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/. Introduction 

This review discusses intermolecular vibrational en­
ergy transfer in gas-phase systems and its relation to 
rate coefficients of unimolecular and bimolecular re­
actions; it is limited to highly excited large polyatomic 
molecules in their ground electronic state. Thus, ex­
perimental results on triatomic molecules are excluded. 
These fundamental reactions are used in studying basic 
problems in inter- and intramolecular energy transfer 
and occur as well in laser-induced chemistry, pyrolysis, 
combustion, and atmospheric studies at high and low 
temperatures and pressures. Modeling of such com­
plicated systems requires rate coefficients at various 
temperatures and pressures, and those are dependent 
on an understanding of energy transfer. Thus, energy 
transfer in state to state or bulk microcanonical or 
canonical systems is of current interest in charting out 
energy evolution in molecules. Both time and effort 
have been spent in the last 65 years to develop and 
calculate rate coefficients from basic principles—with 
higher and higher accuracy—and to probe their relation 
to energy-transfer efficiency. Until the late 1970s the 
most reliable energy transfer data for highly excited 
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polyatomic molecules were obtained mainly from 
studies of unimolecular reaction rate coefficients in the 
low-pressure and falloff regions. The major collisional 
effects are inferred from the solution of the master 
equation with an assumed collisional transition proba­
bility. The energy-transfer information is summarized 
in two comprehensive reviews (1977) by Tardy and 
Rabinovitch1 and Quack and Troe.2 Energy transfer in 
small molecules at low levels of excitation was reviewed 
by Flynn.3 Here, our understanding of energy transfer 
is more advanced; energy transfer for moderate-sized 
molecules in excited electronic states was recently re­
viewed by Krajnovich, Parmenter, and Catlett.4 Energy 
transfer from internally converted molecules was re­

viewed and analyzed by Hippler and Troe.5 The pur­
poses of the present review are severalfold: (a) to de­
scribe experiments that provide fundamental informa­
tion; (b) to summarize available energy-transfer results; 
(c) to illustrate how energy-transfer information is 
pertinent and applicable to unimolecular reactions or 
to any system in which molecules must be transported 
from one energy level to another. 

Lindemann (1922) pointed out the importance of 
collisional energy transfer in the excitation and deex-
citation process in unimolecular reactions in a thermal 
system. 

For the first-order unimolecular reaction, A -*• 
products 

1 d[A] 

Lindemann's simple, three-step mechanism gave a 

A + M —»• A* + M k\. activation 

A* + M -*• A + M k-i> deactivation 

A* -* products k2: reaction 

predicted pressure-dependent expression for kuni in 
unimolecular reactions in thermal systems 

*-= T- — h ~ (1-2) 

MM] 

where Zz1 and k^ are the specific rate constants for ex­
citation and deexcitation of the reactant molecules and 
k2 is the unimolecular rate coefficient of the chemical 
transformation. Hinshelwood (1926) introduced energy 
dependence into Zz1 and Rice and Ramsperger (1927) 
and Kassel (1928) introduced it into k2; thus, the RRK 
theory was born. Marcus and O. K. Rice combined 
transition-state theory with RRK to give the RRKM 
theory6 for which the unimolecular rate coefficient k2, 
now denoted k(E), is given by 

Q* W(E*) 

*(£) = LQ mm (1-3) 
where W(E*) is the number of states of the excited 
molecule in its activated complex configuration and 
N(E*) is the density of states of the excited reactant 
molecule. Q is the adiabatic rotation partition function, 
and L is the reaction statistical factor.7,8 Other models 
such as adiabatic channel and phase space, as well as 
rotational effects which can be included9 in the ex­
pression for k(E), will not be discussed. 

A. Setting Up the Master Equation 

For kuni to be calculated properly, account must be 
taken of the probabilities of transporting a molecule 
from any total energy state i to any total energy state 
j . Since for large polyatomic molecules the density of 
states is very high, the molecular states are grained 
together into energy levels and a detailed master 
equation is written whereby the population of each 
energy level is replenished and depleted explicitly 
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,' - - f Z(E) [M] P(E1E) [Am)] ^E' + 
at Jo 

Cz[E) [M] P(E1E) [A(E',t)] dE'=k(E) [A(Ej)] 
Jo 

(1-4) 
d[A(E,t)] r -

,, - - I R(E',E) [M] [A(EJ)] dE' + 
dt Jo 

CR(E1E) [M] [A(E',*)] dE'- k(E) [A(E,t)] Jo 

where R(E'J£) = P(E'JE) Z(E) is the rate coefficient for 
energy transfer. Equation 1-4 should be read as follows: 
the change of the concentration of reactant molecules 
in energy state E (d[A(E,t)]/dt) is equal to the deple­
tion by collision of A in state E to all states E' (first 
integral), to the replenishment of state E from all states 
other than E (states E) (second integral), and to the 
depletion of molecules in E due to reaction (third term). 
Z(E) [M] is the number of collisions per unit time at 
E, and P(E'JE) is the probability of transferring energy 
E'-E (=AE) in a collision.1,7,8 In the case of no open 
reactive channels the last term is dropped. The set of 
differential equations (eq 1-4) can be solved by solving 
for the eigenvalues of the normalized transition prob­
abilities and k(E) matrix15 or by Monte Carlo methods 
developed by Gillespie10* and Barker.10b 

The time-dependent populations are given by 

[Am)] = ZcIj(E) e-,-kit (1-5) 

Oj(E) are the energy-dependent normalization factors, 
and k; (rate coefficients) are the negatives of the ei­
genvalues. Integration over all energy states gives 

[AU)]= C[A(E,t)]dE (1-6) 
Jo 

When eq 1-6 is differentiated with respect to t, the 
overall rate coefficient is obtained. 

Kni [Ad)] 

1 d[A(t)] 

dt 
(1-7) 

From eq 1-7 it is clear that Zt11nJ may exhibit time 
dependence and may not be constant. The progress of 
the reaction in such a case is simply monitored by ob­
serving A(t) at a given t without assigning a specific k^ 
to the reaction. 

At long reaction time and the case where one kj is 
much smaller than the rest 

[Am)] = a(E) e-kt (1-8) 

Combining eqs 1-6, 1-7, and 1-8, one obtains for kmi 

°k(E) [Am)] dE -S 
%/o 

[A(O] -fc (1-9) 

fcuni is simply the negative of the smallest eigenvalue of 
the matrix of eq 1-4. 

If one defines a quasi steady state 

J[A(E,t)]\ 
\ [Ad)] ) 

dt = 0 (1-10) 

then by differentiating eq 1-10, rearranging, and using 
eq 1-7, we obtain 
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d[A(E,t)] 
dt 

= -feuni[A(E,t)] (1-11) 

Substituting eq 1-11 into eq 1-4 

- C Z(E) [M] P(E',E) [A(EJL)] dE' + 
Jo 

j"°Z(E) [M] P(E,E) [A(E',t)] dE'-k(E) [A(E,t)] 

+ KJA(E1T)] = 0 (1-12) 

Integrating eq 1-12 over all energy space yields 

•k(E) [A(E,t)] dE 

JE0 
[Ad)] (1-13) 

Note that, below E0, k(E) = 0. 
The first term in eq 1-12 is equal to Z(E) [M] 

[A(E,t)]; therefore, eq 1-12 can be rearranged to give 

[Am)] = 
Z[M] CP(EJE') [A(E',t)] dE' 

Jo 
Z[M] + k(E) - ka 

where Z is assumed to be independent of E. 
For strong colliders 

P(EJE1) = B(E) 

(1-14) 

(1-15) 

where B(E) is the equilibrium Boltzmann distribution. 
Then Qtat is the partition function for internal degrees 

B(E) = 
N(E) e-E'RT 

(1-16) 

of freedom. Introducing eq 1-15 into eq 1-14 and taking 
B(E) out of the integral 

[Am)] Z[M] B(E) 

[A(t)] Z[M] + k(E) - k^r 
(1-17) 

Multiplying both sides of eq 1-17 by k(E) and inte­
grating over E leads to 

•J E1 

°k(E) [Am)] dE 
[AdJ] -L 

' Z[M] B(E) k(E) dE 

Eo Z[M] + k(E) - k^f 
(1-18) 

Introducing eq 1-13 into eq 1-18, we obtain the final 
strong-collision expression 

h .8C 
•fcnni 

JE, 

' Z[M] B(E) k(E) dE 

Eo Z[M] + k(E) - fcuni" 
(1-19) 

The superscript sc on k^ indicates the strong-colli­
sion conditions under which it was obtained. 

In the high-pressure limit (p -»• °°), eq 1-19 takes the 
form 

km = C B ( E ) k(E) dE (1-20) 
** EQ 

where =° indicates high pressure which for some systems 
may be a few Torr and is independent of P(EJS); i.e. 
it is valid for both strong or weak collisions. The tem­
perature dependence of A» is frequently given by the 
simple Arrhenius expression 

km = A„e-E>-IRT (1-21) 
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Figure 1. Percent deviation of the exact k, uni of quadricyclane 
in the denominator of from kwi with (- - -) and without (—) ka 

eq 1-19 as a function of pressure for various temperatures. 

where A00 is the high-pressure frequency factor. 
In the low-pressure limit, p -* 0 

-I -Z[M] B(E) A(E) AE 

0 HE) - V c (1-22) 

In eq 1-21 the equilibrium population is maintained at 
all times. (Equation 1-19 is sometimes called the 
RRKM expression, but we reserve the name RRKM for 
the rate coefficient A(E)). At the high-pressure limit, 
collisions do not play an active role in the reaction and 
there is no need for a superscript sc on A. At lower 
pressures, collisions do play a role and a superscript is 
needed. The subscript 0 indicates Auni at limiting low 
pressure. 

For low temperatures, A(E) » A0
80 and eq 1-22 yields 

the conventional expression 

V c = P-Z[M] B(E) AE (1-23) 
JE„ 

« 0 = I Jl/LlVIJ D\CJ) CLE, U -

JE0 

The temperature dependence of A0
80 c a n De given 

A0
80 = A&-E*IRT (1-

by 

(1-24) 

where A0 and E80 are the frequency factor and activa­
tion energy at low pressures. 

At high temperatures the last term in the denomi­
nator of eq 1-19 is not negligible, and even a quasi 
steady state is not obtained. Montroll and Shuler11 

realized long ago that there is a lower bound value for 
E0/ABT below which steady state is not applicable. 
Recent calculations128 indicate that the contribution of 
A11nJ

80 in the denominator is negligible when the ratio is 
>20. This is only a rule of thumb, and for some mol­
ecules E0/ABT > 10 will give good agreement as well.12b 

It should also be pointed out that the reaction need not 
be in the first-order region, i.e. A11nJ

 = &»> and there is 
no easy method to calculate the last term in the de­
nominator. This is summarized in Figure 1 where eq 
1-19 is used with and without A11nJ in the denominator. 
As expected, the deviations are the largest at high 
temperatures. In addition, the larger the molecule and 
the lower the activation energy, the larger the deviation 
of the exact (A11nJ included) from the approximate (A11n; 
removed) expression. The maximum deviation occurs 
when the reaction order is 1.7-1.9, that is, close to the 
second-order region. This is depicted in Figure 2. 

To summarize, to find A11111 for weak collisions, one has 
to solve a master equation (eq 1-4). To get a master 
equation, one has to specify the rate coefficients for 
energy transfer R(E,E); imbedded in them are Z(JEO, 
the number of collisions per unit time per unit con­
centration at energy E'and the transition probability 
P(EJZ) of transferring an amount of energy AE (from 

18 2.0 1.4 1.6 

REACTION ORDER 

Figure 2. Percent deviation of the exact A1101 of quadricyclane 
from k^i with (- - -) and without (—) k^ in the denominator of 
eq 1-19 as a function of reaction order for various temperatures. 

0 20 60 100 140 180 

ENERGY (kcol/mol) 

Figure 3. Boltzmann distribution function for cyclobutane vs 
energy at two temperatures. 

level E'to level E). Understanding the collision pro­
cesses characterized by Z(E) and P(EJL) is a prere­
quisite for an intelligent evaluation of A11111. At low 
temperatures the quasi-steady-state equation is ob­
tained while at high temperatures no steady state is 
obtained and a time-independent A1111J cannot be de­
fined. 

B. Details of Solving a Master Equation 

Any solution of the master equation is subject to the 
conservation relations 

r"r(E'J£) r° 
J -^~ AE' = jo P(E',E) AE' = 1 (1-25) 

f "[A(JS1O] dE = [A(t)] (1-26) 

and to detailed balance 

[B(E)] P(E',E) = [B(EO] P(E1EO (1-27) 

For computational purposes P(E 'JS) has been factored 
into a shape r(E'JZ) and normalization factor C(E). The 
simultaneous imposition of eqs 1-25, 1-26, and 1-27 
leads to energy-dependent normalization factors for the 
probabilities given by the Gilbert and King recursion 
equation.13 

C(E) = 
CBr(E'JZ) dE' 

Jn 

1 
" B(E) j E 

'B(E) r(E,E) 
(1-28) 

dE' 
fE C(E) 

Alternatively, eq 1-25,1-26, and 1-27 have been intro-
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Figure 4. Normalization factors for exponential transition 
probabilities for cyclobutane dissociation as a function of energy. 
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Figure 5. Normalized exponential transition probabilities for 
cyclobutane dissociation vs energy for 500 K (—) and 2500 K (- - -). 
The positions of the letters indicate the energy of the 0-0 tran­
sition. 

duced explicitly into the master equation, by Tardy and 
Rabinovitch14 and by Oref.15 

The application of eq 1-28 is not trivial. At low en­
ergies the density of states is a discrete function, thus 
causing B(E) to have structure at the low-energy tail 
of the distribution. This is depicted in Figure 3a where 
B(E) for cyclobutane at 500 K is shown. The average 
energy of the molecules is 4.52 kcal/mol. For a given 
P(E',E) (exponential transition probability, eq 2-14, 
discussed later) the values of C(E) as a function of E 
(Figure 4) oscillate due to the quantum structures at 
low energies. 

The form of an exponential transition probability is 
shown in Figure 5. The shape of the probability 
function changes as a function of the internal energy. 
The remarkable change is at the very low energy where 
the oscillations of C(E) affect P(E£). In short, at low 
temperatures and low energy the normalization and 
detailed balance constraints are anything but trivial. 
The solution of the master equation has to take these 
effects in consideration for reactions in which these 
populations are important. At higher temperatures, 
B(E) is much smoother (Figure 3b). At even higher 
temperatures, above 1200 K, application of eq 1-28 
demands extreme caution. At lower energies, the de­
nominator approaches zero and C(JE) obtains nonphy-
sical values. It can obtain a value 2 orders of magnitude 
larger than the value of the C(E) preceding it in the 
recursion equation, or it can even become negative—an 
unrealistic value. The problem is solved by various 
mathematical constructs such as letting the population 
be the equilibrium one below a given value of the en­
ergy. At any rate, awareness is required. The nor­
malized exponential transition probability at high tem­
perature as a function of energy is shown in Figure 5, 
the shape is temperature and energy dependent, and 
the AE = 0 transition is of lower probability at higher 
temperature than at lower temperature. 
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The effect of the angular momentum J on the solu­
tion of the master equation was discussed by the groups 
of Forst,16" Troe,16a and Gilbert.166-0 They find that J 
affects the values of fcuni and should be taken into 
consideration. 

