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The last several years have been ones of great effort 
and considerable controversy on the subject of intra- 
molecular vibrational relaxation in reacting molecules. 
We consider only complex, polyatomic species a t  the 
high levels of internal excitation characteristic of 
unimolecular reaction. Most molecules of recent 
concern have thresholds in excess of 30-40 kcal mol-l. 
The contemplation of the nature of their relaxation 
behavior has brought together the interests of physi- 
cists, chemists, spectroscopists, molecular dynamicists, 
quantum chemists, photochemists, and chemical ki- 
neticists. 

The question posed is this: Do reacting molecules 
display ergodic or nonergodic behavior? That is to say, 
does an ensemble of reacting molecules explore uni- 
formly all regions of its available internal energy-co- 
ordinate hypervolume (statistical behavior) prior to 
decomposition? Or is only a portion of phase space 
visited during the lifetimes of the molecules (nonsta- 
tistical behavior)? Considerable effort has been devoted 
in the past several decades to the clarification of this 
question. The dilemma was phrased during the 1950s 

and the generality of the conclusions based on con- 
ventional thermal or chemical activation data has been 
~ o n t e s t e d . ~ , ~  Especially in recent years, a variety of 
calculational and experimental studies including tra- 
jectory calculations, crossed beam experiments, and 
multiphoton laser excitation work have raised anew the 
question of the validity of statistical models. 

Interestingly, the ergodic question also appears in 
collisional phenomena. Intermolecular vibrational 
energy transfer between highly excited polyatomic 
molecules and bath molecules involves some type of 
accommodation in a short-lived ~ o m p l e x . ~  Thus, the 
extent of intramolecular relaxation within the loosely 
bound compound species is a related problem. 

We first sketch briefly some background related to 
unimolecular rate formulations and experimental 
studies. Then we take up some of the types of ex- 
perimentation that lead to useful conclusions with 
regard to the controversial propositions at  hand. In the 
spirit of these Accounts, the treatment represents 
particular viewpoints of the authors rather than a 
comprehensive reviewq6 - 

as follows. Which is the more correct theory of uni- 
molecular reaction-that of R. A. Marcus and 0. K. Models for Unimolecular Decomposition 
Rice or that of N. B. Slater?' The theory of Marcus 
and Rice (RRKM) employs a statistical model which 
postulates that coupling of the internal motions leads 
to rapid intramolecular energy randomization on a time 

An activated species A* at  the internal energy level 
R1 is decomposition to 

(R1) 

E undergoes two Processes. 
k (E)  

A* - P (decomposition) 
scale'short relative to the mean lifetime of decomposing 
species (ergodic behavior). The Slater theory char- 
acterizes a molecule by a potential function having only 
quadratic terms and internal normal modes of motion 
which are orthogonal to each other, so that the system 
does not relax throughout its vibrational manifold 
before decomposing (nonergodic behavior). 

Indeed, this problem was subsequently resolved in 
favor of statistical models for molecules having lifetimes 
longer than N 10-lo s2. A variety of evidence obtained 
in the '50s and '60s supported the ergodic proposition. 
Notwithstanding, the contrary view has been advanced 
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A* + M 5 A + M (deactivation) (R2) 
products P with rate coefficient h(E) ;  R2 is collisional 
deactivation by a bath molecule, M. The rate coeffi- 
cient for deactivation k-l can be calculated from kinetic 
theory with varying degrees of sophistication. In the 
simplest case (strong collision), A* is deactivated below 
the threshold energy for decomposition, Eof by a single 
collision. If more than one collision is needed on the 
average to deactivate A*, then M is a weak collider with 
relative efficiency p < 1. Deactivation can encompass 
all aspects of intermolecular energy transfer V - V, V - R, V - T,  where V indicates vibrational, T trans- 
lational, and R rotational energy. The subject has been 
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reviewed recently6l7 and need not be elaborated. 
As mentioned in the introduction, Slater’s model’ for 

k(E) postulates nonergodic behavior in which decom- 
position occurs when a critical coordinate q extends 
beyond a critical length qc. The molecule does not 
sample the whole of phase space, and q is obtained by 
a superposition of various normal coordinates closely 
associated with the breaking bond. The RRKM 
transition-state model1S*-l0 applies in simplest form to 
reactions having a large potential barrier in both di- 
rections; internal energy is statistically distributed 
among the vibrational modes both in the excited 
polyatomic molecule and in the activated complex 
located at  the saddle point of the hyperpotential sur- 
face. Then 

k(E) = CP(E+)/hFN(E) (1) 
N(E) is the density of states of the excited molecule; 
CP(E+) is the number of accessible internal states of 
the complex; E+ = E - E,; h is Planck’s constant; F is 
a correction for centrifugal energy effects. 

When the vibrational frequencies of the molecule are 
known, N(E*) can be calculated quite accurately by 
various a l g o r i t h m ~ . ~ J ~  CP(E+) is harder to evaluate 
since the frequencies of the complex are not known; 
however, certain procedures, such as reproducing the 
thermal Arrhenius A factor, ensure that reasonable 
values are assigned. A molecule for which h(E) can be 
evaluated by the above procedure is called an RRKM 
molecule. There are conjectural, as well as known cases, 
however, where h ( E )  may not fit the experimental 
m a g n i t ~ d e . ~ J - ’ ~  This could come about because of a 
“bottleneck” in phase space or because of a time scale 
for reaction which prevents statistical redistribution of 
the internal energy prior to decomposition. Such be- 
havior is called, respectively, “intrinsic” and “apparent” 
non-RRKM behavioral6 
Techniques of Excitation 

There are basically two ways to produce the excited 
species A*. One way is in a thermal Boltzmann 
systemgJO in which a fraction of the molecules of the 
ensemble are transported above the threshold Eo by 
c o l l i s i ~ n s . ~ J ~ J ~ - ~ ~  The second way of producing A* is 
by some “external” energy source or mechanism not 
subject to the equilibrium distribution law of canonical 
ensembles. Such sources include chemical activa- 
t i ~ n , l l - ’ ~ ~ ~ * - ~ ~  multiphoton e x c i t a t i ~ n , ~ ~ - ~ ~  molecular 

single photon e x c i t a t i ~ n , ~ ~ - ’ ~ ~  and photo- 
sensitized r e a ~ t i o n . ’ ~ ~ - ~ ’ ~  The hot molecules produced 
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are subject to collisional intervention unless colli- 
sion-free conditions are maintained. 

The overall unimolecular rate coefficient islo 
If(E)k(E) 

(2) k(E) + h-,[M] dE 

where E = E‘+ Eth; E’is the effective energy introduced 
into the molecule by the non-Boltzmann excitation 
process; E t h  is the original thermal energy content of 
the molecule; f(E) is the energy distribution function, 
such as the light source profile in the case of photo- 
chemical reaction; I is the flux of the excitation source. 

