ((AE)),., vs ({E)),,, and esti-
mated uncertainties obtained using method A4 is shown in
Fig. 2. One of the limitations of method A is apparent in the
figure: the estimated uncertainty in {((E)),,, is much larger
than expected at high energy, which corresponds to times
early in the decay, when the energy is known best: at r = 0,
there should be no uncertainty in ((E )),,,. This overesti-
mate of the uncertainty is due to the assumption that all
sources of error reside in the IRF decay, even though signifi-
cant errors are associated with laser power measurements
and pressure measurements.

A second very important limitation of method 4 is that
the assumed LSR may not be valid. A new approach, meth-
od B, has been developed in order to eliminate that assump-
tion and to provide better estimates of uncertainty. In meth-
od B, the validity of LSR is not assumed and the total decay
of the IRF signal is considered. The procedure is as follows:
(a) every experimental decay curve is normalized individu-
ally so that its extrapolated intensity at ¢ =01is I, = 0.177
(see above); (b) the least-squares fit of ({J(#))) vs time is
inverted through use of Egs. (3) and (4) to obtain
((AE)),,, and {(E )),,, for the gas mixture; (c) for select-
ed values of ({(E)),,, (typically each 1000 cm ~!) curves
are constructed of ((AE}),,, vs F,, the fraction of colli-
sions that occur with the collider gas:

(3

© Nk§y Nk
where k|, is the collision rate constant corresponding to
collisions of excited toluene with collider gas (i = ¢), or par-
ent ({ = p). The next stepis (d) toextrapolateto {((AE }},,,
at each energy to F, = 1.0 to obtain ({(AE }),,, for collider,
uncontaminated by the effects of parent-parent gas colli-
sions; (e) propagation of errors is carried out to estimate the
uncertainties in ((E));,, and ({AE )),,,. Note that instead
of collision fraction, ordinary mole fraction could have been
used for the extrapolation to pure collider, but plots of
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FIG.2. — ({AE)),. vs ({E)),,, for toluene* deactivation by SF,. Com-
parison of the results of two analysis methods applied to the same experi-
mental data set (see text for details). Note the differences in estimated un-
certainties.
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FIG. 3. — {(AE)),, vscollision fraction of SF,. The arrows indicate val-
ues determined using method A (see text for details).

({AE )),,, Vs collision fraction are more nearly linear.

Figure 3 shows ((AE )),., asafunction of F, at selected
average vibrational energies for the toluene*-SF system us-
ing method B. Extrapolation to F, = 1 gives ((AE }),,, for
toluene*-SF, collisions. This method is advantageous in
that the contributions of toluene*—toluene collisions need
not be artificially subtracted from the energy decay (as in
method A4, using the linear sum rule). Although Fig. 3 does
not show large deviations from the LSR for this particular
case, such deviations have been found to be significant for
other collider gases.> The arrows at F, = 1in Fig, 3 show the
values of {{AE )),,, for toluene*-SF, collisions determined
using method 4. Figure 2 compares the two methods over a
wide range of average energies, showing general agreement
in ((AE)),,, at all energies, but distinct differences in the
detailed shapes. The downward trend in ((AE )}, at high
{{E)),» shown in Fig. 2 is consistently observed when
method 4 is used but is not present with method B. Although
this difference is small and may not be significant, the fact
that fewer assumptions are needed in method B leads us to
prefer this approach. In addition, the uncertainties in
{{E)),,, determined by error propagation in method B are
much closer to our expectations, especially at high energies
(which correspond to early times in the collisional cascade
when the uncertainties should be small).

The earliest portion of the experimental IRF decay
curves is dominated by the limited time response of the in-
frared detector. For pure toluene, tests were performed in
which data prior to 4-10 us were neglected in the least-
squares curve fitting in order to determine how much of the
data must be omitted in order to avoid contamination due to
the slow detector rise time (because of the relatively low S/N
ratio in these experiments, it was not possible to numerically
deconvolute the effect of the detector rise time). It was found
that after 5-6 us, all the least-squares fits produced very
similar values of the fitted parameters. All of the results re-
ported here were obtained with data starting at ¢ = 7 us. The
effect of the omitted data is minimized at low pressures,
where the IRF decay is slow, but the effect becomes more

significant at higher pressures. By combining results ob-
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FIG. 4. — {({AE)),,, vs {{E)),,, for toluene* deactivation by unexcited
toluene.

tained at pressures ranging from low to high pressures, the
effect is minimized, although it still plays a role at high ener-
gy. For this reason, data above 35 000 cm ~ ! are not shown
in most figures, even though the initial excitation energy was
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FIG.5. — ((AE)),,, vs ({E)),,, for toluene* deactivation by rare gases,
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~41000cm ™. Data below 5000 cm ~ ! are not shown, be-
cause Eq. (3) is not appropriate below that energy.