/ / . Probability Models and (AE) Quantities 

A. Rate of Energy Flow 

All kinetic experiments measure a rate of transport. 
For example, in the case of a unimolecular reaction in 
the low-pressure (second-order) region, the rate of re­
action of product formation is related to the transport 
of molecules from nonreactive levels to reactive levels. 
Fundamentally this involves an energy flow (energy/ 
time), which is observed as the rate of formation of 
products. The rate coefficient for this flow, as given in 
eq 1-4, has historically been divided into two terms: the 
collision rate [Z(E)] and the probability of transfer per 
collision [P(E ',E)]. It can be seen that for a given rate 
coefficient a variety of Z(E)'s and P(E',E)'s are possible: 
e.g. a high collision rate with a low probability for 
transfer or a low collision rate with a high probability 
for transfer. Both will meet the requirement for a given 
rate coefficient. Thus, it is important that the proper 
collision rate is used. 

The collision or reaction rate coefficient is highly 
dependent upon the particular experiment: what dis­
tribution of initial states of the reactants is prepared 
and the final states measured. The phenomenological 
rate coefficient is obtained by a suitable average of the 
reactive cross section.17,18 Consider an experiment in 
which a flux of A molecules with internal energy EA 
collides with an M molecule that contains internal en­
ergy EM with a relative velocity v (i.e., relative trans-
lational energy, Ex = 0.5mAmM/(mA + mB)v2 = 0.5MU2), 
which produces A and M with internal energies EA and 
EM', respectively. 

A(Ex) + M(EM) - A(EA') + M(B11') (2-1) 

The cross section, s(EA\ EM'|EA, EM, V)> is defined as 
the ratio of the number of product pairs [A(EA'), 
M(EM')] formed per unit time to the initial flux of 
A(EA). The rate coefficient, k(EA\ EM'|EA, Eu, v)t for 
the energy exchange is calculated from the s(EA, 
EM'|EA, EM, V) by the relation 

fe(EA',EM'|EA,EM,i;) = vs(EA',Eu'\EA£u,v) (2-2a) 

The detailed cross section is not only an indicator of 
the efficiency for a given "product" but also an indicator 
with regard to the energy disposition, i.e. whether vi­
brational energy of A transferred to relative translation 
(V-T transfer), to rotational modes (V-R), or to vi­
bration of M (V-V). Microscopic reversibility provides 
the handle for relating V-T to T-V (or other equivalent 
inverse processes) cross-section or rate coefficient in­
formation. As the available details regarding a specific 
experiment decrease, the cross section must be appro­
priately averaged. For example, when the internal en­
ergy of M is not selected, but has an average (<EM)), 
then the rate coefficient for energy flow is 

MEA'|EA, (EM),v) = vs(EA'\EA,(EM),v) = 

v f°s(EA'EM'\EA,Eu,v) f(Eu) d£M (2-2b) 
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where /CEM) *S the fraction of M molecules with internal 
energy EM. Likewise, if the velocity is not selected but 
is governed by a Boltzmann temperature Tv, then the 
reaction rate for 

A(Ex) + M-* A(Ex') + M (2-3) 

is 

rate = k(EA'\EA,(EM),Tv)[A(EA)][M] (2-4) 

and for simplicity Ek can be replaced by E so that 

k(EA'\EA,(EM),Tv) = CvS(E)EAEy1),v) f(v) dv 
JQ 

(2-5) 

The total collision rate is 

Z(E)= C'k(E\E,(EM),Tv)dE' (2-6) 
Jo 

For the case where s is a constant equal to wa2, the 
traditional hard-sphere collision rate formula results. 

( 8kT \0,5 

V 1 ) ™2 (2"7) 

Other relations for the appropriate rate coefficient can 
be set up depending upon which parameters are to be 
averaged for a given experimental condition. Although 
the cross section is impossible to obtain experimentally, 
it is the ideal quantity to be measured because the rate 
coefficient can be obtained by the proper averaging over 
the appropriate distribution function. However, the 
reverse procedure, that of obtaining the cross section 
from the rate coefficient, is not unique. Thus, it is 
important when rate coefficients from different ex­
periments are compared that the experimental param­
eters are comparable and that the appropriate collision 
cross section is used if reliable information pertinent 
to the P(E',JS)'s are to be obtained. Our discussion in 
this section is in the following order: probabilities of 
energy transfer from a single energy level; calculation 
of the collision rate; macroscopic energy-transfer 
quantities; energy-transfer quantities from theoretical 
calculations. 

B. Probabilities of Energy Transfer from a 
Single Energy Level 

/. Trajectory Calculations 

A new era of computer calculations (which include 
triatomic molecules not discussed in this review) in­
volving energy transfer is starting. Various energy-
transfer models are used in energy-transfer calcula­
tions.18-34 Trajectories for the systems He + HO2,

35* He 
+ S02,35b He + H20,35c CO2 + He/Ar,35d CS2 + He,36 

He/Ne/Xe/N2/H2 + CH3NC,37 CS2 and SO2 + He/ 
Ne/Ar/Kr/Xe,38 Ar + CH4,

39a and He + C19H6
40 (az-

ulene) have been reported. These calculations have 
been performed on potential energy surfaces (PES) 
using classical mechanics.20 Canned programs are now 
available from the Quantum Chemistry Program Ex­
change.200 

In principle, the outcome of a particular collision can 
be calculated via classical or quantum mechanics. 
Procedures have been developed to integrate either 

Hamilton's or Schrodinger's equations so that the tra­
jectory (coordinates and momenta of each atom as a 
function of time) can be determined. In fact, this has 
commonly been done for simple atom diatomic sys­
tems.18'19 Even for these simple systems the bottleneck 
in calculating realistic results is in obtaining an ade­
quate potential energy surface. The same problem 
exists in inelastic collisions of highly excited polyatomic 
molecules. (The PES for energy transfer is different 
from the PES for reactive systems, and both are un­
known.) 

The second problem in calculating energy-transfer 
rates by trajectory calculations is obtaining realistic 
sampling of the initial conditions.,20a,d"f impact param­
eter, position and momentum of the atoms (classical 
conditions), and the quantum states for vibration and 
rotation. For each atom, six coordinates in phase space 
are necessary to specify the initial conditions; the vol­
ume in phase space increases as E31* where N is the total 
number of atoms in A and M. The number of initial 
states, which is proportional to the volume in phase 
space for the appropriate energy, becomes extremely 
large for molecules vof moderate size and at excitation 
energies corresponding to reaction threshold. Thus, a 
selection strategy is needed to reduce the actual number 
of trajectories for the simulation. 

Insight into the fundamental quantities that deter­
mine the transfer of energy to various states can be 
obtained from the formal quantum mechanical equa­
tions for the transition probability from the initial (i) 
to final (f) state. Two results due to Fermi21 and Born21 

are of particular interest; however, both apply to the 
limiting case where the energy transferred is smaller 
than the relative translational energy. For transitions 
between states of the same energy, Fermi's golden rule 
is applicable. In this case 

4ir2 

P(f,i) = ^\V{£ N(E{) (2-8) 

i.e., the probability is related to the density of states 
of the final state and the matrix element connecting the 
two states. For small perturbations (not always ap­
plicable for large energy transfer), the Born approxi­
mation shows that the transition probability between 
the energy states is related to the square of the Fourier 
transform of the interaction matrix element during the 
collision. 

P(E{,E{) = constants! f V f i(t) e~iat dtl2 (2-9) 
JQ 

V(ii(t) = AE = IE1-E1I = ^w 

Both Fermi's golden rule and the Born approximation 
illustrate that selection or propensity rules,22* i.e., initial 
and final states that have a high probability for cou­
pling, can be derived in theory: similar "rules" have been 
successfully used and developed in the field of spec­
troscopy. The problem that arises in calculating the 
matrix elements for collisional energy transfer is that 
the interaction potential is not generally known, as it 
is for radiation interacting with a dipole in spectroscopy. 
One important point is that the Born approximation 
does lead to probabilities for V-T transfer that decrease 
exponentially as the energy defect between vibration 
and translation increases: 
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P(Ei^) <* e^ r^ l *, e'l̂ A-̂ A'l (2-10) 

for the process depicted in eqs 2 and 3. This 
"exponential gap" dependence has been experimentally 
observed2215 in a variety of systems. Another point is 
that for large amounts of energy transfer the Fourier 
frequency component of the potential corresponding to 
\E{ - i£j| must be large. For interactions potentials of 
the form l/rn, the probability for transfer of large 
amounts of energy would be most effective for larger 
n. Impulsive collisions on a repulsive potential meet 
this requirement; this is also in agreement with the 
intuitive idea that as the collision time becomes less 
than the time for a characteristic motion (vibration, 
rotation), the probability for transfer is enhanced.21 

2. Simple Models 

Due to the large amount of computer time required 
for classical or quantum trajectory calculations, much 
effort has been spent on developing an understanding 
for simple systems. The dependence of energy transfer 
on general attractive and repulsive portions of the in­
teraction potential have been assessed. The first suc­
cessful model was that of Schwartz, Slawsky, and 
Herzfeld23 (SSH) in which impulsive collisions with an 
attractive solution for the thermally averaged collision 
number was derived. The SSH theory is applicable to 
atom diatomic systems at low levels of excitation. This 
model was then modified by Tanczos24 to include 
polyatomic species at low levels of excitation. The 
modifications were discussed and corrected by Yard-
ley.21 

For qualitative purposes it is useful to classify colli­
sions according to the time in which the collision 
partners are undergoing a significant change in their 
interaction energy. Two limiting categories are "direct" 
and "sticky" (complex) collisions. For the "direct" case 
(single collision encounter with a duration less than a 
vibrational period)25 the interaction can involve at­
tractive and/or repulsive terms in the interactive po­
tential while for "sticky" collisions the attractive term 
must be present to "hold" the collision complex together 
for a few vibrational cycles. The total energy and total 
angular momentum must be conserved throughout the 
trajectory (collision). 

For the formation and decomposition of the long-
lived "sticky" complex, the internal energy will be sta­
tistically distributed.26'27 The fundamental quantities 
determining the amount of energy transferred in the 
statistical model are the density of states for both 
colliders, the strength of attractive forces, and the total 
energy of excitation (EA + EB + Ev) subject to conser­
vation of angular momentum. For this case the mi­
croscopic details of the collision are unimportant since 
the long-lived complex samples "all" of phase space with 
a random lifetime. In general, the total cross section 
for energy transfer for the complex case will be com­
parable to the elastic and inelastic collision cross sec­
tion; the specific probabilities from initial to final energy 
states will depend on the number of vibrational modes 
involved. It is predicted that the amount of energy 
transferred will increase with the average energy27b 

(Figure 6) and with relative translational energy of the 
colliding pair27c (Figure 7). 

As the coupling between collision partners decreases 
from that for the long-lived "sticky" (statistical) model, 

O -5 -IO 
A E (Kcai) 

Figure 6. Energy-transfer probability P(E1AE) vs AE for C2H6CN 
at 550 K: (1) E = 9.2 kcal/mol (internal energy of C2H6CN); (2) 
E = 38 kcal/mol. In (1) E « (E) and in (2) E » (E). Case 2 
has much more deactivation than case 1 (reprinted from ref 27b; 
copyright 1977 Elsevier). 
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Figure 7. Average energy lost in a C6H9
+-M collision ((AE)^) 

at 373 K vs maximum relative translational energy of the colliding 
pair. Internal excitation of the ion is 38 kcal/mol. The plot applies 
to both polar and nonpolar M (reprinted from ref 27c; copyright 
1979 Elsevier). 

due in part to a shorter interaction time, the volume 
of phase space (equivalent number of oscillators of the 
substrate) that the deactivator is able to sample is re­
duced. During the collision between A and M there are 
relative translational and rotational degrees of freedom 
that become internal degrees of freedom in the complex; 
these are the modes that most strongly interact with 
the internal modes of A so that energy can be efficiently 
transferred. Various quantitative versions of this model 
have been presented by Schlag,28 Lin and Rabinovitch,29 

Bhattacharjee and Forst,30 Oref,31 and Troe.32 In gen­
eral, these models show the importance of the transi­
tional modes as sinks for the transferred energy; the 
reduced number of accepting modes decreases the total 
amount of energy transferred,29 as shown in Figure 8. 

For the limiting case of "direct" collisions, the net 
interaction is localized to a given pair of atoms and can 
be either attractive or repulsive. The former has a 
relatively large cross section that decreases with an 
increase in relative velocity while the latter has a rela­
tively small cross section that increases with relative 
velocity.21 Thus, the temperature dependences for these 
interactions are opposite to one another; the tempera­
ture dependence for the rate constant for the repulsive 
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TABLE I. B Quantities for Statistical Model0 

substrate deactivator 

IO0O 2000 3000 4000 5000 

AE , cm"' 

Figure 8. Probability distribution functions from statistical 
quasi-accommodation model vs AE for three colliders (reprinted 
from ref 29; copyright 1970 American Chemical Society). 

potential increases with an increase in temperature. 
The outcome of the collision is a function not only of 
the initial conditions for the collision but of the inter­
action potential. A statistical version of this limit has 
been given by Light27" and modified by Nordholm et 
al.;33 for this model 

(AE) = 
n2 + 2 

M1 + n2 + 4 
(E1 - (E1)T) (2-11) 

where E1 is the internal energy of the reactant, (E1) T 
is the average equilibrium internal energy of the reac­
tant at temperature T, and n : and n2 are integers di­
rectly related to the number of atoms in the reactant 
and heat bath, respectively. Schranz and Nordholm34 

have modified the ergodic collision theory of Nordholm 
et al.33 for impulsive collisions; the duration of the 
collision is sufficiently short so that the framework of 
the molecule remains constant. With this assumption 
only kinetic energy can be transferred. In this case the 
potential energy is not available and 

(AE) = 
nK2 + 2 

"Ki + nK2 + 4 
(X1 - (K1)T) (2-12) 

where K1 is the kinetic energy of the reactant, (K1)T 
is the average kinetic energy, and U^1 and nK2 are the 
number of momentum degrees of freedom of reactant 
and heat bath, respectively (see Table I). This model 
is adequate for large polyatomic deactivators. 

All of the above simplified models can easily be used 
to calculate the probability for the energy transfer. 
Unfortunately, the calculated average energies trans­
ferred are either too high or, due in part to the uncer­
tainty of the interaction potential, there are empirical 
constants that can be adjusted to fit the experiment. 
Sceats38 has recently developed an atom-atom en­
counter model that shows good agreement with exper­
iment and calculation for the deactivation of SO2 and 
CS2 by inert gases. 