For an equilibrium thermal system, E’ = 0, E = Eth, 
f(E) = B(Eth), I = Ph-,(M), and 

N(E) e-E/RT d E  
B(E)dE = (3) 

For a weak collider bath there is depletion of substrate 
populations below Eo; B(E) is replaced by its steady- 
state value Bs,(E) which can be found by an iteration 
methodg or by eigenvalue solution of the steady-state 
matrix. According to eq 2, the decomposition behavior 
of the excited molecule is independent of the origin of 
excitation and responds only to the energy relaxation 
process and to collisional deactivation. 

Thermal Systems 
This method of experimentation is the oldest that has 

been applied to unimolecular systems. The resolution 
of the question of ergodicity of molecules prepared for 
reaction by collisions is not necessarily one of simple 
test. Both the Slater and the statistical Rice-Ram- 
sperger-Kassel (RRK) theory lead to classical ex- 
pressions for the rate coefficient that are similar in 
form: 

d n - l ) j 2  exp (-x) dx 
1 + x(n-l)/2fi-lu--1 (4) r [ ( n  + k m  0 / 2 1  1 ks = 

and 
k, 1- xS-’ exp(-x)dx 

~ R R K  = __ u s )  1 + [ x / ( x  + b)]S-lAu-l 

where I9 is a quantity related to molecular parameters; 
A is a constant; w is the specific collision rate; b = 
Eo/RT; x = E/RT; and n and s designate relevant 
internal degrees of freedom. I t  is seen from eq 4 that 
distinction between the two formulations could be 
difficult for a random ensemble of excited molecules: 
sufficient flexibility may be provided by the choice of 
n and I9 in the first expression, or of s in the second, so 
as to bring about near-coincidence in the predicted 
magnitudes of k and of the falloff behavior (the decline 
of k with decreasing pressure). 

However, for suitable choice of substrates certain 
consequences of the Slater formulation make a dis- 
tinction unequivocal.2 Consider the isomerization of 
cyclopropane to propylene. Cyclopropane has CBU 
symmetry and 7 of the 21 normal vibrational modes are 
degenerate. The Slater treatment predicts1 that the 
maximum number of modes that can contribute to the 
reaction coordinate is n 5 21 - 7 5 14; the experi- 
mentally observed number is1V2 n = 13, in good 
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Figure 1. (I) R R K M  molecule: Injection into phase space far 
away from point a, and close to point b, the critical bounding plane 
for decomposition, y. Injection into (b) can cause apparent  
non-RRKM behavior under appropriate experimental conditions. 
(11) Non-RRKM molecule: Injection into (c) is the  reason for 
“false” high-pressure limit caused by the “bottleneck”, x. Injection 
into (d) causes the  “part”  molecule behavior. All points a t  
constant energy. (111) Thermal activation of an RRKM molecule. 
(IV),Non-Boltzmann activation (chemical, photoactivation) into 
par t  of phase space. See ref 16a. 

agreement. However, if the symmetry of cyclopropane 
is reduced by substitution, as in 1,2-cyclopropane-d2, 
then the allowed maximum value of n should rise to n 
N 17-18. Instead, no increase above n = 13 other than 
a slight change due to quantum statistical effects 
predicted by RRKM theory was found.17b 

Similarly, for the isomerization of methyl isocyanide 
to acetonitrile, a molecule with C3L symmetry in which 
4 of the 12 vibrational modes are degenerate, the ob- 
served value of n N 4 is not essentially changed18 as the 
progressive substitutions are made: CH3NC (C3J - 
CH2DNC(C1) - CD,NC(C3J. Indeed, for a number of 
reactions, e.g., cyclobutanelg and olefin isomerization,20 
symmetry restrictions cause failure of the Slater theory 
predictions for the falloff behavior. Good agreement 
exists with statistical theory. The above systems il- 
lustrate one way that ergodic and nonergodic behavior 
has been distinguished even for a collisionally prepared 
ensemble of reacting molecules. Ideas that apply to 
Slater’s extreme “normal mode” form of theory can also 
extend, cetedbus paribus, to other variantslo1-lo3 of 
orthogonal-mode theories which “make” small mole- 
cules out of big ones. 

It has been suggested4 that the random distribution 
may not only be prepared by collision but may also be 
maintained by (elastic) collisional perturbations having 
cross sections 100-fold larger than conventional kinetic 
values. This could occur on a time scale short with 
respect to  reaction so that intramolecular energy 
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Figure 2. Unimolecular rate coefficient vs. pressure (after ref 
16). Falloff behavior for an  “intrinsic” non-RRKM molecule 
having an  internal bottleneck. 

randomization is simulated even for intrinsically 
non-RRKM molecules. This is one of several arguments 
that have been offered in the past few years as an al- 
ternative to the generality of the central assumption of 
statistical theory; it will be considered in the next 
section. 

Recently, trajectory calculations on the methyl iso- 
cyanide molecule (with an assumed molecular potential) 
have led Bunker and co-workers3J6 to conclude that 
methyl isocyanide is an “intrinsic” non-RRKM mole- 
cule with an internal bottleneck to redistribution of 
energy. The segmentation of the phase space of the 
molecule into two parts (Figure 1) leads to the 
prediction16 of a false, premature high-pressure limit 
(represented by point c) followed by a subsequent rise 
of a “part molecule” to the conventional limit a t  higher 
pressures (Figure 2). The data on methyl isocyanide21 
were considered by these authors to correspond to the 
false limit, and early high-pressure experimental work 
by H a r r i ~ ~ p ~ ~  indicated the occurrence of the predicted 
“part molecule” (Figure 2) rise. (Of course, a bottleneck 
would not exist and such rise would not occur in the 
collisional perturbation model; trajectory calculations16b 
on methyl isocyanide suggest, however, that internal 
energy is not randomized by collisions.) More recent 

on CH3NC at  pressures up to 350 atm has re- 
vealed errors in the earlier r e p ~ r t ~ , ~ ~  and confirms the 
high-pressure limit of Schneider and Rabinovitche21 As 
a matter of fact, RRKM theory gives good agreement 
with both the position and shape of the falloff for 
CH3NC and for a series of isocyanides (CH2DNC, 
CD3NC, C2HBNC, C2D5NC). I t  is evident that a 
“part-molecule” bottleneck model is necessarily based 
on “happenstance” features of molecular potential 
(mode frequency, anharmonicities, and couplings). I t  
cannot explain the behavior for CH3NC or the rest of 
the series. 