The results of the present work (analyzed according
to method B) are presented in Figs. 2 and 4-10. In
Table I, values of ((AE }),,, are presented at
({E ))iny = 24 000 cm ~'; this energy was selected in order
to allow direct comparisons with the tabulated data for azu-
lene.**®> For all collider gases investigated in this study,
({AE)),,, is nearly linearly dependent on {{E }),,, at low
energies, and, for most collider gases, ((AE )),,, shows a
tendency toward weaker energy dependence at energies
above about 25 000 cm ~'. This behavior is most apparent
for the larger colliders.

The rare gases (Fig. 5) exhibit a monotonic trend to-
ward higher ({AE }),,, values with increasing mass, similar
to azulene,2‘® but unlike benzene.* The reason for this be-
havior is not clear, but it may be related to the magnitude of
the lowest-frequency internal modes in azulene and toluene,
compared to benzene. It was argued previously* that helium
is anomalously efficient in deactivating benzene due to the
relative “‘impulsiveness” of its collisions in deactivating the
lowest-frequency mode. In toluene and azulene, the lowest-
frequency modes are much lower in energy than in benzene
and perhaps the impulsiveness of the collision is less impor-
tant.

A similar argument may apply to the relative efficien-
cies of hydrogen and deuterium, where the rotational veloc-
ities of these two diatomics may be important factors.* For
toluene deactivation, hydrogen and deuterium give values
for ((AE)}),,, that are similar to one another: there is little
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FIG. 6. — ((AE)),. vs ({E)),,, for toluene* deactivation by hydrogen
and deuterium.
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FIG. 8. — ((AE)),,, vs {{E)).., for toluene* deactivation by several
triatomics.
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isotope effect. Much more pronounced isotope effects are
observed in the deactivation of benzene, where the ratio of
({(AE)),,, valuesis ~+2, and in azulene, where the ratio is
~1.2. In discussing the isotope effect in benzene deactiva-
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FIG. 10. — ({AE)),,. v8 {{E)),,, for toluene* deactivation by complex
hydrocarbons.

tion, it was suggested that the higher rotational velocity in
H, favored energy transfer from the lowest-frequency modes
of the excited benzene (or azulene).* In toluene, the lowest-
frequency mode is the internal rotation and it is possible that
its effective frequency is so low that the higher rotational
velocity of H, provides no energy-transfer advantage over
D,, producing nearly equal ((AE)),,, values for the two
colliders. Similar arguments may apply to deactivation by
H,0 and D,0, which show only a small isotope effect.

Excited toluene, azulene,? and benzene* are all deacti-
vated more efficiently by NH, than by nonpolar colliders
with similar properties, such as CH,. This effect may be due
partly to an underestimate of the collision frequency, but it
may also be a direct consequence of the presence of the per-
manent dipole moment. The permanent dipole in the col-
lider can provide a coupling pathway that is not available to
nonpolar gases. Specifically, the oscillating dipolar fields as-
sociated with the vibrational modes of the highly excited
polyatomic may couple with the permanent dipole of the
collider gas, opening a route for vibration—rotation energy
transfer. This conjecture might be tested directly by using
appropriate classical trajectory calculations.

Further speculations about the origins of the trends ob-
served here must await development of better theoretical
models. More than 20 years ago, Rabinovitch and co-
workers*® found the same qualitative trend in collider effi-
ciency that is observed here, and it is still not explained satis-
factorily.'

B. (AE), from ({(AE)),,, data

For master-equation calculations, weak-collider unimo-
lecular reaction calculations, and other numerical simula-
tions of chemical systems where energy transfer plays a role,
it is often most convenient to use energy-transfer data in the
form of (AE(E)}),, the microcanonical average energy lost
in deactivation collisions as a function of the energy E. Since
the IRF and UVA techniques give results in terms of bulk
averages over both up and down steps and over a population
energy distribution, further analysis is needed to extract
(AE),. In addition to {(AE ),, numerical simulations also
require the functional form of the collision step-size distribu-
tion function P(E',E), which describes the probability that
a molecule with initial energy E will have energy E ' follow-
ing a single collision. Because the functional form of
P(E',E) is not known, various assumed and calculated
forms have been adopted?° in numerical calculations and it
has been found’?° that the exact functional form of P(E',E)
is not very important in many applications.