The histograms of the energy transfer from trajectory 
studies36"'40 indicate the possibility of a double expo­
nential for both the down (E' < E) and up (E' > E) 
branch of P(E', E) and a large 0-0 probability. The 

"xi Tl>1 "K2 

monoatomic 1 1 
diatomic 2 1 5 4 
linear polyatomic 6M1 - 10 3M1 - 5 6M2 - 7 3M2 - 2 
nonlinear polyatomic 6M1 - 11 3M1 - 5 6M2 - 8 3M2 - 2 

"M1 and M2 are the number of atoms in the substrate and 
deactivator, respectively. Subscripts 1 and 2 indicate substrate 
and bath, respectively. K indicates impulsive model; only kinetic 
energy is involved. 

former may be real or a result of inadequate sampling 
or of the particular PES used. However, new experi­
ments by the groups of Oref41-43 and Luther44'45 indicate 
that this observation is real. Diagnostic trajectory 
studies on fabricated PES's in which systematic varia­
tions can be introduced should be performed as was 
done by Polanyi for the A + BC -* AB + C reactive 
system.46 

Potential problems in the classical trajectory studies 
are participation of zero-point energy and the large 
number of elastic collisions. The first problem has been 
discussed by Hase and Miller39b and Bowman et al.;39c 

as of this time no definitive answer has been reached 
although empirical constraints have been put forward. 
The problem of a large probability for a zero energy 
transferred [P(EJZ) dE = 1] relates to not knowing the 
proper cutoff for the impact parameter: large impact 
parameters in which there is no interaction during the 
"collision" will produce a 0-0 contribution. The proper 
cutoff of the impact parameter rests on knowledge of 
a correct collision cross section. At least three different 
approaches have been used or suggested to obtain 
"correct" cross sections: (i) The best fit double-expo­
nential function is obtained without using the 0-0 tra­
jectories.35 (ii) Trajectories are ignored in which the 
energy transferred is less than that predicted by the 
uncertainty principle47 or the numerical accuracy of the 
calculation, (iii) The rate of energy transfer, not the 
probability per collision,36,48 is considered so that the 
arbitrariness of a cutoff impact parameter is not nec­
essary. Another potential problem of a different sort 
is the mixing of electronic and vibrational levels now 
being investigated by Toselli and Barker. The redis­
tributed successive collision method developed by 
Bruehl and Schatz36 addresses the angular momentum 
distribution problem correctly. 

Trajectory calculations for azulene-Ar and meth-
ane-Ar show that energy transfer is taking place in a 
time frame of ~0.5 ps longer than "direct" collisions; 
the large change in energy is due to repulsive interac­
tion, and the duration is related to the attractive po­
tential. Plots of internal energy vs time indicate a 
random-walk behavior in internal energy space with the 
constraints of a minimum (0) and maximum (EA + EM 
+ Ev = Etot) energy. 

C. Calculation of the Collision Rate 

As discussed above, calculation of the collision num­
ber with the correct collision cross section is critical to 
determine the correct transition probabilities. The 
problem of choosing incorrect cross sections has also 
appeared in calculating relative collisional efficiencies1 
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Rabinovitch and co-workers measured collisional ef­
ficiencies based on a per pressure basis for the thermal 
isomerization of methyl49,80 and ethyl61 isocyanides in 
the second-order region. After factoring out the effect 
of the reduced mass of the colliders, they were able to 
show that the increment in the collision cross section 
was constant for a given structural increment: i.e., s 
increased by a constant As for every CH2 group added 
to a hydrocarbon homologous series. This experimental 
method provides a unique manner to determine colli­
sion cross sections in reactive systems. Unfortunately 
there are a limited number of systems where data of the 
necessary precision have been obtained. 

More recently, Durant and Kaufman52 presented a 
method in which the total collision cross sections could 
be calculated from the interaction potential. When 
these cross sections were used to calculate the efficiency 
for the quenching of NO2 (A

2B2) fluorescence, the rel­
ative efficiencies for 13 deactivators were within 25% 
of the mean value of 0.154 as compared to Lennard-
Jones parameters in which the relative efficiencies 
varied by more than 400%. Although, in theory, this 
technique is generally applicable if the interaction po­
tential is known, it does involve calculating the cross 
section by evaluating the phase shifts of the scattered 
waves for a given relative velocity and orbital angular 
momentum (impact parameter). The advantage is that 
once s(v) is computed, then s(T) is easily calculated by 
averaging it over the appropriate velocity distribution 
function. For systems that do not have a spherically 
symmetric interaction potential, additional averaging 
over the geometry of the collision is required. 

For systems that do not have strong dipole-dipole 
interactions, the collision cross section is typically 
calculated from the square of the Lennard-Jones s times 
the reduced collision integral53 fl(2'2). The Lennard-
Jones parameters for the AM collision pair are deter­
mined by (TAM = (<7A + ffB)/2 and tm = ((A^u)05- Tables 
of a and « are available53 as are prescriptions to syn­
thesize these parameters for molecules that have not 
been experimentally determined;53"1 a specific pre­
scription may not produce collision rates with the 
proper temperature dependence or that can be quan­
titatively compared with other prescriptions. The 
Stockmayer potential838 has been used when two polar 
partners are involved. A comparison of reported en­
ergy-transfer quantities from different research groups 
calls for extra caution. For example, Gilbert's group54 

have analyzed the (AE)811 values reported for the re­
laxation of azulene in nitrogen from the laboratories of 
Barker58,66 and Troe.57 The Lennard-Jones collision 
numbers used by these research groups differ by a 
factor (Barker/Troe)54 of 1.27 and 1.30 at 300 and 630 
K, respectively; while their ratio of Q(2,2), which was 
calculated from different prescriptions, differed by only 
3%. The reported values for (AE)all(Barker)/ 
< AE)an(Troe) were 1.43 and 1.29 for this temperature 
range, which is apparently within good agreement. 
However, when Barker's (AE^'s are rescaled to Troe's 
collision parameters, a 30% increase in the discrepancy 
results.54 

Thus, it is important that the technique and param­
eters used in calculating the collision number are re­
ported along with the derived transition probability 
information. 

D. Macroscopic Energy-Transfer Quantities: 
Moments of the Probability Function 

The transition probability model can be used to 
calculate various moments of the distribution function 
(average energy-transferred quantities per collision); in 
many experiments the details of P(E',E) are not re­
quired so in fact these are the desired quantities. The 
equations defining the averages are given in eq 2-13 
where f(E,t) is the normalized population distribution 
function. 

J*E(E' -E) P(E'£)dE' 
(6E)AJi = — E f o r E ' < E ( 2 " 1 3 ) 

f P(EW dE' 

J " ( E ' - E ) P(E',E) dE' 
<AE)up>£ = — - for E'> E 

f P(E',E) dE' 
JE 

<P W = f ^P(EW dE' for E' > E 

(P)djs = fEP(E',E) dE'for E'< E 

(E)1= CEf(Ej) dE 

(AE) t = f° (AE)3UJ! f(E,t)dE 

f°f(E,t) dE = 1; j"°P(E',E) dE' = 1 

When more than one originating energy level is in­
volved, then (AE) E must be calculated for each E. The 
probabilities are no longer independent; the condition 
of detailed balance (eq 1-27) must be satisfied in ad­
dition to the normalization constraint (eqs 1-25 and 
1-26). The detailed balance condition relates the 
"down" probability from energy level E to E'to the "up" 
probability from energy level E'to E. When P(E'W 
is an element of a matrix (row, column notation), then 
normalization corresponds to the sum of the elements 
in any column being unity while detailed balance relates 
elements that are symmetrically located across the 
diagonal (the transpose of one another). When the 
same form of down probabilities is assumed for all en­
ergies, then detailed balance relates the "up" and 
"down" probabilities originating from single nonde-
generate energy levels, i.e., the element of a column in 
the matrix. 

Penner and Forst58a have pointed out that the bulk 
average energy transferred ((AE)) is another quantity 
that must be defined and used for certain experiments. 
The physical experiments (sometimes called direct) as 
opposed to chemical methods monitor the average en­
ergy of all of the molecules (i.e., all energy levels) as a 
function of time. It is easily shown that the average 
energy of the ensemble (E) changes by ((AE)) after 
one collision. The bulk averate ((AE) )t_„ goes to zero 
when the normalized population distribution f(E,t) (= 
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[A(JE1O]/[A(O]) approaches the equilibrium distribution 
of populations. (This does not apply to physical 
methods such as MPI discussed later.) 

The three commonly used forms for P(E'JS) with E' 
< E are the exponential14 

P(E'Ji) s e-<.E-E>)iw)i* (2.14) 

the Gaussian14 

P(E'JL) = e-W-EVlWhf (2-15) 

and the stepladder14 

P(E1JE) = constant when \E'-E\ = (AE)d>£ (2-16) 

P(E',E) = 0 otherwise 

models. One simplification often used is to assume that 
(AE)d>£ is independent of E and is given simply by 
(AE)d; energy-dependent (AE )d can be implemented 
easily into an equal-grained system for the exponential 
and Gaussian models, but unequal energy level spacing 
must be used for the stepladder model. Independent 
of which model is used, as energy dependence of (AE)1^ 
is automatically built in by the detailed balance con­
straint involving both the ratio of the density of states, 
which is a function of the energy level and the step size, 
and the Boltzmann factor, which is a function of the 
step size and temperature. This is necessary since for 
an ensemble of molecules with energies below the (E) 
"up" transitions must dominate while for an ensemble 
of molecules with energies above (E) "down" transitions 
must dominate; at some energy the "up" transitions are 
balanced by the "down" transitions. Thus, it is expected 
that (AE)8U1E wiU De strongly dependent on energy and 
temperature and will undergo a sign change; for high-
energy levels at low temperature it will be negative 
while for low-energy levels at high temperature it will 
be positive, and as can be seen from Figure 9 and from 
the expression for strong colliders: 

(AE)all>£= (E)-E (2-17) 

This can be proven easily for strong collisions by 
starting from the basic definition 

<AE)all>£= C(E'- E) P(E',E) AE' (2-18) 

where P(E1JH) is normalized to unity. 
For strong collisions 

P(E',E) = B(EO (2-19) 

Introducing eq 2-19 into eq 2-18 and integrating, one 
obtains eq 2-17. 

For other transition probability models 

(AE)81] = j"°E'P(E',E) dE'-E = E-E (2-20) 

where E denotes a special average different from (E). 
The relation between (AE)d and (AE)up is not simple 
and is given by eq 2-13. 

Of all of the (AE) quantities, (AE)d and (AE)8n have 
been used the most often. Unfortunately, they have 
often been used interchangeably and without a desig­
nated subscript which has added to the confusion. 
These quantities can be related by analytical expres­
sions for a specified form of P(E',E).1A55'59'60 It has been 
argued that (AE) d is a more useful representation since 
it does not contain the limited range imposed on (AE)811 
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Figure 9. (AE)8UVsJE: (a) for strong colliders for cyclohexene 
at 1000,1250,1500,1750, and 2000 K; (b) for exponential weak 
colliders «A£)d = 600 cm"1) for cyclohexene at 1000,1250,1500, 
1750, and 2000 K. 

by subtracting the up and down average energies 
transferred and the added temperature dependence 
mandated to (AE)8n by detailed balance.1,61 (Often only 
one of these averages is directly related to a specific 
experiment.) 

The average energy transferred per second can be 
calculated by the following expression: 
d(AE) r°° 
- ^ - = f (E'-E) Z(E) P(E',E) dE' (2-21) 

at Jo 
If Z(E) is not dependent on E, then this reduces to 

the quantities given above for the average energy 
transferred per collision. 

If the initial population distribution is monoenergetic, 
then after the first collision ((AE)) = (AE)8U^ is lin­
early dependent on E, then after the first collision (E) t 
will decay exponentially; if it is independent of E, then 
(E) will exhibit a linear decay. (See discussion in 
section VILA.) 

E. Energy-Transfer Quantities from Theoretical 
Calculations 

In addition to the models discussed in section ILB.2 
there are two more methodologies in which a (AE) 
quantity can be obtained from calculations: (i) trajec­
tory calculations that determine P(E'Ji) and (ii) cali­
brated biased random walk. Experimental methods are 
discussed in the next section. 

1. Trajectory Calculations 

Trajectory studies can lead to a dynamical picture of 
the energy-transfer process and the important param­
eters determining the P(E',E)'s. There have been a 
number of studies of the deactivation of a triatomic 
molecule by an inert gas.36 Two important studies in­
volving more complex molecules (with 5 and 18 atoms) 
are the deactivation by argon of methane39 and azul-
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Figure 10. Internal energy and effective separation vs time for 
a trajectory simulating an azulene-Ar collision (rotational energy 
E, = 1.0 kT, T = 630 K) (reprinted from ref 40; copyright, 1986 
AIP). 

ene.40 The methane39 study in which the methane had 
103 kcal/mol of vibrational-rotational energy and 5 
kcal/mol of relative translational energy (comparable 
to the experimental conditions of thermal unimolecular 
decomposition of methane) shows that a long-lived 
complex is not involved as there is only one inner 
turning point for the relative motion between the col­
lision pair. However, the collision pair interacts for 
0.1-0.2 ps; during this time there is strong coupling 
between the vibrational-rotational motion of methane 
and the transition modes. There is time scale overlap 
between this model and a complex formation model 
since the two collision partners stick together long 
enough (>0.1 ps) to allow for some intramolecular en­
ergy redistribution between the two partners. For 10 
trajectories, (AE)d « -1 kcal/mol; the authors claim 
that this is a fortuitous agreement with the experi­
mental value. 

The azulene40 system with an excitation of approxi­
mately 100 kcal/mol above the zero-point energy (95 
kcal/mol) revealed similar dynamics to that of methane. 
The internal energy of azulene exhibits rapid and wildly 
varying oscillations as it temporarly traps the argon 
atom. The argon atom wanders over the periphery of 
the azulene molecule, each miniencounter causes the 
internal energy of azulene to change phase. This de­
scription is illustrated in Figure 10. The apparent 
random behavior is the foundation for the biased ran­
dom-walk model.40 

Trajectory studies62 for the recombination efficiency 
of ion-molecule reactions indicate that the structures 
of both collision partners are important. It is expected 
that more detailed understanding of energy transfer will 
result as future calculations become available. The 
important problems to solve are finding a realistic PES, 
proper sampling of the available phase space, and the 
availability of large amounts of computer time. 