Several other thermal unimolecular systems have 
been examined experimentally at supra-high pressures 
to test for any alteration in k, measured at lower 
pressures. The study of ethylcyclobutane up to -200 
atm showed a small decrease in rate which was simply 
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attributed to a volume of activation, Le., a many-body 
effect.25 Nitryl chloridez6 showed no deviation from 
RRKM behavior up to -300 atm. At pressures up to 
-300 atm, nitrogen pentoxide26 showed a small change 
in k, which the present writers believe represents only 
experimental complications. 

In conclusion, RRKM behavior in thermal systems 
has been tested up to very high pressures. The results 
indicate overwhelmingly that no verified deviations 
from RRKM behavior have been seen, and the theory 
continues on this basis as a working model and when 
suitably modified applies to reaction types involving low 
reverse barriers.27 
Chemical Activation Systems 

Chemical activation involves production of internally 
excited species by chemical reactions.z8 Most un- 
equivocal with respect to the energy level of the product 
molecules are bimolecular association reactions such as 

H + n-C4H9 - C4H10* + -97 kcal mol-’ (i) 
and 

2C2H5 - C4H10* + -83 kcal mol-’ (ii) 
Different activation reactions can excite the same 
molecule in characteristically different ways, i.e., 
molecules may be injected into different regions of the 
space that describes the initial internal states of the 
nascent molecules (Figure 1). Thus, for reaction i, the 
initial state of excitation involves deposition of a high 
proportion of the excitation energy in C-H stretching 
motion. For reaction ii, the initial state heavily involves 
C-C stretching and skeletal motion. For nonergodic 
behavior of excited butane, C-H and C-C rupture 
would be facilitated in i and ii, respectively. 

Early chemical activation experiments were designed 
to show that rapid intramolecular relaxation occurs 
after the initial excitation event; that the initial subset 
of highly excited vibrational modes of motion of the 
nascent molecule relaxes rapidly into the full set of 
internal motions. Butler and Kistiakowskyz9 demon- 
strated that the quantitative proportions of the olefin 
products that arise from methylcyclopropane are in- 
dependent of the activating reaction, whether centered 
on the side chain, as by the insertion reaction 

‘CH2  t v *CH3G7 - butene isomers 

or centered on the ring via the addition reaction 
’CH2 t CH3CH = CH2 - CH3G7x - butene isomers 

Many such examples have ramified over the years. 
A variety of chemical activation experiments a t  

differing energy levels, size, and complexity of substrate 
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structure have revealed good adherence between sta- 
tistical theory and the microscopic specific rates, k(E) .  
Examples are the series of 2-alkyl radicals31 from C4 to 
c16 at pressures up to 200 atm,14c with microscopic rate 
constants that vary from lo7 to lo3 s-l; a series of al- 
kylcycl~propanes,~~ along with the analogous per- 
fluoroalkyl members, having specific rates that vary 
over the range 1O1O to lo5 s-l; and a truly multitudinous 
and impressive series of haloalkane molecules Cz, Cs, 
and C4, studied by Setser and co -worke r~ ,~~  having 
various combinations and numbers of halogen sub- 
stituents whose rates range from -lo5 to -loll s-l. 

It is possible that not all large polyatomic molecules 
obey statistical theory, although reliable exceptions are 
difficult to find.34 The vinyP5 and the ethyP8 radical 
decompositions are so mentioned, although as noted by 
the investigators further work is necessary and complete 
theoretical treatment requires careful consideration of 
conservation of angular momentum in these cases.36 

The studies described above say nothing about the 
time scale of the intramolecular energy relaxation other 
than that it must be substantially faster than the de- 
composition process so that RRKM behavior is man- 
ifested. In recent years, a number of chemical acti- 
vation experiments have been designed to measure the 
internal energy relaxation constants. The first such 
study involved the simultaneous activation and sym- 
metrization of a mo1ecule:ll 

FCF=CF2 t ‘ C D 2  - 
F2 v 

H2 

f F2vFCF=CD2 H2 

of  hot r i n g  

t CF2 u- n \ 
“ 2  u 2  

F2vFCF=CHZ D2 of  cold r i n g  

The H and D substituents label the hot (*) “nascent” 
and cold “old” rings and have no other isotopic purpose. 
Excitation corresponds to injection of the molecule into 
its phase space (point b in Figure 1) in a position 
proximate to the bounding plane for rupture of the 
nascent ring (line Y in Figure 1). Internal energy 
randomization (diffusion of the system into the body 
of the phase space) competes with decomposition of the 
nonrandomized molecule (diffusion across the critical 
bounding plane, y). Decomposition of the nascent ring 
predominates at high pressure since molecules can 
diffuse only in very small numbers through the phase 
space to the critical hyperplane for rupture of the old 
ring (internal randomization) before being deactivated 
by collisions. Theoretical analyses of the proportions 
of nonrandom decomposition of the nascent ring, 
stabilization, and decomposition of randomized mol- 
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Scheme I 

- olef ins :  ( o f f )  

- o l e f i n s ;  ( o f f i  

o-< + lCH2 - 6 
-d 
-ri< 
-w 
-pi 

- olef ins ;  (on) 

- alefins,  (on, 

- o l e f i n s ,  (o r )  

ecules lead to the value for the intramolecular relaxation 
constant, N s?. 

Decomposition of the members of a homologous series 

RF-FvFZ R F - C F = C F ~  t ’CH2 - 
H z  

was also studied;12 RF CF,, C3F7, and C5Fll. Again 
the values h = 1 (f0.4) X 10l2 s-l were found. 

More recently, alkylcy~lobutane~~ hydrocarbons have 
been investigated. This provides a gross selection of the 
initial nonrandom state of excitation of the chemically 
activated molecules, as illustrated for isopropylcyclo- 
butane substrate13b (see Scheme I, where “off’ indicates 
excitation off, and “on” indicates excitation on the ring). 
The reaction in each case is ring rupture to form olefins 
whose structure is diagnostic of the particular source 
(a) to (e). I t  is evident that reaction a represents ex- 
citation at a site farthest from the ring, corresponding 
to injection of the “methyl” isopropylcyclobutane 
molecules into regions of their phase space remote from 
the critical plane for decomposition of the ring (point 
a in Figure 1). The excited species cannot decompose 
until energy randomization occurs, i.e., the subset of 
initially excited vibrational motions must expand to 
include ring motions. In reaction c, excitation takes 
place on the ring which will break; i.e., the molecule is 
injected into a part of the phase space proximate to the 
dividing reaction plane (point b in Figure 1). The initial 
subset of excited vibrations includes ring motions, and 
the nonrandomized molecule may decompose in 
competition with internal relaxation. The study of 
methylcyclobutane substrate13a leads to the estimation 
of the internal relaxation constant, X > 5 X 10l2 s-l. The 
isopropylcyclobutane system13b provides values of X 
2.9 (f0.5) X 10l2 s-l. Latest work on neopentylcyclo- 
butane also gives values of h E 2.1 (f0.5) X 
10I2 s-l. Within the uncertainty of the experiments, 
these values are several-fold larger than those for 
fluorocarbons. 