In the past, (AE), has been obtained from
({AE )., vs ({E)),,, data through laborious master-
equation simulations of experiments, while utilizing as-
sumed functional forms for P(E’,E).2‘® In this section, we
describe an efficient method for obtaining estimates of
(AE(E)}, [exponential model for P(E',E)] directly from
((AE )., vs {{E))},,, data sets, eliminating the need for
the time-consuming master-equation simulations.

The exponential model for P(E',E) is well known and
has been used extensively,"*® primarily because of its math-

ematical simplicity. An approximate relationship between
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(AE), and (AE) (average over up and down steps) was
derived previously, based on detailed balance between up
and down steps and the exponential model for down
steps.> The exponential model for down steps is given by

P(E'\E) =exp[ —(E—E")/a], O0<E'<E, (6)

where a is a parameter. For the exponential model, (AE ),
is given by

So(E— E")P(E'E)dE’
SEP(E'E)dE'

_a— (E—a)exp( — E/a)

1 —exp( —E/a) '

(AE>d =

(N

Note that when « is much smaller than E, (AE ), ~a. The
approximate relationship between (AE ) and a derived ear-
lier’® is

(AE>=C_1_a’ (8)

C=a '+ (kT)"'—B. (9

The factor B = d [In( p(E))1/dE is based on the Whitten—
Rabinovitch approximation for the density of rovibrational
states;***” for toluene, which contains an internal rotor in
addition to vibrations,

_s=14772
E+a(E)E,’

where s is the number of vibrations, r is the number of rota-
tions, E, is the zero-point energy, and a(E) is the Whitten—
Rabinovitch parameter. Equation (8) for (AE ) has been
shown to give results in excellent agreement with values ob-
tained by numerical integration with exact densities of states
both at low temperatures, where (AE ) is less than zero, and
at high temperatures, where (AE) can be greater than
zero'l(d),Z(c)

A simple approximate relationship between (AE ), and
{AE ) is obtained from the preceding equations by assuming
a = {AE),; this relationship is numerically accurate, ex-
cept at energies less than a few times «. Although o may be
energy dependent, the dependence on energy is found experi-
mentally to be weak and it does not significantly affect the
equations above, where energy dependence was not consid-
ered. To obtain (AE(E)), from ((AE));., vs {{E ),
data sets, we first neglect the effect of the bulk population
distribution and assume E~((E)),, and then identify
(AE) with ((AE)),,. The estimated (AE(E)), is ob-
tained by assuming it is given by a power series with coeffi-
cients that are adjusted by nonlinear least squares to give
agreement between (AE ) calculated from the above equa-
tions and the experimental {((AE )),,, values.

In the present work, excellent fits to the experimental
data were obtained using (AE(E)), = C, + C,E + C;E?;
use of a higher-order polynomial did not produce better
least-squares fits to the data. The nonlinear least-squares fit-
ting was carried out using the KaleidaGraph (version 2.1,
Synergy Software and Abelbeck Software) computer soft-
ware, which apparently uses the Marquardt algorithm, on a
Macintosh computer (Apple Computer, Inc.). The fitted

(10)

TABLE II. Whitten—-Rabinovitch parameters for toluene.?

Free rotors 1

Harmonic oscillators 38

Zero-point energy 27109¢cm ™!
Geometric mean frequency 1171.9898 cm !
B, " 1.3824

® Vibrational assignment from Ref. 40.
®For rovibrational states.

values for the coefficients are collected in Table I and they
provide useful functional forms for (AE(E)}),. They also
may be used with the above equations to reproduce accurate
numerical values for all the ((AE)),., vs {({E)),,, data
sets over the range of energies from 5000 to 35000 cm ™!
(40000 cm ~! for the toluene collider). For convenience,
the Whitten—Rabinovitch parameters used in the present
analysis for toluene are summarized in Table II.
Master-equation simulations were carried out to deter-
mine whether the approximate expressions for (AE(E)),
obtained above are useful for quantitative calculations. Spe-
cifically, the IRF experiments were simulated using the sto-
chastic master-equation implementation described else-
where,”  assuming an exponential model and
energy-dependent (AE(E)), from Table I. The calculated
IRF decay curves were inverted to energy decays by using
Eq. (8) and ({AE)),,, vs ({E)},, data sets were genera-
ted from the derivatives of polynomial least-squares fits of
({E ). asafunction of the number of collisions, according
to Eq. (4b). Examples of the simulated
((AE ). v8 {{E)),,, datasets are plotted in Fig. 11 along
with those obtained experimentally. The figure shows the
agreement between simulations and experiments to be very
good, although slightly better agreement might be obtained
by further refinement of the parameters through master-
equation simulations. Further refinements are not justified
at this time, because the actual functional form of P(E',E) is
not yet known and it is not likely to be a simple exponential.
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FIG. 11. Master-equation calculations compared with experimental data
for — ((AE});,, vs {{E)),., for toluene* deactivation by several gases.