2. Biased Random Walk 

Lim and Gilbert40 have developed a model for cal­
culating (AE) quantities from the results of a few tra­
jectories or from readily available experimental data. 
In this model, during the collision time the energy 
transfer is considered a random walk in the internal 
energy space of A + M with the constraints on the total 
energy and microscopic reversibility. Each collision has 
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"many" samples of the impact parameters and phases 
of the oscillators. Equations are developed that char­
acterize the diffusion of energy in terms of an energy 
diffusion constant and the duration of the collision. A 
single quantity, S, which can be calculated from as few 
as 10-50 trajectories, is used to calculate (AE)d or 
(AE)8J]. Alternatively, S can be estimated from 

S = O.lff— (*„,. 
nvib 

,25 

(2-22) 

where n^ is the number of oscillators, E is the excita­
tion energy, vav% is the average vibrational frequency of 
A defined by 

"avg 

"vib 

i 

"vib 
(2-23) 

(T1J is the Lennard-Jones diameter, and H is a correction 
factor (of the order of 1.0) determined by fitting (AE)d 
from 13 different experimental systems. With use of 
statistical analysis, H was determined to be a function 
of the polarizability, dispersion of the vibrational fre­
quencies of A, temperature, reduced mass, and E/ 
(fWavg)- The value of S is then used to calculate (AE)d 
by 

<AE)d = 2S(w erfc(-w) + iT0-5 

erfc(-u;) 
(2-24) 

where erfc is the complementary error function and 

d In /(E) 
w = -0.5S-

dE 
(2-25) 

with/(E) = NiE) exp(-E/feBT). Presently, this model 
is limited to monatomic deactivators. [Added in proof: 
A new version was recently published; see ref 40c] 

This algorithm for calculating (AE )d is within 40% 
of the experimental values for the systems Lim and 
Gilbert considered when H is arbitrarily set to 1 and 
is within 24% of the expected value when the correction 
term is included. This latter uncertainty is within the 
normal errors associated with reported experimental 
(AE) quantities. Hence, this method is recommended 
to calculate (AE)d when experimental data are not 
available. Alternatively, it can be used to modify an 
experimentally determined (AE )d from one deactivator 
to another, from one temperature to another, or from 
one excitation energy to another. 

/ / / . A Pragmatic Approach: Easier 
Calculations 

It is clear from the previous section that a solution 
of the master equation is the only way to obtain reliable 
results for weak collisions. However, it is also clear that 
a great deal of time and effort must be invested in order 
to obtain reliable results. Therefore, in cases where k^ 
is not needed with great accuracy or the calculational 
facilities are not available, other pragmatic approaches 
can be taken. We now discuss some of the approaches. 

A. Collisional Efficiency 

Imbedded in eq 1-19 is the fact that there are many 
states that contribute to reaction and each channel 
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Figure 11. Equilibrium and steady-state distributions for strong 
and weak colliders. 

PRESSURE 

Figure 12. Schematic plot of k^ vs pressure for weak and strong 
colliders (not to scale). 

(state) has a characteristic rate coefficient k(E). The 
derivation of eq 1-19 contains the explicit assumption 
that each collision is "strong" (SC) or efficient enough 
such that a steady-state distribution below E0 is main­
tained at all times, thus; the collision frequency (Z[M]) 
is a true representative of the collisional deactivation 
process. However, if collisions are not efficient in 
transporting molecules up and down the energy ladder, 
the equilibrium Boltzmann distribution will not be 
maintained. This is depicted in Figure 11. In the SC 
case, molecules can be transported from levels well 
below JS0 to replenish the levels depleted by reaction 
with rate coefficients k(E). In the inefficient collisions 
case, or "weak collisions" (WC), the depleted levels 
above E0 are not replenished at high enough rate and 
the population distribution differs from the equilibrium 
one and at a low and moderate temperatures will reach 
a steady state. The experimental manifestation of weak 
collisions is to provide kmi a different pressure depen­
dence than in the strong collision case. This is shown 
schematically (not to scale) in Figure 12. 

One pragmatic approach often taken is to modify eq 
1-19. 

-0o f 
J E„ 

Z[M] B(E)dE 

/J0Z[M] + k(E) 
(3-1) 

Here, P0Z[M] replaces Z[M] in eq 1-19, and kuai is 
ignored in the denominator. The scaling term (S0 is a 
collisional efficiency. The product 1S0Z[M] is a 
"reduced" or effective collisional frequency. 0O is de­
fined as 

Po = «owc /Vc (3-2) 

where R0
WC and R0

80 are the low-pressure second-order 
weak-collider and strong-collider rate coefficients, re­
spectively. It is clear that simply using eq 3-2 in eq 3-1 
is wrong. First, (J0 (independent of pressure) is appli­
cable only in the low-pressure limit and therefore can­
not be used in eq 3-1 over the whole pressure range. 

Second, all that /S0 does to Z[M] is to shift the R1̂ 1 
[M] curve without changing its curvature. This is 
contrary to experimental findings63 and calculations 
where the curvature of a weak collider differs from that 
of a strong collider. Third, eq 3-1 is applicable only in 
the low-temperature range. At higher temperatures, 
detailed eigenvalue solutions should be used. 

B. Analytical Solution of the Master Equation: 
Example for Exponential Transition Probability 

It is possible, in the low-temperature range, to obtain 
approximate analytical solutions of the master equation 
for a few cases of transition probabilities. Snider60 has 
given expressions for /3 for four transition probability 
models: exponential, separable power, drop-off, and 
stepladder. We discuss the exponential model in detail. 

In the following the derivation and underlying ap­
proximations for an analytical solution for 0 as a 
function of pressure for the exponential model are 
given. We follow Keck and Carrier,64,65 Troe,668 and 
others. Consider the expression 

("°N{E)e-E?RTdE 
F , m * ± 

RT N(E0) e-£o/*r 
(3-3) 

At low temperatures and at high energies around E0, 
the Boltzmann distribution in the numerator of eq 3-3 
is governed by the exponential tail. It is possible 
therefore to approximate N(E) in eq 3-3 in the low-
temperature range by an exponential form N(E) = e^E. 
Substituting N(E) in eq 3-3 and integrating, one obtains 
for M 

1 F,-I 
(3-4) 

RT Fe 

Now the exponential transition probability model was 
defined by eq 2-14 and is defined here in greater detail 

P(E'£) = Ce-(£-£'»/« E' < E down collisions (3-5) 

P(E',E) - Ce-W-Vh £'>E up collisions 

where E and E' denote the reactant energy levels before 
and after the collision. 

Assuming that strong collisions apply, [A(Ej)] in eq 
1-27 can be replaced by the equilibrium population 
B(E). Introducing eq 3-4 into the density of states part 
of B(E) and introducing eq 3-5 into eq 1-27, one obtains 
for "up" collisions 

aFJtT 7 = - ^ m (3-6) 
y is independent of the initial energy; therefore, eq 1-25 
can be used, and one obtains the normalization factor 
of the transition probability to be 

C = A + A 
a y 

The average energy down for this model is 

(3-7) 

C (E - Eje-w-w/" dE' 
(AE)d = ~ = -a (3-8) 

P e~(E-E')/a d £ / 
Jo 
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Figure 13. log Fe from eq 3-3 vs temperature for quadricyclane 
(QC) and cyclobutane (CB). The shaded area indicates the region 
in which F1. can be used. 

Note that the normalization in eq 3-8 is done such that 
the denominator includes only the down collision part 
of P(E',E). The overall average energy transferred 
(AB)8Ii for all collisions is found by 

(AE)11U= C(E'-E)P(E',E)dE'=y-a 
* / - o o 

Combining eqs 3-6 and 3-9, one obtains 

(AE)811 = -
a + FJiT 

(3-9) 

(3-10) 

Analysis of eq 3-9 (and eq 3-10) shows that always 
(AE) an < 0. This situation is nonphysical for high 
temperatures where the prevailing energy flow is up­
ward and (AE)8U should change sign. Equation 3-10 
breaks down for the case that the approximation of 
N(E) by an exponential is not applicable and F8 is 
meaningless. The dependence of Fe on the temperature 
for quadricyclane and cyclobutane is given in Figure 13. 
The first molecule is large with low E0 and the second 
is small with high E0. The dashed part indicates the 
region in which F8 is useful, i.e., F8 < 3. For quadri­
cyclane the useful temperature region is below 800 K, 
while for cyclobutane it is below 1400 K. Caution 
should be exercised and F8 should not be used in a 
temperature region in which it does not apply. 

The expression for F8, eq 3-3, primarily developed for 
parameterizing thermal unimolecular reactions in the 
second-order region, takes into account the energy de­
pendence of the density of states; in this case the com­
petition between "up" and "down" transitions is not 
present. Other approximations relating (AE)8n and 
(AE)d have been developed by Barker and Golden55 

(BG) and by Tardy and Rabinovitch59 (TR). Both 
groups have developed equations for (AE)8H in terms 
of (AE>d that exhibit both a sign change and energy 
dependence for (AE)8n, a behavior expected in physical 
systems; this is done by considering the ratio of the 
density of states that occurs in the detailed balance 
constraint and thus takes into account both the "up" 
and "down" transition probabilities. BG have used the 
Whitten-Rabinovitch approximation for the density of 

Figure 14. Plots of ( A E W <AE)d vs E,' (={AE)ifRTrR) for SL 
(solid line) and EXP (broken line) models with nitryl chloride 
(O), methyl isocyanide (O), cyclopropane (V), and cycloheptatriene 
(A) with step sizes of 100, 200,400, 800, and 1600 cm-1 each at 
250,500,1000,2000, and 4000 K (reprinted from ref 59b; copyright 
1986 American Chemical Society). 

TABLE II. Calculated Values of <A£) lU/<A£)d for the 
Exponential Transition Probability Model 

system 
<AE>„, 

T, K exact Troe BG TR 
CH3NC 

cyclohepta­
triene 

100 

1600 

100 

1600 

250 
500 
1000 
1500 
2000 
250 
500 
1000 
1500 
2000 
250 
500 
1000 
1500 
2000 
250 
500 
1000 
1500 
2000 

-0.343 
-0.191 
-0.084 
-0.042 
-0.020 
-0.883 
-0.786 
-0.598 
-0.428 
-0.274 
-0.319 
-0.154 
-0.037 
0.009 
0.034 

-0.873 
-0.743 
-0.405 
0.037 
0.578 

-0.345 
-0.193 
-0.088 
-0.047 
-0.027 
-0.894 
-0.793 
-0.606 
-0.443 
-0.308 
-0.325 
-0.163 
-0.050 
-0.012 
-0.001 
-0.885 
-0.756 
-0.458 
-0.161 
-0.020 

-0.345 
-0.192 
-0.086 
-0.044 
-0.022 
-0.894 
-0.792 
-0.601 
-0.424 
-0.261 
-0.325 
-0.162 
-0.047 
-0.001 
0.023 

-0.885 
-0.755 
-0.440 
-0.017 
0.579 

-0.344 
-0.192 
-0.086 
-0.044 
-0.022 
-0.883 
-0.787 
-0.599 
-0.423 
-0.261 
-0.324 
-0.161 
-0.047 
-0.001 
0.023 

-0.875 
-0.751 
-0.439 
-0.017 
0.578 

states while TR invoked a "fitted classical 
approximation". Both produce results comparable to 
the exact solution; the BG formulation is somewhat 
easier to implement than that of TR; however, the exact 
solution can be readily computed. 

In lieu of the exact or approximate calculations, TR591" 
have generated a quasi-universal curve (Figure 14) by 
parameterizing (AE)^f(AE)A in terms of a reduced 
energy transferred, E 8 (=(AE)d/J?Te), for both expo­
nential and stepladder transition probability models. 
In this case an effective temperature, T6, is defined in 
terms of an inversion temperature, Tx (at which (AE)8U 
= 0): T8 = T/(l - TfT1). The inversion temperature 
can be calculated by the methods of BG or TR. For low 
temperatures and moderately small molecules T8 = T 
and E8 = 1 so the approximations become equivalent 
and equal to the exact solution. The relative merit of 
each approximation is illustrated in Table II for a small 
and large molecule, CH3NC and cycloheptatriene (CH-
T), respectively, as a function of (AE) ^ and tempera­
ture. As can be seen there is agreement between all 
models and the exact calculations at temperatures be­
low 1500 K. Above 1500 K and for a large molecule 
(CHT) the agreement is less satisfying, with BG and TR 
faring better than Troe (T). 
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C. /? as a Function of (AE) 

The functional dependence of the collisional effi­
ciency on AE is given by Troe66*'67 

* - < 4 £ > " (3-11) 
1 £o0'5 FJiT 

and by Tardy and Rabinovitch1 (for very weak colli­
sions) 

/J0 = 
(AE)1-

2 
/all 

(RT)2L 
(3-12) 

TR 

where ITR is a correction factor given in ref 1. 
An alternative method for calculating the falloff curve 

of a weak collider is that described by Tardy and Ra­
binovitch1 in which the appropriate collisional effi­
ciencies are used to transform the strong-collider falloff 
curve. TR have shown by performing master equation 
calculations for N2O, NO2Cl, CH3NC, C3H6 (cyclo­
propane), and C5H10 (dimethylcyclopropane) from 273 
to 1000 K in the second-order region that /30 is a qua­
si-universal function of the reduced energy, E', defined 

as 

E' = 
(AE)d 

(E+) 
(3-13) 

where (E+) is the average energy of molecules in excess 
OfJS0 

(E+) = 
C(E - E0) B(E) cLE 

CB(E) CLE 
JEn 

and can be approximated by 

<r> - i . i + !JF + -. 
fin 

(3-14) 

(3-15) 

where s is the classical equivalent number of oscillators. 
This dependence of /30 on E' is illustrated in Figure 7 
of ref 1; the dependence on the specific probability 
model (stepladder, poisson or exponential) is also il­
lustrated. Falloff curves for methyl isocyanide and 
cyclopropane from 353 to 728 K were also computed, 
and /3 (=kvc/kiC) was calculated; the resulting plots of 
^(EOordervs E' (Figure 8 in ref 1) for different reaction 
orders show a similar behavior to what was observed 
for the second-order region except, as to be expected, 
that for a given E', i.e., a specified <AJS)d, /3(JS0Order 
increases with a decrease in reaction order. 

In order to calculate a weak-collider rate coefficient 
for a given reaction, the prescription is as follows: 

1. A rate coefficient is calculated from either a 
strong-collision expression or one of the parametric 
equations (see 4, below) of Oref,68 Gardiner,69 or 
Troe,67,70 for the collision frequency of the weak collider 
(calculated from the pressure with an assumed collision 
cross section for the substrate deactivator combination). 

2. (AE) d is estimated for the appropriate substrate 
deactivator at the temperature in question from tables. 
When direct information is not available, similar 
chemical systems are used to make an educated guess; 
even then unknown errors may be present. 

3. With use of the strong-collider calculation or from 
experiments, values for (E+) (from the equation given 

Figure 15. Rate coefficient vs pressure. P3I2 denotes the pressure 
at which the reaction order is y2 and at which the lines k^JP and 
k* intersect. 

above) and the reaction order are estimated. Alterna­
tively, (E+) can be estimated by using the average en­
ergy of all molecules (E) calculated from molecular 
properties, the threshold energy JS0, and the activation 
energy in the second-order region Ea0. 

(E+) = £ a 0 + (E) - E0 (3-16) 

The reaction order $ is estimated from the equation 
d(log k) 

* = 1 + d(log «) (3-17) 

where a is the collisional frequency. P(E% is obtained 
from these quantities and the universal plot (Figure 8 
of ref 1). 