Work in progress on the bicyclobutyl substrate13d 
reveals similar behavior. 

I t  has been suggested37 that, unlike photoactivation, 
chemical activation cannot illustrate substantial non- 
random effects. The rationale for this idea is that the 
reaction event, unlike light absorption, causes a pro- 
found perturbation of the nascent molecule that ef- 
fectively couples the whole molelcule. (By contrast, 
some proponents of the view that internal relaxation 
in reacting systems is not invariably fast cite chemical 
activation such as the vinyl and ethyl radical systems, 
mentioned earlier,35,38 as examples of their model.) This 

proposal is designed to support the proposition that 
RRKM theory only appears to give a quantitative 
account of the data. However, if a nascent molecule is 
profoundly perturbed, such also must be the case for 
a highly extended or decomposing molecule (with 
avoidance of the case of a pathological extreme of 
excitation), and randomness should apply. As N. B. 
Slater has shown, reacting molecules repeatedly explore 
the limiting regions of their phase space before a fa- 
vorable excursion occurs. The cyclopropane and cy- 
clobutane systems just described demonstrate that 
energy randomization does not occur upon formation 
of the hot species by chemical reaction but is a process 
that follows excitation with a characteristic smallest 
relaxation constant of N SI. In any case, it is not 
a sufficient condition for obedience to RRKM behavior 
that an ensemble of molecules is formed initially with 
microscopic energy distributions that follow random 
statistics. Indeed, this postulate was used in the 
classical Slater theory. I t  is also requisite that a sta- 
tistical redistribution of energy be maintained on a time 
scale that is short compared to the chemical degradative 
process so that the energy above Eo is available in the 
reaction coordinate. The redistribution can be obtained 
via the intramolecular mechanism or by the intermo- 
lecular collisional perturbation process proposed by S. 
A. Rice and c o - ~ o r k e r s . ~  However, the collisional 
perturbation mechanism is contrary to a variety of 
experimental evidence that we summarize. 

First, chemical activation studies of the butyl radical 
system were shown some time to yield rate 
coefficients that are independent of pressure effects 
down to pressures below torr, i.e., a t  nominal 
collision rates S105 s-l, relative to decomposition rate 
constants >,lo7 so that collisional redistribution 
would be inadequate. A number of such low-pressure 
cases are known. 

Second, in some of the intramolecular relaxation 
studies cited in ref 11 and 36 the effects of the internal 
relaxation become observable at pressures of 0.2-20 torr, 
where the nominal collision rate is only 106-108 s-l and 
even elastic phenomena occur only with a frequency of 
N 108-1010 By contrast, the internal relaxation 
occurs on a time scale of s, i.e., much less than 
collision intervals. 

Third, crossed molecular-laser beam studies on a wide 
variety of complex molecules, in experiments which are 
intrinsically designed to be collision free, have been 
shown by Lee and co-workers41 (see later) to be in 
reasonable accord with various aspects of statistical 
RRKM theory. 

Finally, very recently the ultraviolet excited de- 
composition of internally converted cycloheptatrienes 
under very low pressure collision-free conditions have 
been shown to accord well with statistical theory.42 

Single and Multiphoton Vibrational Excitation 
Laser-induced unimolecular decomposition is of great 

current i n t e r e ~ t . ~ ~ - ~ ~  (Extensive references are cited 

(39) J. M. Parsons, K. Shobatake, Y. T. Lee, and S. A. Rice, J. Chem. 

(40) G. Kohlmaier and B. S. Rabinovitch, J .  Chem. Phys., 38, 1692, 
Phys., 59, 1402, 1416 (1973). 

1709 (1963). 

Springer, Berlin, 1977. 

323 (1978). 

(41) Y. T. Lee, “Laser Spectroscopy”, J. C. HaU and J. L. Carlaten, Ed., 

(42) H. Hippler, K. Luther, J. Troe, and R. Walsh, J. Chem. Phys., 68, 
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in these papers; the mechanism of multiphoton 
a b s o r p t i ~ n ~ ~ ~ ~ ~ ~ ~ ~  need not be discussed here.) Multi- 
photon infrared laser excitation brings about activation 
of the molecule by irradiation at  a particular frequency 
corresponding to one of the modes of vibration. The 
average energy of a photon from a COz TEA laser is - 3 
kcal mol-‘ and the number absorbed is above 30 in some 
cases. A cardinal question has been-does a molecule 
decompose in a mode-specific manner or does it explore 
its potential surface prior to decomposition? 

There is mounting evidence that the multiphoton 
decomposition of excited molecules follows ergodic 
behavior.41~47~4s~60z~66b However, it is important to 
realize that the term “collisionless region”, so often 
used, usually refers to conventional kinetic cross sec- 
tions. A test of the elastic collisional perturbation 
model for intramolecular energy redistribution requires 
pressures that are a 100-fold smaller. Many experi- 
ments that were performed in the “kinetic” collisionless 
region were not a t  low enough pressure to provide a 
clear test. 

The clearest support from laser studies of the sta- 
tistical approach is provided by the work of Lee and 
c~-workers.~’,~‘@ Several crossed molecular beam-COz 
laser experiments on the dissociation of SF6, halo- 

(43) E. R. Lory, s. H. Bauer, and T. Manucia, J. Phys. Chem., 79,545 

(44) K. R. Chien and S. H. Bauer, J. Phys. Chem., 80, 1405 (1976). 
(45) D. F. Dever and E. Grunwald, J. Am. Chem. Soc., 98,5055 (1976); 

(46) M. J. Coggiola, P. A. Schulz, Y. T. Lee, and Y. R. Shen, Phys. Reu. 

(47) E. R. Grant, M. J. Coggiola, Y. T. Lee, P. A. Schulz, and Y. R. Shen, 

(48) E. A. Grant, P. A. Schulz, Aa. S. Sudbo, M. J. Coggiola, Y. R. Shen, 

(49) J. M. Preses, R. E. Weston, and G. W. Flynn, Chem. Phys. Lett.,  

(50) Y. Haas and G. Yahav, Chem. Phys. Lett.,  48, 63 (1977). 
(51) R. N. Rosenfeld, J. I. Brauman, J. R. Barber, and D. M. Golden, 

(52) I. Glatt and A. Yogev, J.  Am. Chem. SOC., 98, 7087 (1976). 
(53) A. Yogev and R. M. J. Benmair, J. Am. Chem. Soc., 97,4430 (1975). 
(54) R. V. Ambartzumian and V. S. Letokhov, Acc. Chem. Res., 10,61 

(1977), and references therein. 
(55) G. Koren, U. P. Oppenheim, D. Tal, M. Okon, and R. Weil, Appl. 