The calculations are based on expressions for the microcanonical (AE ),
from Table 1.
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FIG. 12. Magnitudes of — ({AE)),,, for azulene [Ref. 2(e)], benzene
(Ref. 4), and toluene (this work) evaluated at ({(E)),,, =24000cm ",

However, it is noteworthy that (AE(E)) for every collider
gas in Table I has a tendency to roll off at higher energy. This
effect is not unexpected and is reflected in the plots of

((AE>>inv Vs ((E>>inv'

V. COMPARISON WITH OTHER RESULTS
A. IRF experiments

Previous IRF experiments on gas-phase azulene? and
benzene® also show a near-linear dependence of ((AE )),,,
on ({E )}, forall colliders at low energies, and in the case
of benzene (analyzed by method 4) a consistently weaker
dependence at energies above 25 000 cm ~ ' . Figure 12 shows
acomparison of ((AE )),,, values for azulene, benzene, and
toluene colliding with various bath gases at
{{E)),,, =24000cm~". The ((AE)),, values for to-
luene are intermediate between azulene and benzene, but
closer in value to azulene.

B. Uitraviolet absorption experiments

Collisional deactivation of toluene with an initial vibra-
tional excitation energy of 52 000 cm ™' has been studied
using the time-resolved ultraviolet-absorption (UVA) tech-
nique.®*® This method relies on an empirical calibration
curve relating the measured molecular absorption coeffi-
cient (1 =223 nm) to the internal energy of the excited
toluene. The empirical calibration curve was obtained by
measuring the temperature-dependent absorption coeffi-
cient of shock-heated toluene and then assuming the thermal
average absorption coefficient corresponding to an average
thermal energy in the shock-heated system also corresponds
to the bulk-average energy in the laser-excited energy trans-
fer experiments. This assumption was tested with numerical

simulations and with comparisons to absorption coefficients
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FIG. 13. Magnitudes of — ({(AE)),,, for toluene (this work) compared
with literature values [Ref. 6(b)] evaluated at ({(E)),, =24000cm .

inv

measured using laser excitation at selected wavelengths. The
resulting calibration curve at 223 nm is a nearly linear func-
tion of average energy up to energies >52000cm ™',

For the purposes of inverting the UVA experimental
data to obtain energy decay curves, the nonlinearity of the
calibration curve was neglected,®*®™-**> although it is quite
distinct [see the figures in Ref. 6(b)]. This analysis gave
((AE)),,, values nearly independent of the internal energy
from <10 000 to 50 000 cm ~! for a large number of collider
gases. Figures 13 and 14 show comparisons of the magni-
tudes and energy dependences of the ((AE }),,, values de-
termined in the present work and those given in Ref. 6(b) for
several collider gases. The differences in energy dependence
determined by the two experimental methods may arise
from experimental errors, or from the neglect of the nonlin-
earity in the UV A empirical calibration curve. The neglect of
the nonlinearity may significantly affect the derived energy
dependence of {({AE }),,., but the average values will be less
affected. Inspection of Figs. 13 and 14 shows that the energy
dependence of ((AE)),,, is consistently stronger in the
present IRF work than in the UVA experiments, but the
magnitudes of ((AE }},,, for all the collider gases are very
similar at a vibrational energy of 24 000 cm ' (which coin-
cidentally falls near the intersection of the curves in Fig. 14).
Thus agreement between the present results and the UVA
experiments is very good despite the difference in energy
dependence, which may be explained by the neglect of the
nonlinearity in the UVA empirical calibration curve.

C. P(E',E) and “supercollisions”

In recent experiments, Luther and co-workers have
used the KCSI pump-probe technique to monitor the colli-
sional energy cascade of excited toluene (initially produced
at 52 000cm ~') asit reaches an energy window at relatively
low energy.'® The KCSI experiments complement the pres-
ent work, because the present work is sensitive to ((AE ) ).,
at energies well above the bottom of the energy cascade,
while the KSCI experiments monitor populations at low en-
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ergies, where most of the cascade has already occurred. Es-
sentially, the KCSI technique measures a quantity related to
the arrival time distribution, and thus it is possible to deduce
not only the average arrival time, but also the width of the
population energy distribution.