4. Finally, k™ = f3(E%k*c. 
Forst71 gives an expression for /3 

(AE2J88 
13 * ——— (3-18) 

ZkT3C0 

where ss is for the steady-state population distribution 
(Le. a function of falloff) and C0 is constant-volume heat 
capacity. /3 decreases with temperature for moderately 
weak collisions. This is found experimentally.1'72-74 

IV. Calculations of Rata Coefficients In Strong 
and Weak Collision Systems Using Parametric 
Equations 

Calculations of rate coefficients involve an assump­
tion of a transition probability model, calculations of 
k(E) (or k(E,J)) from RRKM or other theories, and a 
solution of a master equation—a procedure too time 
consuming for those who are involved in large-scale 
modeling of combustion or air pollution processes. For 
them, rate coefficients are only part of input parameters 
into large-scale rate matrices from which reaction 
schemes are drawn. Therefore, parametric equations 
giving the rate coefficient as a function of pressure for 
weak colliders are helpful. Three equations due to 
Troe,66,67 Gardiner,69 and Oref88 exist. They have com­
mon features that will be discussed first, and the spe­
cifics of each model will follow. Figure 15 shows the 
dependence of the rate coefficient on pressure, P. The 
intersection point fc(>P3/2 = fc„ occurs at reaction order68 

3/2. k0 is the low-pressure and k„ the high-pressure rate 
coefficient with appropriate units. Troe preserved the 
Lindemann strong-collision expression 

k ^0P 
-F (4-1) koP 

+ 1 
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and modified it by a broadening factor F, which takes 
care of the deviation of the experimental curve from the 
Lindemann strong-collision curve as in Figure 8. F is 
a product of two parameters: a strong collision FC

K and 
a weak collision one Fc

wc related to the collisional ef­
ficiency ,8 and evaluated at Py2. Fc

w, the strong-colli­
sion center-broadening factor, takes care of the fact that 
real systems are multilevel as compared with Linde-
mann's one-level system. F0"

0 takes care of the fact that 
the curvature depends on < AE) of the collision. F is 
an empirical function of the Fc's and pressure and 
temperature. Ten parameters75 are needed in total for 
this and other parametric models listed below to specify 
k at any pressure, temperature, and collision efficiency. 
Some of these parameters have limitations on their 
regions of validity. F0

80 calculated by an empirical 
equation deviates from exact strong collision FC

K, with 
a maximum deviation of 25 % for ethane, butane, hex-
ane, and octane fission.75 

An empirical function that well represents falloff 
behavior is Gardiner's expression69 

CYCLOBUTANE FISSION 

fc = [\M7 + UJ J 
l/o 

(4-2) 

based on a Minkowski metric form.76 The parameter 
a is given by an empirical expression related to Py2 and 
is a function of temperature and heat capacity of the 
molecule. A comparison is made with the work of 
Larson et al.,75 and the agreement seems to be good. 
The effect of weak collisions on the rate coefficient via 
the suggested formalism is presently being explored.6915 

Another expression that is less empirical and is rooted 
in basic physical understanding is the J equation due 
to Oref.68 

k = 
-(*- + koP) + [(k„ + K0P)2 + A(Jy2 - I)AJe0P]0'5 

2(</3/2" D 

Jy2 is given by the expression 

^3/2 - - 1 
<3/2 

(4-3) 

(4-4) 

where ky2 is evaluated from eq 4-3 at Py2. The 
meaning of J at Py2 is given by the expression 

T 
(4-5) m -W) 

where w is the collision frequency and T indicates that 
the average is over Tolman's distribution of reacting 
molecules. 

T = 
B(E) k(E) 
k(E) + W 

(4-6) 

The temperature dependence of J3/2 is given by the 
expression 

r ce-E/RT I 2 

-1^r -x <4-7> 

Jp-

z<y 
3 
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Figure 16. log (k/kj vs log P (Torr) for cyclobutane fission with 
He, Ar, and benzene as colliders: full line, k calculated with the 
J equation; dashed line, exact RRKM calculations. In places 
where there is only one line, the results of the two calculations 
overlap (reprinted from ref 68b; copyright 1990 American 
Chemical Society). 

system. This equation, rooted in theory,68 is good up 
to (E)/E0 « 0.5 where E0 is the threshold energy for 
decomposition. An expression that yields good agree­
ment with master equation calculations is of a Gaussian 
form 

j 3 / 2 = ^(T/ICXW-TV+B (4-8) 

where c, E, and m are constants specific to a given 

where A, B, and T1 are constants defining the function. 
k from the J equation was evaluated over a wide range 
of pressures and temperatures for a variety of strong 
and weak colliders. The molecules studied were qua-
dricyclane, cyclobutene, cyclobutane, cyclopropene, 
chlorodeuterioethane, and bromoethane colliding with 
strong collider and with He, Ar, and C6H6 as bath 
molecules with (AE)d = 250, 500, and 1200 cm-1, re­
spectively. The pressure range covered was 10^-1O10 

Torr, and the temperature range was up to 2500 K 
depending on .E0. In all cases studied, the deviations 
between ^(RRKM) and k(J) above the Py2 were a few 
percent. The ten parameters which determine the 
whole system can be calculated from kK. Figure 16 
compares exact master equation calculations with re­
sults from the J equation (eq 4-3) for cyclobutane fis­
sion. Figure 17 shows the percent deviation of k (eq 4-3) 
from fe8C(RRKM) as a function of pressure. 

The basic idea behind parametric equations is the 
fact that the parameters used in evaluating k are drawn 
from the limiting rate coefficient values, k0 and ka, and 
the shape factors of the various models obtained from 
either RRKM calculations or experiments. The utility 
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Figure 17. Percent deviation of k calculated by the J equation 
from fe(RRKM) vs log P (Torr) for cyclobutane fission in He, Ar, 
and benzene as inert colliders. The dots indicate the PS/2 point 
at each temperature. 

of such models lies in the fact that once a complete 
RRKM calculation is done and the parameters are 
evaluated at a few temperatures, the value of k can be 
found at any temperature or pressure without each time 
resorting to a complete set of master equation calcula­
tions. 

V. From Experiment to Energy-Transfer 
Quantities 

Before specific experiments are described, a general 
discussion pertaining to experimental requirements is 
presented. In deconvoluting an energy-transfer ex­
periment, the question of uniqueness must be consid­
ered when the system of equations is solved, since the 
number of experimental observables is much less than 
the number of variables in the master equation; i.e., the 
system is underdetermined. If energy, spatial, or tem­
poral variables are not specified and/or not limited in 
range, the resulting energy-transfer information will 
include a high degree of averaging, which may also 
prevent direct comparison with other experiments. 
Thus, specific information relating the dependence of 
the energy-transfer model on excitation energy, tem­
perature, and complexity of A and M (vibrational fre­
quency patterns, mass, geometry, intermolecular in­
teraction, etc.) will not be available. 

So that limitations of the data can be reasonably 
assessed, excited molecule preparation, number of 
collisions experienced by the prepared molecule (ex­
posure), and product observation/analysis as they ap­
pear in energy-transfer experiments must be under-

Oref and Tardy 

stood. A simple model is presented here to illustrate 
the importance of these steps and how they interact. 
In the case of intermolecular energy transfer, informa­
tion on the step 

A(E) + M[E2) - A(JSO + M(JSy (5-1) 

is required; in this case the primes designate the final 
energies and the subscript 2 corresponds to the deac­
tivator (M). The prepared (initial) concentration dis­
tribution of A ([A(Ep,rp,tp)]) is dependent on the specific 
experiment; in this case the subscript p corresponds to 
the prepared substrate with energy E at position r in 
the reactor at time t (if relevant). The prepared en­
ergies distribution of Ep may be wide, as in a thermal 
system, or relatively narrow, as in the case of single-
photon excitation experiments. In a similar manner the 
preparation time, tp, can span the range from a near 8 
function input, e.g., a pulsed laser, to a wide temporal 
distribution in which A is continually formed, i.e., by 
a collisional process. In some experiments discussed 
later where mass transport (such as VLPP) and/or 
collection efficiencies (IRF or UVA) are important, the 
inhomogeneities in the spatial distribution of the pre­
pared substrate must be included; i.e., the distribution 
function for rp must be specified. 

The concentration distribution function ([A(E',r',t)]) 
for A at a specified energy E', time t, and position r'is 
obtained by solving the master equation with the ap­
propriate prepared populations. In order to determine 
the time evolution of M, i.e., [M(E'2,r',t)], additional 
differential equations involving energy transfer (both 
activation and deactivation) and transport must be in­
cluded. 

The final step in simulating the experiment requires 
a transfer function T(Eote,robs,£obefE',r',t), which converts 
the concentrations specified by E',r', and t to the ex­
perimentally observed signal S at the observed energy, 
position, and time, 2?ob8, rob8, and toba, respectively. 
Energy, spatial, and temporal dependence is obtained 
for the particular experiment by appropriate integration 
limits for 

SlEobs/obsAbs) = J I I T'(-2'ob8>robs^ob8>-E/>'*/>0 

[A(EW)] dE'dR'dt' (5-2) 

In any experiment the signal may be due directly to 
A(E) or M(E'2) or indirectly to a chemical reaction, 
photon emission, or absorption. 

From these equations it is justified to state that the 
ideal experiment demands energy, spatial (possibly), 
and temporal resolution for both the reagent and the 
observed product. In reality, an evaluation of the 
quality of a particular experiment is difficult to make 
since there is a strong interaction between these vari­
ables. This is particularly true since most experimental 
techniques at this time have at least one of the above 
deficiencies. 

A. Time Resolution: Preparation and Exposure 

Much detail is lost (or equivalently more assumptions 
are made in the analysis) if the time resolution of tp and 
£obs is relaxed. The interplay of the collisional process, 
i.e., the probability matrix P (the matrix used in setting 
up the master equation), t, and t„ is complex, although 
limiting cases can be considered; for the examples given 
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Figure 18. Relaxation of cyclohexene with exponential weak-
collider model (< AE)A = 500 cm'1). Population as a function of 
energy and number of collisions with inputs: (a) delta function 
at 25000 cm"1; (b) box function between 22000 and 28000 cm"1; 
(c) Boltzmann distribution at 1500 K ((E) = 22000 cm"1). The 
average energy, (E) (solid line), and (E1)0* (dashed line) are also 
shown as a function of the number of collisions. 

below, NZ is the number of collisions that the substrate 
undergoes after time t. 

For single-collision experiments in which NZ = 1 
(molecular beam, jet, etc.), the probability of trans­
porting the substrate from initial (unprimed quantities) 
to final (primed quantities) energy and position at time 
t reduces to the probability matrix. For the case of 
specific energy selection of A, the transition probabil­
ities are just the elements in the appropriate column 
in the P matrix and there is a simple correspondence 
between A(E',r',t') and A(E,r,t) as shown in Figure 18a. 
However, as the number of initially populated energy 
levels in A increases, the origin of the states generating 
a specific E' becomes fuzzy (Figure 18b). In the limit 
of a complete equilibrium population distribution at the 
ambient temperature T, then 

[A(E',r',t)] = [A(E,r,t)] = [A(r,t)] B(E) (5-3) 

where [A(r,£)] is the total concentration of A at r at time 
t. B(E) is the Boltzmann population distribution 
function, and there will be no new information gener­
ated by the experiment (Figure 18c). 

As the number of collisions increases, i.e., an increase 
in NZ or equivalently in exposure time, the details of 
the path producing the shuffled states becomes more 
spread out since there are numerous ways in populating 
a specific final energy state, E' (Figure 18a). This be­
comes even more complicated if there is a distribution 
of preparation times tp, since energy states populated 

later in the preparation stage will undergo fewer colli­
sions than those formed at the beginning. In the limit 
for single-collision experiments, t„ becomes unimpor­
tant; i.e., experiments in which there is a continuous 
input of prepared substrate molecules over the duration 
of the experiment will contain an equivalent amount 
of information. 

B. Observation 

If the time constant for the observation is small 
compared to collision times, then the signal will follow 
the instantaneous time dependence of the population. 
However, for single-collision experiments the observa­
tion time is not relevant. For multicollision exposures, 
as the time constant for observation increases, accu­
mulation takes place until the signal gives the integral 
of the population, i.e., the product yield. For purposes 
of analysis it is usually assumed for a multicollision 
experiment in which the observation time is long rela­
tive to the preparation and exposure times that a steady 
state persists for the duration of the exposure; this is 
the typical case for studies of thermal unimolecular 
reactions. For high-temperature systems, such as shock 
tubes, induction times (Le., preparation time) may be 
a significant part of the exposure time and this as­
sumption would not be valid.77 

C. Energy Resolution 

In general, as in the case of temporal resolution, there 
is no advantage in observing the products with an en­
ergy resolution greater than that of the reagent prepa­
ration. As the preparation and/or exposure time in­
creases, the energy distribution provides less informa­
tion about the energy-transfer process and the demands 
on energy resolution are reduced. Energy resolution of 
thermal systems is not commonly obtained and is not 
warranted; however, a bulk average energy is sometimes 
used. 

D. Obtaining the Transfer Function 

The complete transfer function is often not known; 
however, some parts may be known or estimated. In 
some experiments the time constant of the detector and 
associated electronics can be determined along with the 
spectral bandwidth. The relative collection efficiency 
of emitted photons as a function of the emitter's pos­
ition in the reaction cell is another factor that can be 
determined; this is crucial for systems exhibiting in-
homogeneities in the spatial distribution. In general, 
the observed signal will also be a summation over many 
energy states; since in general the dependence of the 
transfer function on energy is not known a priori, a 
calibration curve is often used. For example, in thermal 
systems the experimentally determined high-pressure 
rate constant can be used to obtain the transfer function 
(=k(E)) since the populations are Boltzmann and the 
RRKM model is assumed.18 

The importance of the correct form for the transfer 
function and its dependence on the shape of the dis­
tribution of populations can be realized by considering 
a simple system in which the position of the substrate 
in the reactor and time constants of the detector system 
can be ignored. Thus, the dependence of the transfer 
function on energy can be replaced by a power series 
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expansion in the energy E in which case the observed 

T(Eohs,rohs,toha,E,r,t) = Za1
1E1 (5-4) 

1=0 

signal given by 

S(Eohi,robs,tobs) = f f f Za1W[MEjJ)] dB dr dt 

(5-5) 

reduces to 

SC^obeZobs^ote) = 

J f La1'f El[A(r,t)] f(E) dE dr dt (5-6) 

S(EQhi,rohs,t0J = J* fLdi'i&nMrJ)] dr dt 
where f(E) is the normalized population distribution 
defined in eq 2-13 and the last equation was the result 
of substituting the definition of the generalized moment 

(E1) - J*£' f(E) dE (5-7) 

into the previous equation. S obtains the final form 

S(£obs.Wob8) = La1(E
1) (5-8) 

i 

O1 = C Ja1IMrJ)] drdt 

That is to say, in the general case, the observed signal 
is determined by the moments of the population dis­
tribution. In the special case that T(Eohs/obB,toha^',r',t) 
is linearly dependent on E', Le., a0 + O1JB' (a; = 0 for 
i > 1) as is nearly true for IRF experiments, the ob­
served signal will be determined only by the average 
energy of the population distribution, i.e., distribution 
functions with different shapes (for example, a 8 func­
tion and Boltzmann distribution) but with the same 
average energy will produce the same observed signal; 
this does not hold when nonlinear terms are included, 
in which case different distributions with different av­
erage energies may not give the same observed signal. 
For sufficiently small changes in the population dis­
tribution, the observed signal should be linear with (E) 
(this linear dependence is a special case); for small 
enough changes in the average energy this would also 
be the case. However, any nonlinearities in the transfer 
function are amplified when the distributions are not 
closely related. Specifically, during the relaxing process 
the population spreads out and higher moments of E 
are becoming larger with increasing Z; if the transfer 
function is a function of these moments, they must be 
included in the appropriate integrals to prevent un­
wanted distortions that develop when population dis­
tributions are compared at early and late observation 
times. 