Phys. Lett.,  29, 40 (1976); D. Tal, U. P. Oppenheim, G. Koren, and M. 
Okon, Chem. Phys. Lett., 48, 67 (1977). 

(56) M. Lussier and J. I. Steinfeld, Chem. Phys. Lett., 50, 175 (1977). 
(57) S. Mukamel and J. Jortner, J .  Chem. Phys., 65, 5204 (1976). 
(58) M. Tamir and R. D. Levine, Chem. Phys. Lett.,  46, 208 (1977). 
(59) (a) K. V. Reddy and M. J. Berry, Chem. Phys. Lett., 52,111 (1977); 

(b) R. Corkum, C. Willis, and R. A. Back, Chem. Phys., 24, 13 (1977). 
(60) D. S. King and J. C. Stephenson, Chem. Phys. Lett., 51,48 (1977). 
(61) W. C. Daner, W. D. Munslow, and D. W. Setser, J. Am. Chem. 

(1975). 

99, 6515 (1977); 99, 6521 (1977). 

Lett.,  38, 17 (1977). 

Lawrence Lab Reports 6201,6035 (1977). 

and Y. T. Lee, Lawrence Lab Reports 6275,6633, 6966 (1977). 

46, 69 (1977). 

J.  Am. Chem. Soc., 99, 8063 (1977). 

Soc., 99, 6961 (1977). 
(62) H. Richardson and D. W. Setser, J. Phys. Chem., 81,2301 (1977). 
(63) N. G. Basov. E. M. Belenov. V. A. Isakov, E. P. Markin, A. N. 

Oreavskii, and V. I. Romanenko, Sou. Phys.-Usp. (Engl. Transl.), 20,209 
(1977), and references therein. 

(64) R. E. McNair, S. F. Fulghum, G. W. Flynn, M. S. Feld, and B. S. 
Feldman, in press. 

(65) R. N. Schwartz, Z. I. Slawsky, and K. F. Herzfeld, J. Chem. Phys., 
20, 1591 (1952). 

(66) (a) Y .  Langsam, S. M. Lee and A. M. Ronn, Chem. Phys., 14,375 
(1976), and references therein for methyl halides; (b) D. Gutman, W. Braun, 
W. Tsang, J.  Chem. Phys., 67, 4291 (1977). 
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Phys.,’ Lett.,  41, 413 (1976), and’references therein. 
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(69) S. T. Lin and A. M. Ronn, Chem. Phys. Lett., 49, 255 (1977). 
(70) (a) I. Oref and B. S. Rabinovitch, J.  Phys. Chem., 81,2587 (1977); 

(b) Z. Karny and R. N. Zare, Chem. Phys., 23, 321 (1977). 
(71) S. Kimel and S. Speiser, Chem. Reu., 77, 437 (1977). 
(72) (a) S. T. Lin, S. M. Lee, and A. M. Ronn, Chem. Phys. Lett.,  53, 

260 (1976). (b) J. L. Lyman, S. D. Rockwood, and S. M. Freund, J. Chem. 
Phys., 67, 4545 (1977). 

methanes, etc., give spatial distributions of products and 
lifetime estimates in accord with RRKM theory. 

Other laser work has been carried out at  higher 
pressures and does not provide as unequivocal test of 
the behavior. In some cases, a t  least part of the data 
are definitely in the “kinetic” multicollision pressure 
regime, i.e., k l [ M ]  > k(c)  (eq 2). In other cases, the 
specific rate constants are not known or not given, and 
it is impossible to say clearly whether k1[M] << k(c ) ,  
a necessary condition for “elastic” collisionless behavior. 
Nevertheless, important information is provided by this 
work. They correspond very well to the predictions of 
the statistical model; they show little evidence56 for 
mode-specific decomposition. Setser and co-workers62 
irradiated CHzFCHzBr at  the C-F stretching frequency 
under kinetic collisionless conditions. This should favor 
HF elimination if nonergodic behavior occurred. The 
product ratio was HBr:HF = lO:l, which is predicted 
by statistical theory since HBr is eliminated with lower 
threshold energy than HF. In another CClzFz 
was excited in the multicollision region, first at  the CClz 
stretching frequency and then via the CFz stretching 
mode. The reaction products were identical in both 
cases, revealing no temporal or molecular spatial 
memory prior to decomposition. Dissociation of ethyl 
acetate6’ under the conditions of low pressures and high 
laser intensity gave a rate coefficient consistent with 
RRKM theory. “Collision-free’’ dissociation of CFzCl2 
and CF2Brz produces60 vibrationally excited CF2 in 
which the energy is distributed statistically and can be 
expressed by a single Boltzmann distribution charac- 
terized by a single parameter which is the vibrational 
temperature Tv. The decomposition of CHzFt9 follows 
the thermodynamically predicted route of fission of the 
C-H bond. 

Laser isotope separation in large polyatomic mole- 
cules has been the subject of a large number of in- 
ves t iga t ion~ .~~*~’J~  No novel theories need yet be in- 
voked for the interpretation of the decomposition 
process. 

Some confusion with regard to internal relaxation of 
energy has arisen in conclusions derived from laser 
studies by use of inappropriate models for collisional 
energy transfer in the high-energy region concerned.7oa 
I t  should be noted that collisional activation/deacti- 
vation by cold bath molecules is principally V-T,R (i.e., 
the internal modes of the cold bath molecule do not 
participate) and takes place on every ~ o l l i s i o n . ~ ~ ~ ~ ~  
However, the efficiency of V-T,R transfer may decline 
dramatically at  higher bath  temperature^,^ and the 
correct models to be used in partially, or completely 
collisionally equilibrated, high fluence laser systems are 
not known. There can be V-V transfer in collision 
between highly excited molecules in the neat gas63@ in 
systems where the average absorbed energy per mol- 
ecule is high,45v50s62 as occurs a t  high energy density. 
This process is different from vibrational energy 
transfer at  low levels of excitation,% as shown in energy 
mapping on methyl 

The above systems involve multiphoton excitation. 
With higher energy photons, only or a few 
photons59b are absorbed prior to decomposition. The 
decomposition of formic acid to give CO + HzO was 
studied as a function of pressure using an HF laser.5gb 
Only three photons of 10 kcal mole1 were needed to 
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effect decomposition. The authors propose that in- 
tramolecular energy relaxation takes place following the 
photoexcitation. 