When a full description of the KCSI results are avail-
able, they can be used along with the present results to obtain
estimates of the functional form of the collision step-size dis-
tribution: P(E',E). In modeling the KCSI results, Luther
and co-workers assumed the following step-size distribution
(not normalized) for down steps:'®

P(E'E) = (1 = f)exp[ — (E— E’")/a,(E)]

+/f. exp[ — (E— E")/ay(E)], (11)

where a,(E) and a,(E) are parameters for the exponential
model and £, ranges from 0 to 1. To fit the KCSI results,
,(E) was assumed by Luther and co-workers to corre-
spond to large supercollisions. As mentioned in the Intro-
duction, the existence of such supercollisions has been indi-
cated in the earlier experiments of Oref and co-workers®®
and in recent calculations.?

To determine whether the IRF results can accommo-
date a contribution from supercollisions, master-equation
calculations were carried out for toluene and argon collider
gases in the present work. In each case, it was assumed that
a,(E) =40000cm ™' and o, (E) was equal to (AE(E)),,
as tabulated in Table I for the appropriate collider gas. The
fraction f, was varied to determine the effect on the simulat-
ed IRF emission intensity decay and on the resulting plots of
calculated ({AE));,, vs {{E)),,. Calculated and experi-
mental results for toluene and for argon collider gases are
compared in Fig. 15, where it is apparent that f, (to-
luene) = 10~ * and £, (argon) = 10~ ° are not seriously in-
consistent with the experimental data, but larger values of £,
produce significant discrepancies, for this choice of a,.
These values of f, are not inconsistent with the results from

10000 20000 30000 40000 50000

<<E>>_, (cm™)

the KCSI experiments. It is highly desirable to combine re-
sults from the two types of experiments to obtain better rep-
resentations of P(E',E). A unified treatment of the KCSI
and the present experiments should be possible when the full
description of the KCSI results is published.

VI. CONCLUSIONS

An important motivation for the present experiments is
to establish a database of high-quality experimental results
for comparisons with theoretical calculations, when they be-
come available. The benzene derivatives were chosen for sev-
eral reasons: because they are relatively small “large mole-
cules” and therefore are tractable for theoretical
calculations of large-molecule dynamics; because some in-
formation is available about their photophysical properties;
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FIG. 15. Possible contributions from *supercollisions.” The parameter
/. defined in Eq. (11) is a measure of the importance of supercollisions (see
text for details).
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and because the influence of various molecular properties
can be investigated by choosing suitable derivatives. A wide
variety of behavior is observed for ((AE }},.., but there is
little theoretical basis for its interpretation. Differences
among gases are observed which cannot be explained simply
and one can only speculate about the causes involved.

At present, no theoretical models are available which
can provide a quantitative description of energy transfer
from vibrationally highly excited large molecules, although
several models can give qualitative agreement, or can be ad-
justed to fit the data. Trajectory calculations appear promis-
ing for modeling energy transfer involving large molecules,
because the many molecular properties which may contrib-
ute effects can all be included in a single calculation. Unfor-
tunately, accurate potential surfaces are lacking and classi-
cal statistics differ from quantum statistics in an important
way,?’ leading to a fundamental problem in relating classical
trajectory calculations to real experimental data.

To make progress toward a complete understanding of
large-molecule energy transfer, experimental systems must
be selected to investigate specific aspects of energy transfer.
Results of an investigation of isotope effects in large-mole-
cule energy transfer will be reported,® in which it is shown
that resonance effects play no significant role in determining
{(AE )) values. Also, investigations soon will be reported of
energy transfer between some benzene derivatives and CO,
in which infrared fluorescence*® and tunable diode laser
spectroscopy” are used to monitor V-V energy transfer; the
aim is to determine the importance of V-V energy transfer in
these systems and the results can be interpreted*® to indicate
that resonance effects may play a role in governing the extent
of V-V energy transfer for some systems, but V-V energy
transfer makes only a minor contribution to the total
KAE)).

The data in Table I and in the figures show the same
general trend with molecular size and complexity found in
unimolecular reaction systems and in other physical mea-
surements of energy transfer. Discussions and rationaliza-
tions of the observed trends are not repeated here, because
they can be found in previous publications by many
workers.! Due to the lack of data concerning the step-size
distribution function and the lack of suitable theoretical
models, further analysis is premature and probably uninfor-
mative at this time. One of the highest priorities in studies of
large-molecule energy transfer must be to elucidate the
mechanisms active in large-molecule energy transfer, so that
predictive theoretical models can be developed.
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