The problem of determining the transfer function, 
i.e., calibration, involves the same problems. For ex­
ample, the signal as a function of temperature in a 
system with a Boltzmann population distribution (in 
which the populations for translational, rotational, and 
vibrational energy states are governed by a single tem­
perature) is determined solely by (E). Similar popu­
lation distributions can be compared, any nonlinearity 
in the transfer function will tend to cancel, and dif­
ferences in the observed signal will be attributed to 
different average energies. Thus, the observed signal 
in the relaxation of a Boltzmann distribution at T2 and 
T1 would show a strong correlation to the curve gen­

erated by a series of temperatures in this range. How­
ever, in a microcanonical system, such as formed by 
laser excitation experiments, the initial population is 
very narrow (a room-temperature Boltzmann distribu­
tion offset by the energy of the absorbed photon); this 
initial distribution will finally relax to a Boltzmann 
population distribution at the ambient temperature. 
Clearly the initial distribution in these experiments 
differs markedly from the Boltzmann distribution used 
in the calibration, i.e., (E2) - (E)2 = 0, while for the 
Boltzmann distribution it is CJiT2. The microcanonical 
and canonical systems are compared by taking the in­
ternal energy of the formed molecules to be equal to the 
average energy (E) of the latter.8^'89" Another factor 
that is difficult to evaluate is due to the nonequilibrium 
between the translational, rotational, and vibrational 
degrees of freedom in the experiment, which is absent 
in the calibration. In multiphoton excitation (MPE) 
experiments a bimodal distribution may be formed and 
should be taken into consideration. 

VI. Experiments 

This section describes experiments that use single or 
multiphoton excitation, collisional or chemical activa­
tion, and various detection techniques. A variety of the 
latter can be used with a given excitation method, and 
many excitation sources can be used with a given de­
tection technique. 

A. Energy Transfer from Molecules Excited 
VlbraUonally by Internal Conversion from High 
Electronic Levels 

An efficient way of obtaining vibrationally excited 
molecules with a very narrow internal distribution of 
energy in the ground electronic state is to electronically 
excite a molecule to a high electronic level followed by 
internal conversion to the ground electronic state. For 
example, azulene56-57-78,79'81"86 has the origin of S1 at 40.0 
kcal/mol and of S2 at 80.0 kcal/mol; thus, excitation 
can be obtained in the range 300-700 nm, easily ac­
cessible to visible and near-UV lasers. Internal con­
version occurs rapidly in picoseconds from S1 and in 
nanoseconds from86 S2. The hot molecule so formed can 
then undergo an energy-degrading collision (or in some 
cases reaction). To monitor the process, a specific 
physical property, which is a function of the internal 
energy content of the molecule, is followed. Barker et 
al<56,78-82 followed the IR emission from the CH 
stretching vibration of azulene. Troe et al.57,83'84,86"93 

have followed the excitation decay of a series of mole­
cules by UV absorption. Flynn et al.85 have followed 
the vibration to vibration energy transfer from excited 
azulene to CO2 by diode laser absorption spectroscopy. 
Oref et al.41,42 have studied suprastrong collision by 
collisionally induced sensitization. The internal con­
version method of excitation has provided important 
energy-transfer information, and each of the methods 
will be discussed separately. 

1. Infrared Fluorescence (IRF) 

Infrared fluorescence was used by Barker et al.78-79181'82 

to study energy transfer, the average energy transferred 
per collision (AJE)8H, and its dependence on the internal 
energy of the hot azulene molecule. The experimental 
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Figure 19. Level diagram of infrared emission (IRF) experiment. 
The cascade in the energy ladder follows IR emission of the CH 
stretch or combination bands in azulene. 

setup consisted of a cell containing a mixture of azulene 
and an inert gas irradiated by a UV or visible laser. The 
emission was detected by a photovoltaic detector. The 
intensity of the laser was monitored by a photoacoustic 
detector. A calibration curve based on fundamental 
principles was constructed to give IRF as a function of 
the initial excitation of the molecule. The IRF theory 
of Durana and McDonald94 and Rossi and Barker78 

assumes the applicability of the fundamental expression 
for a single oscillator emission and that the internal 
energy is statistically distributed in the molecule25 and 
verified the expressions for low and high energies. 
Thus, the average number of molecules with v quanta 
in the emitting mode is 

Av ~Aes NS(E) ( 6_1) 

where N^(E - vhv) is the density of states of all modes 
except the emitting mode, N5(E) is the density of states 
of the excited molecule, and An is the total number of 
excited molecules. Internal energy redistribution takes 
place on a picosecond time scale25 and IRF on a mi­
crosecond time scale56 so the statistical assumption is 
more than reasonable. The total IRF is given by 

A„ modes u,max 
1(E) = ^ - L /M1-W E V1N^1(E - VjHv1) (6-2) 

Nsin) ;-i Vjm\ 

where A;1'0 is the Einstein coefficient for the Au = -1 
spontaneous emission. A plot of 1(E) vs E provides the 
calibration curve from which E can be found at any 
given /(E).56 

The principle of the measurement is as follows: 
When a hot azulene molecule collides, it loses some 
energy and the intensity of the IRF decreases; i.e., the 
emission probes the average vibrational energy in the 
way that a thermometer probes the average transla-
tional temperature. The collision partner gains a small 
quantity of energy, <8.6 kcal/mol (Figure 19); it is as­
sumed that its contribution to the observed IRF is 
negligible. In the case where the bath molecule emits 
in the same spectral region as the hot azulene, as is the 
case for CO2, a double-exponential intensity profile is 
observed and the azulene emission is deconvoluted. 
Thus, the IRF intensity profile as a function of time 
provides information on (AE)8n. To extract the latter, 
three methods are used:56'78"82 (1) In a master equation 
simulation,55,95 a collision transition probability (expo­
nential or reverse exponential) and a linear dependence 
of (AE)d on energy are assumed and the IRF time 
profile is matched. (2) In decay analysis, IRF intensity 
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is converted directly into internal energy, producing an 
energy decay vs time curve. The decay curve is fitted 
by a third-order polynomial and differentiated to obtain 
(AE(O)8Ii (=<£>o " (E(t))) and (AE(E))^ from the 
equation 

- ^ - ^u[AAzI(AB(O)1U (6-3) 

where Zu is the Lennard-Jones collision number and 
[AA2] is the concentration of azulene molecules. (3) In 
a rate constant analysis method82 the rate constant for 
the neat system is defined by k = (T[AA2])"1 where T is 
the exponential decay time constant, k together with 
Z u and the IRF calibration curve are used to find 
(AE)811 at the initial value of internal energy 

< ^ = -£['f]„ •* 
The factor in brackets is evaluated from the calibration 
curve. 

Of the three methods, the last one is the least accu­
rate and has recently been modified by Shi and Bark­
er.82 Fitting the calibration curve to more than one 
empirical expression showed that (AE)8U strongly de­
pends on the type of calibration curve used; deviation 
from the theoretical curve will affect (AE) strongly.82 

Therefore, in the analysis of the data, the theoretical 
calibration is used. 

Results of IRF indicate that (AE)8J1 is a nearly linear 
function of the internal energy content of the excited 
molecule. The curve is slightly concave down—the 
curvature is within experimental error or might be due 
to detailed balance.82 Shi and Barker82 give a table of 
17 mono-, di-, and polyatomic colliders and the corre­
sponding values of (AE)8U. The linear dependence of 
(AE)8J1

 o n E contradicts the results obtained by UV 
absorption (UVA) studies at high temperatures (see 
later discussion). The temperature dependence of 
(AE)d in IRF experiments varies from T"0-6 for azul-
ene-N2 to being independent for the neat azulene 
gas.55,95 

2. Vibrational Energy Transfer from Azulene to CO2 

Barker56 has followed the population of CO2 subse­
quent to a deactivating collision of internally converted 
azulene. The IRF from azulene is observed at 3.3 and 
4.3 jim. The former is emission from the C-H stretch, 
and the latter is from combination bands and a 
broadened CH stretch. CO2 emits at 4.3 fim and when 
added to the hot azulene system a biexponential decay 
was observed. The fast component was due to hot az­
ulene emission and the slow one to CO2 emission. A 
cold CO2 gas filter in front of the detector absorbed 
60% of the radiation, indicating that 40% was in modes 
other than the V3 mode, which emits at 4.3 /urn. The 
total number of excited CO2 molecules was found to be 
only 1.5% of the number of excited azulene molecules. 

A particularly interesting experiment is vibrational 
energy transfer from highly excited (E = 88.6-117.2 
kcal/mol) azulene obtained from internal conversion to 
the vibrational modes of CO2.

56'85 After collision of CO2 
with the hot azulene, Flynn et al.85 probed the popu­
lation of the vibrational levels of CO2 by diode laser 
absorption spectroscopy. The data are compared to a 
model that assumes a collision complex,27b'29'31'33,34'96,97 
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azulene-C02, and uses a statistical model to calculate 
the amount and distribution of the energy transferred 
during a collision. The statistical probability of 
transferring a given amount of vibrational and trans-
lational energy to the CO2 when the total energy of the 
system E is fixed is given by 

P(E,n,nv) = N^(E - «) Wc0^) (« " 0 3 / 2 | (6-5) 

Nf12(E -1) is the density of states of the excited azulene 
at energy E, WCOi(tv) is the number of vibrational states 
of CO2 with energy ev, and (e - ev)

3/2 is related to the 
relative translational energy. Q is the normalization 
factor such that 

Q= C LN(E,e,ev) (6-6) 

It is found that approximately 25% of the initial 
azulene energy is converted into vibrational energy in 
the CO2, that the rate constants for removal of energy 
from azulene by CO2 are in reasonable agreement with 
those found by Barker in IRF and Troe in UVA ex­
periments, and that the CO2 bending mode (667 cm-1) 
population is much greater than is the antisymmetric 
stretching mode (2340 cm"1). This might be due to a 
combination of reasons. Azulene does not have vibra­
tional modes in the range between 1000 and 3000 cm-1 

and has many below 1000 cm-1 that might undergo85 a 
resonance energy transfer to the low-frequency bending 
mode of CO2. In addition, (AJE)8U as found by Barker5* 
and Troe84 is 1.0-1.4 kcal/mol, closer to the bending 
mode frequency. Unlike the case of small molecules 
with low levels of excitation where resonance energy 
transfer takes place, large molecules with high levels of 
excitation in the quasi-continuum provide a compli­
cated energy-transfer system where V-V and V-T/R 
take place simultaneously. 

The results obtained by Flynn et al. are consistent 
with those of Barker et al. since the latter measured the 
population in the asymmetric stretch of CO2 where the 
population is ~ 1 % of the population in the bending 
mode observed by Flynn et al. When proper weighing 
is done, the results of both experiments agree within 
experimental errors. 

3. Ultraviolet Absorption (UVA) 

An additional method of observing energy transfer 
from excited molecules is by ultraviolet absorption.86""93 

It was recently reviewed by Hippler and Troe,5 and only 
a summary description will be given here. They have 
performed extensive energy-transfer studies from in­
ternally converted cycloheptatriene (CHT),87 substi­
tuted CHT,86 toluene,86-87 CS2,

89 and azulene57-83'84-98 (as 
well as on infrared multiphoton excited CF3I

99). Na-
kashima, Yoshihara, Ichimura, and Mori100-102 have 
studied internally converted benzene and hexafluoro-
benzene. In the former method the CHT isomerizes to 
form an internally excited toluene. The basic principles 
of UVA are as follows, with toluene serving as an ex­
ample. Toluene was heated over a wide temperature 
range and its UVA recorded. It was found that at 223 
nm the extinction coefficient of the excited toluene is 
linearly dependent on its internal energy over a wide 
range of energies; i.e., the transfer function is sensitive 
to the first moment of E. Thus, a correlation exists 

between internal energy and UVA. A laser pulse ini­
tiates the excitation, and the decay of the internal ex­
citation due to collisional energy transfer to the bath 
is followed by an interrogation light at 223 nm. The 
energy-time profile is analyzed by the expression 

(E(t)) <* (E(O)) + (AE)MZu[M]t (6-7) 

As can be seen, the slope of the energy vs time line is 
the product (AE) ^Zu and the uncertainty in (AE)811 
is in part due to the fact that the collisional frequency 
is not known. Over 60 different bath gases were in­
vestigated, and their (AE)811

5S are tabulated; tempera­
ture dependences were also reported. 

The results follow the general trend that the more 
atoms in the deactivator the larger (AE)811, but there 
is a discrepancy between the magnitudes of (AE)811 from 
studies of unimolecular reactions and the UVA tech­
nique. 

The UVA technique was applied to azulene as well, 
and the (AE)811 values of many inert bath gases were 
reported.57,84 The values of (AE)811 so obtained agree 
reasonably well with those reported by IRF by Barker 
et al.82 with deviations of up to a factor of 2 for some 
exceptional cases. The energy dependence of (AE)811 
is linear in the low-energy range and becomes very 
weakly dependent on E for the values above57,83-84-98 57.2 
kcal/mol. This is in disagreement with the work of 
Barker et al.82 who find an almost linear dependence 
up to high energies. Both groups are aware of the 
sensitivity of the results to the form of the calibration 
curves used in the process of calculating (AE)811. An 
experimental problem in the IRF and UVA methods is 
local heating following the laser pulse. Hippler, Troe, 
and Wendelken86 indicate that under the condition of 
their experiment (10 mJ of energy absorbed by CHT, 
25% of CHT excited, and 25 Torr of He) there is a 
temperature rise from 295 to 360 K. The change in 
temperature might be even larger for different exper­
imental conditions. However, since (AE)811 is deter­
mined to be a weak function of temperature, this may 
not be important. In addition, experiments were done 
at low levels of excitations, which cause a very small 
increase in temperature without noticeable differences 
in the experimental results. 

Other internal conversion followed by UVA systems 
are benzene and hexafluorobenzene studied by Naka-
shima, Yoshihara, and others.100"102 In their studies, the 
parent molecule was excited by an excimer laser at 193 
nm to the S3 level and intermolecular energy transfer 
was observed following internal converson to S0. A 
linear dependence of (AE)811 on E was assumed for the 
benzene and energy dependence or independence fit the 
hexafluorobenzene data. A variety of bath gases were 
used and the corresponding (AiS)8J1 obtained. 