An interesting experiment is the dye laser ( N 7300 A) 
single photon i~omerizat ion,~~" CH3NC - CH3NC. 
Excitation took place to internal levels, of the ground 
electronic state, above the threshold for decomposition 
Eo. Good agreement was obtained with RRKM cal- 
culations. However, the authors invoked a more ela- 
borate mechanism to explain the experimental results. 
The molecule was assumed to be nonergodic, with 
intramolecular energy redistribution assisted by col- 
lisions. This mechanism has been criticized in an earlier 
section. So far, molecular ergodicity provides a simple, 
consistent explanation of the observed results. 

Molecular Beam Systems 
A reaction in crossed molecular beams takes place 

under truly collision-free conditions, thereby providing 
an elegant way of monitoring the primary decompo- 
sition process of the chemically activated molecule. 
Many ingenious experiments have been executed. 
Information is obtained on the spatial and velocity 
distributions of the products. A long-lived s) 
collision complex which undergoes many rotations prior 
to decomposition gives a symmetric product distri- 
bution relative to the center-of-mass vector due to the 
fact that detailed memory of complex orientation is lost. 
This has been found to be the case for some reactions 
of an atom with an alkali halide molecule,73 Cs, K + 
RbCl and74 Ca + NaC1, which form a three-center 
complex; for bimolecular reactions of CsCl with KC1 
and KI, which form a four-center ~omplex; '~  and for 
atom + polyatomic molecule, Cs + SF6;76 K, Rb, and 
Cs with SnC14 and SF6;77 C1+ olefin7s and F + ~ l e f i n . ~ ~ , ' ~  
Thus, many nominally bimolecular reactions are ex- 
amples of fast unimolecular processes. 

When a long-lived reaction complex is formed, the 
question is whether the available internal vibration- 
al-rotational energy of the complex is randomized 
throughout the complex. The interpretation of the data 
is subject to physical and sometimes computational 
constraints imposed by the model. One model which 
has been widely used to explain the product transla- 
tional energy distribution is derived from RRKM 
theory.*O A potential which takes into consideration 
the long-range (rd) interactions and centrifugal energy 
of the complex is employed. The translational energy 
in the reaction coordinate plus the potential energy of 
the centrifugal barrier are assumed to convert to 
translational energy of the products. The product 
translational energy distribution calculated in this way 

(73) W. B. Miller, S. A. Safron, and D. H. Herschbach, Discuss. Faraday 

(74) P. J. Dagdigian, Chem. Phys., 21, 453 (1977). 
(75) W. B. Miller, S. A. Safron, and D. R. Herschbach, J. Chem. Phys., 

SOC., 44, 108 (1967). 

56. 3581 (1971). 
'(76) S.'M. Freund, G. A. Fisk, D. R. Herschbach, and W. Klemperer, 

J.  Chem. Phys., 54, 2510 (1971). 
(77) S. J. Riley and D. R. Herschbach, J. Chem. Phys., 58, 27 (1978). 
(78) J. T. Cheung, J. D. McDonald, and D. R. Herschbach, Discuss. 

Faraday SOC., 55, 377 (1973). 
(79) J. M. Farrar and Y. T. Lee, J.  Chem. Phys., 65,1414 (1976); Annu. 

Rev. Phys. Chem., 25, 357 (1974); M. Parson, K. Shobatake, Y. T. Lee, 
and S. A. Rice, Faraday Discuss. Chem. SOC., 55, 344 (1973); J. Chem. 
P ~ Y S . ,  59, 1402, 1416 (i973). 

(80) S. A. Safron, N. D. Weinstein, D. R. Herschbach, and J. C. Tully, 
Chem. Phys. Lett., 12, 564 (1972). 

was found to agree with the experimental distribution 
obtained in the reactions CsCl + KC1, KI;75 Cs + SnC14, 
SF6;76 and K, Cs + RbC1.74 

Vibrational energy transfer involves the extent of 
intramolecular relaxation in a collision complex, In 
many cases, the behavior is nonergodic, and the internal 
degrees of freedom of the cold bath molecule do not 
relax.5 The models of ref 5 and 80 have been used to 
interpret the results of inelastic scattering of vibra- 
tionally excited KBr by polar molecules.s1 In these 
cases, V-T, and for the very polar bath gas (CH3N0,) 
V-V, transfers are observed and large amounts of 
energy are removed (10-30 kcal mol-l). The inter- 
pretation of the results has been questioneds2 since 
conservation of probability was not observed. An ex- 
pression which provides obedience to the conservation 
rules and detailed balance has been given in ref 7. 

A system which has been studied very carefully under 
velocity-selected conditions is the decompo~ition'~J~ of 
C2H4F* and alkyl-substituted fluoroethyl. The excited 
radical was formed by the reaction 

F + R2C=CH2 - R2&CH2F* 
The angular distribution of the decomposition products 
indicates that the radical has a lifetime which is much 
longer than the period of rotation. The average life- 
times of excited fluoroethyl radicals measured in 
chemical activation systemss5 accord well with RRKM 
theory. A major finding of Y. T. Lee and co-workers 
was that the translational energy distribution of the 
products seemed to be at variance with statistical 
theory. As the reactant energy increases, the fraction 
of the product energy that appears as translation re- 
mains constant; it was expected that the fraction would 
go down since the excess energy should be distributed 
among the internal modes. Assumption of only a 
limited number of effective vibrational degrees of 
freedom to explain the translational distributions re- 
sults in unreasonably short lifetimes. 

RRKM theory makes no statement about the dis- 
posal of reverse barrier potential energy. Its relative 
distribution between translation and internal modes 
depends on the shape of the surface. Dynamical 
constraints are not considered in the calculation of the 
rate coefficient for the decomposition of the excited 
molecule. For cases where system angular momentum 
is of the same order of magnitude as molecular angular 
momentum, calculation of exit channel translational 
energy can prove extremely ~ o m p l i c a t e d . ~ ~ ~ ~  Recently, 
Worry and Marcuss6 developed a statistical adiabatic 
extension of RRKM theory. A distinction between 
loose and tight complexes is made. For a loose complex 
in the exit channel, no coupling of radial and internal 
coordinates exists and the final product distribution 
reflects the internal distribution of the complex. This 
is a restatement of the model of ref 80 discussed above. 
In the case of a tight complex, coupling between radial 
and internal coordinates affects the final product energy 
distribution. Bending vibrations in the complex become 
free rotations of the product. Because of the wider 
spacing of the vibrational compared with the rotational 

(81) T. Donohue, M. S. Chow, and G. A. Fisk, Chm.  Phys., 2,271 (1973). 
(82) L. Holmlid and K. Rynefors, Chem. Phys., 19, 261 (1977). 
(83) R. C. Battacharajee and W. Forst, Chem. Phys., 30, 217 (1978). 
(84) R. A. Marcus, J .  Chem. Phys., 62, 1372 (1975). 
(85) R. L. Williams and F. S. Rowland, J.  Phys. Chem., 76,3509 (1972). 
(86) G. Worry and R. A. Marcus, J .  Chem. Phys., 67, 1636 (1977). 
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levels, the adiabatic transformation of the former into 
the latter causes a shift to higher product translational 
energies. This occurs when coupling between various 
modes of the complex and the products is introduced. 
This model was applied to (CHJzC-CH2F* and rea- 
sonable agreement was obtained between experimental 
and calculateda6 energy distributions. There is better 
agreement between experiment and statistical theory 
than with loosea7 transition-state theory. 