4. Sampling the Collision Transition Probability 
Function: Suprastrong Collisions by Collisional 
Activation 

In the experiments discussed so far, the energy-
transfer quantities evaluated in the various experiments 
are (AE) d and (AE)8I1. These quantities, which are only 
parameters of a transition probability function, can fit 
a set of data with more than one model. That is to say, 
the shape of the distribution is not sampled during the 
experiment, only the moments of the distribution. Oref, 
Steel, and others41,42 have explored a method by which 
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Figure 20. Level diagram of thermal sensitization experiment. 
The donor collides with an acceptor, transferring an amount of 
energy AE > E0. The acceptor decomposes or is deactivated. 

AE (and not the average quantities) of very strong 
collisions can be found experimentally. The level dia­
gram of the experiment is shown in Figure 20. Two 
systems were studied: azulene-quadricyclane and 
hexafluorobenzene-cyclobutene. The azulene-quadri­
cyclane will be discussed in detail. Azulene is excited 
to its S2 electronic state and internally converts to the 
ground electronic state. The highly vibrational^ ex­
cited azulene is allowed to collide with quadricyclane 
at a low pressure of ~5 mTorr. The latter does not 
interfere with the azulene absorption but when excited 
isomerizes with a low activation energy of ~33 kcal/mol 
to norbornadiene. A single azulene deactivating colli­
sion with AE > 33 kcal/mol can cause isomerization of 
the excited quadricyclane, which competes with its 
collisional deactivation. Actually few levels above E0 
can be excited by the energy-transfer process; however, 
the probability of transferring large quantities of energy 
in one collision is small and declines strongly with en­
ergy. This offsets the increase of k(E) with energy. In 
practice, therefore, AE represents a very narrow range 
of energies close to E0. 

A kinetic scheme of the process allows isolation of the 
only unknown parameter, the probability of transferring 
a AE > 33 kcal/mol, which was found for the present 
case to be ~10~3. The pair hexafluorobenzene-cyclo­
butene with E0 «= 33 kcal/mol for the latter gave a 
similar value of P(E'JE). The azulene-norbornadiene 
system, with E0 « 52 kcal/mol, and the hexafluoro-
benzene-cyclopropane system, with E0 « 65 kcal/mol, 
did not show any isomerization products, which attests 
to very low values of P[E',E) when E'- E > 50-60 
kcal/mol (Figure 21). It should be realized that {AE)d 
for a suprastrong collision is not as large as the value 
of AE. For example, for the case of hexafluorobenzene 
and cyclobutene for all E' > 33 kcal/mol, P(E',E) = 3 
x 10"3 mol/kcal. For an exponential model, 3 X 10"3 

mol/kcal = exp(-33/(AE)d)/(AE)d so (AE)d = 9.2 
kcal/mol. That is to say, a relatively low value of (AE)d 
does not preclude a small number of very strong col­
lisions with AEd > 33 kcal/mol. Results from internally 
converted hot ground-state molecules studied by UVA 
gave the following values for (AE)81]. Neat hexa­
fluorobenzene excited at 300 and 350 nm gave (AE)811 
= -3.5 kcal/mol while neat benzene gave100"102 (AE)811 
= -5.9 and -4.7 kcal/mol for the neat and isopentane 
as a bath molecule. Toluene and cycloheptatriene86 

gave lower values of -2 to -2.5 kcal/mol. Azulene 
studied by IRF gave -3.8 and -3.1 kcal/mol for the neat 
and n-butane as collider. All the values of (AE)811 can 
be converted to < AE)d by the use of eq 3-10 with Fe « 
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sensitization. 
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Figure 22. Multiphoton ionization detection of hot molecules. 
X1 excites the molecule to a high electronic level. Internal con­
version (IC) occurs followed by a collisional cascade. X2 carries 
the deactivated molecule to an excited electronic state. If the 
transfer is exactly to v = 0 state, then X3 will ionize the molecule. 
If not, the molecule will internally convert before having a chance 
to ionize. 

1; relatively small errors are incurred at room temper­
ature. The values of (AE)d thus obtained are larger in 
magnitude than the values of (AE)811. Chemical acti­
vation results1 gave higher values of ~10 kcal/mol for 
deactivation of cyclopropane. It should be pointed out 
that the experimental value of P(E ',E) depends on o-u 
and can vary somewhat. The value of (AE)d found in 
collisional activation experiments can be the value of 
a second exponential in a biexponential P(E'JE) (see 
next section). 

5. Sampling the Collision Transition Probability 
Function: Detection by Multiphoton Ionization (MPI) 

Detection by the multiphoton ionization method used 
by Luther et al.44,45 allows for a sensitive probing of the 
collision process. The principle of the method is de­
picted in Figure 22. A photon with wavelength X1 
excites a molecule that undergoes internal conversion. 
The ground-state vibrational^ hot molecule is allowed 
to collide with a bath molecule M and cascade down the 
energy ladder. After a time interval At, a two-color 
two-photon process is initiated. Molecules that arrived 
at energy level w (called window) are excited precisely 
to the ground rovibronic level of S1 by a photon of 
wavelength X2 and then ionized by a second color, X3. 
Molecules that passed w down the ladder will not be 
excited, and molecules that have not yet arrived at w 
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will be excited by X2 to high rovibronic levels of S1 and 
internally convert to the ground state. The success of 
the method depends on the rapid turn off of internal 
conversion at the zero-point level of S1. In this way, by 
measuring At and the ionization current, a temporal 
profile can be established from which information on 
(AE)811 and its dependence on E can be obtained by 
comparing the experimental results to ones calculated 
with various models of the dependence of (AE)81J on E. 
It was found that (AJS)811 depends on E" where a > 1 
for very low energies and a = 1 at moderate energies 
and it levels off for E > 42.9 kcal/mol with a =» 0. 

The MPI results were obtained for excited toluene 
and methylcycloheptatriene. An additional feature was 
observed in the intensity-time profiles, which was as­
signed to suprastrong collisions. This feature was ob­
served only when the bath molecules were cyclo-
heptatriene and was absent when Ar was used as a bath 
molecule supporting this interpretation. These findings 
are in agreement with classical trajectory calculations 
for smaller molecules.35,36 

The results were interpreted by assuming a biexpo-
nential transition probability 

P(E',E) = aie-
{E-E,)la + a2e-(£-£'>/6 (6-8) 

The first term represents the "normal" exponential 
decay model and the second the contribution of the 
supracollisions. ax and a2 are the weighing factors that 
take care of the proportional contribution of the two 
type of collisions. It should be pointed out that the 
biexponential function is a mathematical construct 
representing an unknown probability distribution 
function with a long large AE tail. The MPI method 
enables the direct observation of the dependence on E 
not only of (AE)8U but also (AE^811, giving directly the 
width of the distribution. 

B. Energy Transfer from Molecules Excited by 
Infrared Muttiphoton Excitation (IRMPE) 

In this technique a CO2 laser is used to multiphoton 
pump a molecule to a high internal energy level in the 
ground electronic state. The technique is applicable to 
many molecules containing C-F bonds. The interpre­
tation of energy transfer and kinetic results requires 
complicated and careful analysis of the experimental 
data. Pulse line shapes, temporal and spatial evolution 
of the temperature profile during the pulse, laser power 
and fluence, and reaction rate coefficients must all be 
known in order to model the population energy dis­
tribution and the rate of energy transfer. IRMPE as 
an excitation source was used with various detection 
methods, UVA99 and IRF80 discussed before and 
TROA,106 TDTL,110 and HgT111 discussed below. 

1. Ultraviolet Absorption (IRMPE-UVA) 

CF3I, an intermediate-size molecule, was excited by 
infrared multiphoton excitation and the UVA recorded 
as a function of pressure of bath gases." It is found that 
for large bath molecules (AE)811 is proportional to (E) 
while for Ar, an inert collider, the dependence of (AE)811 
is (E)" where a > 1 at lower energies and approaches 
unity at higher energies. At high energies of 42.9-57.2 
kcal/mol the values of (AE)811 approach limiting values 
of 0.20 kcal/mol for argon, 0.91 kcal/mol for propane, 
and 2.5 kcal/mol for octane. 

2. Infrared Fluorescence (IRMPE-IRF) 

CHF2CH2F was investigated by Barker et al.808 using 
IRF as the detection method. The molecule was irra­
diated at various laser fluences and argon pressures and 
the evolution of the energy content of the molecule 
studies.80*5'0 The experimental results were interpreted 
by a master equation simulation that included the ab­
sorption, emission, and deactivation processes. For the 
exponential transition probability model it was found 
that (AE)d (cm"1) = (200 ± 20) + (0.005 ± 0.002)E, 
where E is the internal energy of the molecule. No 
temperature dependence of (AE) d was observed in the 
range 400-1000 K. 

3. Pressure and Density Detection 

Two analytical techniques that rely on the change of 
pressure or density are time-resolved optoacoustics 
(TROA) and time-dependent thermal lensing (TDTL). 
A pulsed source prepares a molecule in highly excited 
vibrational states in the ground electronic state. During 
relaxation, the vibrational energy is redistributed among 
the vibrational, translational, and rotational degrees of 
freedom. The increase in temperature produces a 
pressure wave that propagates to regions of lower 
pressure; accompanying the pressure wave is a change 
in the local density. These density and pressure 
changes are determined by solving the appropriate 
continuity, energy, and momentum conservation 
equations; various approximations can be made de­
pending on the relative importance of energy transfer, 
diffusion, viscosity, and thermal conductivity. Bark­
er1038 and Jacobs103b have presented a unified theory 
that includes energy transfer, thermal conductivity, 
diffusion, and acoustic effects; for a detailed and com­
prehensive discussion of TDTL and TROA experiments 
and theory see a recent review by Barker.104 

3.1. Time-Resolved Optoacoustics. The theory for 
time-resolved optoacoustic measurements was devel­
oped by Bailey et al.105 and the experimental technique 
implemented by Gordon et al.106 It is based on the 
formation of the initial acoustic wave, which is produced 
when the internal energy is released to the translational 
modes. This is to be contrasted to the resonance op­
toacoustic method in which the pressure wave is mod­
ulated by natural frequencies of the cell in a steady-
state system.107 

The vibrationally excited species is formed by a 
pulsed laser with a preparation time tp, substantially 
shorter than the V-T relaxation process. The excitation 
laser (beam diameter 0.5 cm) propagates along the axis 
of a cylindrical cell (30 cm in length with a diameter 
of 30 cm) while the acoustic transducer, a fast-re­
sponding microphone, is placed halfway between the 
center and the inner wall of the cell and halfway be­
tween the ends. 

The acoustic wave propagates in the radial direction 
with a velocity related to the temperature of the bath 
gas and is comprised of condensation (compression) and 
rarefraction (expansion) components; the amplitudes 
of these components are T+ and /_, respectively. A di-
mensionless quantity e is defined as 

6 = tJtT = r/ctt (6-9) 

where ta is the time for the acoustic wave to propagate 
the radius of the excitation volume (=r/c, where c is the 
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velocity of the acoustic wave and r is the radius of the 
initially excited volume) and tT, the relaxation time for 
V-T transfer, is found to be a universal function of/_//+ 
for a given excitation intensity profile. Either single or 
multiphoton excitation sources can be used. The latter 
suffers from the fact that although the average internal 
energy per molecule in the irradiated volume is known, 
the internal energy distribution is not. Analysis for 
multiphoton excitation sources is somewhat simplified 
if a square-wave (top hat) intensity profile is used; i.e., 
a uniform distribution of energy is present in the radial 
direction. 

The shape of the acoustic wave can be calculated by 
solving the gas dynamic equations for mass, energy, and 
momentum transfer.103 For the case that the temper­
ature, pressure, or density change is less than 10%, 
these coupled nonlinear equations can be linearized and 
solved by the Fourier transform or Green's function or 
Bessel function expansion approach.103 

Gordon et al.108 have shown that if the energy relax­
ation follows the phenomenological equation 

dE(t)/dt = -kEn (6-10) 

then the lifetime tT (determined from E given above) 
is given by 

tT = E0
1-Vk (6-1D 

where E0 is the initial excitation energy and k is defined 
by eq 6-10. Thus, from the dependence of tt on exci­
tation energy n can be determined. 

The technique has been established108b for SF6, COS, 
and C6F5H. The advantage of this technique is that a 
calibration curve is not necessary; the sonic velocity and 
excitation radius are determined from the width of the 
acoustic wave; the time it takes for the wave to reach 
the microphone and the distance the microphone is 
from the excited volume. 

Gordon et al.106 have reported that for SF6 (formed 
by multiphoton excitation with (E) in the range from 
11.4 to 54.3 kcal/mol) + Ar that (AE)J(E) is 4.1 X 
10"4; a factor of 5 smaller than what is observed for SiF4 
and a factor of 10 smaller than what is observed for 
azulene + Ar. Thus, at 54.3 kcal/mol (AE)8n is 0.024 
kcal/mol, a surprisingly small value. 

More recently Braun et al.109 have presented a tech­
nique for analyzing TROA data so that the derived 
information is obtained from the full acoustic wave not 
from just /_ and T+. In this technique the observed 
time-dependent acoustic signal is deconvoluted from the 
observed signal to directly give the relaxation function; 
typically an exponential decay is found. The relaxation 
function can then be fitted to obtain the rate law and 
coefficient. The requirements on laser beam profile are 
less restrictive with use of this analysis than is required 
when the 1-/1+ ratio is used. 

3.2. Time-Dependent Thermal Lensing. For this 
type of experiment, use is made of the fact that a ma­
terial exhibiting a density gradient will behave as an 
optical lens when light is transmitted through it. In the 
case of a Gaussian excitation source the central section 
of the excitation volume will contain a larger amount 
of energy per unit volume than peripheral sections. 
Thus, during the energy relaxation, the gas density at 
the center will be less and a diverging lens is formed; 
i.e., the beam of a probe laser coaxial with the excitation 

laser will diverge. If a pinhole, smaller than the diam­
eter of the probe laser, is mounted in front of a detector, 
then a decrease in intensity will be observed; the op­
posite effect will be observed if cooling takes place in 
the central section. It is extremely important that the 
intensity profile of the excitation beam is known and 
constant during the experiment and the optical train 
is stable with minimal diffraction effects. 

For relaxation processes with high efficiency, low 
pressures must be used so the relaxation is comparable 
to the acoustic transit time. For these low-pressure 
conditions, diffusion and thermal conductivity become 
important and the full unified theory must be used. 
The Barker group110 has studied the deactivation of 
highly excited azulene (87 mTorr excited with 600-nm 
photons) in krypton (1.00 Torr) at 370 K; the observed 
relaxation time was ~10~5 s, which is comparable to 
that observed by following the decay of the azulene 
energy by IRF. Even though the krypton is in excess, 
it was concluded that azulene-azulene collisional energy 
transfer plays an important role in the relaxation, 
probably via V-V transfer. Thus, (AE)d values for 
krypton cannot be obtained until this relative contri­
bution to the relaxation can be quantitatively assessed. 