In a series of elegant experiments which complement 
molecular beam studies, McDonald and co-workersaa 
studied the internal energy of products by the arrested 
relaxation of infrared chemiluminescence. In this 
method the emission from the vibrational modes of the 
product molecule is recorded and the observed energy 
of each mode compared with the prediction of statistical 
theory. Fluorine and chlorine substitution reactions F + CzH3Y, F + C6H5Y, C1+ CzH3Br, Cl + CsH5Br, and 
C1 + C3H5Br, where Y is H, CH3, C1 or Br, were in- 
vestigated. Nonrandom distribution of vibrational 
energy was observed for product molecules with density 
of states of less than lo4 states/cm-l. Of course, sta- 
tistical behavior is expected only when the density of 
states is high. In a trajectory studya9 on the internal 
energy distribution following chemical activation of 
methane-d3 and chloromethane-d3, it was shown that 
the energy becomes randomized in less than 5 X 
s. The distribution in the final product is statistical if 
no exit channel interactions exist in the system. 

Charged particle reactions are not discussed here for 
lack of space. Statistical theory has been applied in 
mass spectrometry under the name of quasi-equilibrium 
theory (QET). The experimental results have been 
summarized recently.92 It has been found that for 
polyatomic ions with lifetimes from to lo-" s 
randomization of energy takes place prior to decom- 
position. The early work of Wolfgangw and Hengleingl 
on ion-molecule crossed beams showed that intramo- 
lecular energy redistribution in the collision complex 
occurred on the time scale of s. Where exit 
channel interactions exist, it is necessary to modify 
statistical QET to obtain good agreement between 
calculated and experimental translational energy dis- 
tributions. Cases involving isolated electronic states are 
excluded. 
Photochemistry. Vibronic Excitation 

There are common features of internal energy dis- 
posal between photochemical reactions and gas-phase 
emission spectroscopy. The molecules can be in an 
excited electronic state, such as S1 or T1, or in the 
ground state So following internal conversion. Multi- 
channel decomposition from various excited levels can 
occur. Only a few selected topics are considered here. 

The reactant molecule produced in photoexcitation 
may be identified with A* of reactions R1 and R2 
presentefl earlier. The rate constant is calculable via 

(87) J. C. Light, J. Chem. Phys., 40, 3221 (1964); P. Pechukas and J. 
C. Light, ibid., 42,3281 (1965); P. Pechukas, J. C. Light, and C. Rankin, 
ibid., 44, 794 (1966). 

(88) J. G. Moehlmann, J. T. Gleaves, J. W. Hudgens, and J. D. 
McDonald, J.  Chem. Phys., 60,4790 (1974); J. G. Moehlmann and J. D. 
McDonald, ibid., 64,2518 (1976); J. F. Durana and J. D. McDonald, ibid., 
64, 2518 (1976). 

(89) J. D. McDonald and R. A. Marcus, J. Chem. Phys., 65,2180 (1976). 
(90) Z. Herman, A. Lee, and R. Wolfgang, J. Chem. Phys., 51,452 (1969). 
(91) A. Henglein, J. Chem. Phys., 53, 458 (1970). 
(92) C. Lifshitz, Ado. Mass. Spectrom., 7, 3 (1977). 

an expression similar to eq 2. The assumption is made 
that internal energy is statistically distributed among 
all the modes of the electronically excited mole- 
cu1e.15,93-95 The value of k(E) can be calculated from 
eq 1 provided that the vibration frequencies of the 
excited molecule and activated complex are known, not 
a very certain situation in many cases. 

There are cases where it cannot be assumed a priori 
that energy will be statistically distributed among all 
the modes of the molecule. Consider, for example, the 
photodecomposition of azoalkane,15 RN=NR - 2R + 
Nz. The excitation is via the n - T* transition on the 
nitrogens. The decomposing bonds are the two R-N 
adjacent to the initially excited bond. The intramo- 
lecular energy relaxation of the energy into all the 
available modes is fast with rate c ~ e f f i c i e n t ~ ~ - ' ~ * * ~ - ~  > 
10'l s-l. If the system can be intercepted in a short 
time, it is possible to observe decomposition exclusively 
from an initially excited moiety in which most of the 
excitation energy resides. One way to intercept the 
molecules before the energy randomizes is to observe 
the decomposition at  extremely high pressures, i.e., high 
collisional frequency. The expected behavior is a curved 
Stern-Volmer plot, and indeed such curvature has been 
0b~erved.l~ Now k(E) for randomized CzH5N=NCzH5 
is expected, and found to be larger than that fer 
C3H7N=NC3H7, which in turn is larger than that for 
C4H9N=NC4Hg. By contrast, the value of k(E) for 
decomposition from the (identical) excited moiety in 
each molecule is not expected to change much 
throughout the series and was found to be relatively 
constant. 

Internal conversion of S1 to So produces a vibra- 
tionally hot molecule. The value of Eo should be 
identical with that for thermally initiated decompo- 
sition of the same species. An example is the photo- 
irradiated ground-state isomerizations of cyclo- 
heptatriene to t o l ~ e n e : ~ ~ ~ ~ ~  8 - oCH3 
It is found that Eo for the isomerization is the same for 
the thermal and photoisomerization processes. 

The radiationless, reactive, and radiative processes 
and products ratios are, naturally, a function of the level 
of excitation. Provided that the vibrational manifold 
is dense enough and the level of excitation high enough, 
ergodicity is observed% in the decomposing molecules; 
otherwise, single vibronic level chemistry can be ob- 
served.l""-lo5 
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Photosensitization 
Photosensitization is a useful method for exciting an 

acceptor via electronic energy transfer from a donor 
molecule.106-109 Unlike sensitization in condensed 
media where low vibrational states prevail, gas-phase 
processes can take place from an excited internal state 
in the higher electronic manifold. 

A model has been p r o p ~ s e d ' ~ J ' ~  which assumes 
statistical partitioning of excess internal energy between 
the departing pair. The following serves as an example. 
It is found112 that the Cd(53P1)-sensitized decomposition 
of C2H3F has a higher quantum yield than the benz- 
ene(3B1)-sensitized decomposition. Both have almost 
the same triplet energy, and therefore the total energy 
available for partitioning, ET, is similar for both cases. 
The reason for the higher yield of the Cd-C2H3F pair, 
according to the model, is that the donor has no internal 
modes and therefore can carry away only translational 
energy. Benzene, on the other hand, has many internal 
models which provide a sink for the internal energy 
available for distribution. The acceptor acquires less 
of the available energy so that k ( E )  is smaller and the 
quantum yield is reduced. 

The partition of ET between donor and acceptor 
molecules is also exemplified by the singlet transfer in 
benzene-aniline gas mixtures."' The quenching of 
benzene fluorescence by aniline was investigated. It was 
found that the available internal energy is distributed 
between acceptor and donor in a statistical manner. 
Photophysics 

Photophysical experiments are another potential 
source of information on the internal energy distri- 
bution in excited electronic states of polyatomic mol- 
ecules. The available models vary from those that 
postulate that the excited molecule is ergodic prior to 
electronic relaxationg9J00 to those that predict local 
mode behavior wherein the bond excitation is uncou- 
pled from the rest of the molecular modes.lo1-lo3 The 
rules that  govern photophysical processes are similar 
to those discussed for reacting systems: a t  low levels 
of excitations, i.e., low density of states, the radiative 
decay process has the specific traits of the excited 
mode;100J04 it is possible to follow the behavior of a 
single vibronic level;lo5 for moderate and large poly- 
atomic molecules at  high levels of excitation, the in- 
ternal energy is relaxed through the vibrational ma- 
nifold of the excited electronic state.'OO Examples of 
single level behavior a t  low levels of excitation are 
benzenelo4 and cyclobutanone.lo5 CHCC1, CHCBr,'O' 
and H2C0105 are examples of small molecules where 
similar behavior is observed. In large molecules like 
tetracene and pentacenelm at high levels of excitation, 
it was found that intramolecular energy redistribution 
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log A ( s e r ' )  
Figure 3. Internal energy vs. log X. General behavior of iri- 
tramolecular rate coefficient X as a function of the internal energy. 
T h e  area between the  lines A is the  region of uncertainty (see 
discussion). Points: (1) ref 106; (2, 3) ref 14; (4) ref 41; ( 5 )  ref 
11, 12. 

occurs on a time scale shorter than electronic energy 
relaxation. But naphthalene has been reported to be 
a contrary case.lmb The above findings cohere with the 
results of M c D ~ n a l d ~ * , ~ ~  and agree with the major 
features of reactive systems. 
The  Dependence of the Intramolecular 
Relaxation Constant on E 

It  is of interest to speculate on the dependence of the 
observed (smallest) intramolecular relaxation constant 
X on the energy content of the molecule. A pragmatic 
hybrid curve for large fluoromolecules such as SF6 and 
CF3-c-C3F4D2 may be constructed. In an elegant ex- 
periment, Deutsch and Bruecklo6 excited the v3 mode 
of SF6 to the u = 3 level (-9 kcal mol-'). They in- 
terpreted their results to mean that v3 came into 
equilibrium with other degrees of freedom with a time 
constant of -3 p s ,  Le., X N 3 X lo5 s-'. Obviously, X - 0 for relaxation of the v = 1 level, for which small 
vibration theory works well, so that a curve of X vs. E 
is asymptotically horizontal at  low energies. For 
fluorocyclopropanes, a t  a total energy of -115 kcal 
mol-', it has been shown above"J2 that X - 1OI2  s-'. 
Since classical dynamical considerations do not allow 
for increase in X beyond s-l with increasing 
energy, the curve of X vs. E is asymptotically vertical 
at  higher energies. Figure 3 represents the combined 
behavior. The area between the curves, A ,  is an ar- 
bitrary representation of the region of uncertainty and 
cannot be probed for these molecules by reaction dy- 
namical studies since they decompose at  energies above 
45 kcal mol-' (E, = 45 kcal, CF3-c-C3D2F4; Eo N 86 kcal 
SF6). On the other hand, utilization of related mole- 
cules such as N2F4 for which Eo is only 19 kcal mol-' 
might be counterproductive for the reason described 
below. Obviously, the shape and behavior of curves 
such as those in Figure 3 depend on specific features 
of the internal potential function for each molecular 
species. Exactly how universal such curves are, for 
smaller hydrocarbons, for example (with low re- 
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duced-mass H motions), remains to be seen. Step 
features may occur. We know that internal random- 
ization must fail for all species a t  low energies. 

The region A is a potentially fruitful subject for 
theoretical delineation. Various theoretical treatments 
of the temporal and amplitude evolution of a set of 
anharmonic 0sci1lators~J~~ have been given. In general, 
some degree of stochastic behavior seems assured if the 
anharmonicity and coupling of the members of the set 
are sufficiently great as the total energy of the set 
becomes large. The often postulated “bottleneck” to 
internal relaxation of energy is a consequence of the 
occurrence of nonoverlapping resonances which can 
“trap” the energy of the set for a number of vibrational 
cycles of the motion (nonergodicity). The overlap of 
resonances can lead to stochastic behavior.113h 

Several recent t r e a t m e n t ~ l l ~ ~ - ~  suggest that overlap 
behavior may result if the energy in a particular mode 
is greater than 0.7-0.9 of the bond dissociation energy 
D or if the total energy E exceeds some critical criterion 
value E,, which depends on the nonharmonic terms of 
the potential function and may be less than or greater 
than D. But the degree of stochastic behavior required 
to rigorously satisfy statistical theory may be much 
greater than that which satisfies pragmatic experi- 
mental tests.113h This difference can explain why it is 
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that conventional statistical theories do have such broad 
practical applicability. 

In conclusion, it seems that the answer to the title 
question is “yes”, so far, for large reactive systems, on 
a time scale s. The high hope of earlier laser 
experimentation-that allegedly mode-specific exci- 
tation could be carried out and be shown to reveal 
nonstatistical unimolecular behavior-has failed to 
reveal any substantiated example of such. Most uni- 
molecular studies have been made a t  moderate to high 
levels of excitation (40-100 kcal mol-l); the possibility 
exists that such behavior could be detected at lower 
energy levels. Several molecules, such as N2O4, the 
dioxetanes, and N2F4, have critical threshold for de- 
composition Eo close to 15-25 kcal and suggest 
themselves as possible candidates. However, such 
systems may prove to be a vain hope because even 
though Eo decreases, the existence of severe anhar- 
monicites attendant upon bond rupture and the oc- 
currence of a shallow col(s) near the configuration of 
critical extension of the molecule could lead to a 
concomitant decrease in the critical criterion value E,. 
Conventional experimentation of adequate refinement 
is needed. One study in progress on t-C4H90 decom- 
position (Eo - 15 kcal mole1) by Batt is a hopeful 
po~sibi1ity.l~~ 
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