4. Mercury Tracer (HgT) 

Braun et al.111 have developed a real-time technique 
for measuring V-T transfer. A mixture of substrate, 
deactivator, and a small amount of mercury vapor is 
prepared. The substrate, which is excited by a pulsed 
laser (single or multiphoton absorption with (E) < 18.3 
kcal/mol), then undergoes vibrational relaxation via 
collisions with the deactivator. The localized transla-
tional temperature of the bath and the Hg in it will 
increase. The temperature increase is probed by ob­
serving the change in the absorption of Hg at 254 nm 
where Lorentz and Doppler broadening affect the ab­
sorption coefficient. A calibration curve is obtained by 
monitoring the absorption as a function of temperature 
in a thermostated cell. Since the absorption also de­
pends on the density of Hg, it is imperative that the Hg 
concentration remains constant and is known. Ap­
proximately 5 us after an initiating pulse, an acoustic 
wave propagates in the radial direction so that the Hg 
concentration changes; thus, to minimize correction 
terms, it is important to restrict data to this time region. 
The acoustic wave can be greatly reduced by irradiating 
the total volume of the cell. These secondary waves can 
appear in IRF and UVA experiments. 

The relaxation time is determined from the intensity 
profile as is the final equilibrium temperature. The 
average excitation energy is calculated from the tem­
perature change; (AE)8^ is computed from the observed 
time constant and the Lennard-Jones collision number. 
The technique has been benchmarked with SF6; the 
relaxation times are consistent with those obtained by 
TROA.112 For nonmonatomic deactivators V-V and 
V-R processes must also be considered. For C6F5H 
self-deactivation, (AE)8Wl(E) was determined111 to be 
0.0133, independent of (E) fom 0.54 to 18.4 kcal/mol. 

More recently Braun et al.113 have followed both V-V 
and V-T processes by merging the HgT and UVA 
techniques. In the "barebones" prototype system, vi-
brationally excited SF6 (formed by MPE) transfers its 
energy to the deactivator (an aromatic hydrocarbon that 
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absorbs UV radiation). The takeup of vibrational en­
ergy from SF6 by translation is probed by Hg absorption 
at 254 nm while the increase* in vibrational energy of 
the deactivator is probed by its absorption coefficient. 

Braun et a l . m have also studied the coupling of the 
vibration, rotation, and translation modes of substrate 
and deactivator. The coupling was determined by 
measuring the time constant for V to T relaxation as 
a function of dilution for a mixture of C6F5H and argon 
(using multiphoton excitation with (E) in the 1.57-15.7 
kcal/mol range); (AB)Bi1Z(E) was ~0.0125, also in 
agreement with other studies.112 If an equilibrium be­
tween the translation and rotation modes is established, 
then the observed rate coefficient would obey the linear 
relation k^ = X(deactivator)fc(deactivator) + X(sub-
strate)fe (substrate), where k is the second-order rate 
coefficient and X is the mole fraction. The experiments 
exhibit a nonlinearity in a plot of k0^ vs mole fraction. 
This is interpreted by Braun et al.114 as if there is a 
near-equilibrium between the vibrational and rotational 
modes and that the transfer between translation and 
rotation or vibration is slow. This bottleneck inter­
pretation calls for further substantiation by other ex­
perimental methods. 

C. Collisional Activation In Equilibrium Systems 

The oldest method and the one that provided the 
earlier data and the bulk of the kinetic information is 
collisional activation. At a given temperature the 
molecule possesses a given average internal and trans-
lational energy. A molecule can be excited above a 
threshold energy by a collision with another molecule. 
This collisional process is operative in all gas-gas and 
gas-surface systems. The basic processes manifest 
themselves in the master equation description discussed 
at length in previous sections. In later text we discuss 
recent applications of this excitation method. 

/. Thermal Unimolecular Reactions 

Studies of thermal unimolecular reactions have pro­
vided the early bulk of the input to the energy-transfer 
database. Comprehensive reviews1,2 were published in 
1977, and only a brief and general discussion will be 
presented here together with later work. For these 
systems the preparation and exposure time is the du­
ration of the experiment, while the analysis involves 
detection of the total yield of reaction products. As 
discussed in the Introduction the main requirement is 
to monitor the reaction in the second order (ideally) or 
falloff region where collisional energy transfer is de­
coupled from the intramolecular energy transfer. It is 
the rate-limiting step. Thus, for a meaningful thermal 
experiment the chemistry must be clean, the kinetics 
well determined, and the collision cross section known. 

Only a few systems have met the above requirements, 
the isomerization of methyl isocyanide1 being one of 
them. Techniques to probe the population distribution, 
which provides details on the transition probabilities, 
have been used: dilution studies in the falloff and 
second-order region.63 These studies have verified that 
each collision removes a small amount of energy and 
that large amounts of energy are not removed with a 
small collision cross section. 

It was suggested by Chow and Wilson115 in the early 
1960s that observation of multichannel unimolecular 

reaction would provide more details of the population 
distribution. This was successfully achieved for chem­
ical activation systems somewhat later.116 But it was 
not until the early 1980s that Rabinovitch and co­
workers117 were able to obtain reliable energy-transfer 
data on multichannel thermal systems. The idea be­
hind these studies is that the product yield from a 
particular reaction channel directly probes the popu­
lation above the critical threshold for that reaction; in 
theory, by having a large number of reactions with 
various threshold energies the population distribution 
would be determined. In some multichannel systems 
relative comparison is made such that the demands on 
the specific details such as collision cross section, model 
for k(E), and the thermochemistry are not as restrict­
ed.117 

The cancellations occurring by studying competitive 
processes are best illustrated in the following way. As 
shown in the Introduction, the rate coefficient for a 
thermal unimolecular reaction is given by 

*)Er 

°B(E) k(E) o> cbE 

oi + k(E) 
(6-12) 

where co is the collision frequency, which is related to 
the experimental pressure by 

°*PNA 
(Ji = 1TO2 

8kT "Av 

RT 
(6-13) 

a2 = Q(2'2)d2, where Q<2'2) is the collision integral,53* d is 
the hard-sphere radius, B(E) is the normalized Boltz-
mann population distribution function, and NAv is 
Avogadro's number. In the limit as w -» 0 

k0 = co CB(E) dE oc (T2P (6-14) 

Thus, as expected, the observed rate constant at low 
pressure is linear with pressure with a proportionality 
constant related to the collision cross section. For a 
multichannel reaction eq 6-12 becomes 

/-» kl(E) w dE 
kj=( B(E) (6-15) 

JE0
1 (Ji + R(E) 

The ratio of rate coefficients for two channels, m and 
n, is 

r - km(E) dE 

JE/(E) (Ji + k(E) 

kn(E) dE 

HE) 

(6-16) 

B(E)--
£„" (Ji + 

To be noted is the cancellation of to in the numerator 
of the integrands; also, the error in the rate coefficient 
ratio produced by an incorrect cross section appearing 
in the denominator of the integrands is greatly reduced 
due to compensating effects in the ratio. In the low-
pressure limit, eq 6-16 reduces to 

r~ km(E) 
f B(E) -~± dE 

JE0* k(E) 

~~7~ £"(i] (6-17) 

In this case the lower limit of integration depends on 
the threshold energy for the designated reaction chan-
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nel. It is now evident that this limiting ratio does not 
depend on pressure or the collision cross section. The 
high-pressure limit for single and multichannel reac­
tions ka is insensitive to pressure. In the falloff pressure 
range ku is a complex function of pressure, going from 
a P0 to a P1 dependence as the pressure is lowered. The 
ratio ka

m/ku
n is independent of pressure for both lim­

iting regimes. 
For weak colliders, as discussed in the Introduction, 

the appropriate master equation must be solved for the 
steady-state populations, A88CE); for E> E0 these pop­
ulations are linearly dependent on pressure in the low-
pressure limit and independent of pressure in the 
high-pressure limit. The rate coefficients and ratio are 

k = 

riui 

' Ck(E) [A88CE)] dE 

f "[A88CE)] dE 

( " V ( E ) [A88CE)] dE 

Ckn(E) [A88CE;)] dE 

(6-18) 

(6-19) 

As for the strong-collider case, this ratio is relatively 
insensitive to minor changes in the cross section. Thus, 
in the high-pressure limit no information is obtained 
about energy transfer. However, both ku and ku

m/ku
n 

provide energy-transfer information as the pressure is 
reduced; the optimum pressure is that for the second-
order region. It is important that for weak-collider 
modeling a properly weighted probability (P) matrix 
is used1 as there are nonlinear dilution effects even 
though a linear combination of weak and strong colli­
ders is used. The primary example of a multichannel 
reaction (three channels) is the isomerization of iso-
topically substituted cyclopropane-i-t1,2,2-d2

72,118 with 
helium, krypton, and carbon dioxide as deactivators. 
The different thresholds are provided by the primary 
isotope effect for T, D, and H atom transfer. There are 
eight distinct structural isomers of propene produced; 
however, some of these are combined so that only three 
paths are used: 

(a) H migration 

CH3CT=CD2 

CH2TCH=CD2 

(b) D migration 

CH2DCD=CHT 

(c) T migration 

CH2TCH=CD2 

CD2HCT=CH2 

CD2HCH=CHT 

CHDTCD=CH, 

CDoTCH=CH, 

For this system the reaction is clean, the thermochem­
istry is established, and the second-order region is ap­
proached (k/ka = 0.01). Questions relating to the de­
pendence of (AE)1I and the collision efficiency /8 on 
temperature and energy have been addressed. They72 

observe that (AE>d for He depends on T~13 in the 
823-1123 K region; i.e., the step size decreases with 
temperature from 0.92 to 0.60 kcal/mol. This is an 
outcome of the fact that the transition modes energy 
is 2RT and the average energy of cyclopropane in excess 
of E0 is only RT. If the total energy E0 + SRT is now 

divided on a purely statistical basis, then (AE)811 = (E0 
+ RT)- nR(E0 + 3RT)/(nR + 3) and (AE) will decrease 
with temperature (nR is the number of modes of the 
reactant). This temperature dependence is consistent 
with an attractive interaction and/ or a quasi-accom-
modation (long-lived complex) model for energy 
transfer; see discussion on statistical models for energy 
transfer. At higher temperatures the onset of a leveling 
off in (AE )d was observed. The expected temperature 
dependence of /3, which depends on the function 
«AE)d /(E+»2 , is T"5-6 since (E+) (the average energy 
of molecules in excess of the critical energy) is linear 
with T and (AE) d depends on T1-6, This calculated 
dependence of /3 was also observed experimentally.118 

This strong temperature dependence of /3 illustrates the 
problems with extrapolating low-temperature unimo-
lecular reaction data to high temperatures for weak 
colliders if the exact exponent for T is not known. 

2. Shock Tube Experiments 

Shock tube studies of unimolecular reactions can 
provide energy-transfer information at high tempera­
tures.119-121 Details of the preparation step (a rapid 
increase in the vibrational energy of the substrate via 
T-V transfer) in terms of energy transfer are not 
known, although it is assumed that the population 
distribution retains an equilibrium distribution corre­
sponding to the final temperature up to a level where 
depletion effects due to reaction are important. Ob­
servations are made either in real time by optical ab­
sorption or emission spectroscopy or laser schlieren 
techniques or by measuring distribution of product 
yields at the end of a run. Chemical complexities, such 
as change in mechanism and secondary reactions, be­
come important so the observations must contain 
enough specificity to unravel the energy-transfer steps. 
Due to the high pressure required for these studies, the 
reaction for reasonably complex polyatomic molecules 
is often not in the second-order region so the sensitivity 
of the results to energy-transfer parameters is de­
creased. 

Kiefer and Shah122 (KS) have studied the decompo­
sition of cyclohexene using the laser schlieren technique 
in the 1200-2000 K region with krypton as the heat 
bath. Their interpretation was that (AE)811 was con­
stant and equal to -0.21 kcal/mol over this temperature 
range; this requires that (AE)d increases from 1.6 to 4.6 
kcal/mol. KS suggested that this increase was due to 
an increase of the average energy with temperature. 
However Tardy and Rabinovitch123 showed that the 
average energy of reacting molecules increases only 
moderately (~18 kcal/mol compared to the average 
energy of all molecules which increases by ~56 kcal/ 
mol) since the increase predicted by KS is offset by the 
decrease in energy caused by the increase of reaction 
order with increasing temperature; i.e., at a given 
pressure the reaction approaches the second-order re­
gion with increasing temperature. TR also showed that 
when the correct relation for (AE)8I1

 8 ^ (AE )d, which 
exhibits a dependence on average energy, is used, (AE>d 
increases to 2.3 kcal/mol. However, it now appears that 
KS conclusions were due to the use of an inadequate 
high-temperature relationship between (AE)811 and 
<AE)d and equations that have numerical problems at 
high temperatures. The experimental data are best fit 
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with {AE)d constant and equal to ~1.6 kcal/mol; this 
is in agreement with master equations calculations 
performed by Tardy124 and Shi and Barker.125 The 
weak- and strong-collider calculations123"125 support the 
proposition that simple predictive formulations for 
unimolecular reactions (eqs 3-10, 3-11, 3-12, 3-18, 4-1, 
4-2, and 4-9) should be used cautiously when used at 
high temperatures for moderately large reagents. At 
this time a master equation solution is suggested; a 
self-contained computer program written by Gilbert and 
Smith126'127 is readily available. 

The preparation time of the high-temperature mol­
ecules involves knowledge of the transition probabilities 
for both low levels of excitation (small steps with low 
probability) and higher levels (larger steps with high 
probability); a bottleneck limiting the transport of en­
ergy can be present at some intermediate energy. A 
simple transition probability model was used by Malins 
and Tardy77 to calculate the induction time for the 
excitation of cyclopropane; the time was linear with 
pressure, increasing with final temperature and a weak 
function of (AE)d. Recently, master equation calcula­
tions using Monte Carlo methods performed by Barker 
et al.126 for the thermal decomposition of cyclohexene 
indicate an induction time that is comparable to that 
measured by KS; their calculations also show a depen­
dence of the induction time on (AE )d. 

The energy-transfer mechanism affects the inter­
pretation of shock tube results. At high temperatures 
the measured rate coefficient may be in the pressure 
falloff region where the reaction order is not known. 
Therefore, the A factors and activation energies re­
ported are not the high-pressure values. The degree of 
falloff depends on the efficiency of the collider, i.e., on 
(AE)d. This problem has always complicated the in­
terpretation of shock tube experiments. 

3. Very Low Pressure Pyrolysis (VLPP) 

VLPP was developed in the early 1970s primarily to 
obtain thermokinetic information;128 in its simplified 
form, molecules enter a thermostated reaction vessel 
and have a mean residence time determined by the size 
of an exit orifice (a steady state is established). The 
vibrational energy of the reagent is increased via col­
lisions with the walls of the reactor; gas-gas collisions 
are unimportant. Another method of studying energy 
transfer at the walls is by using the variable-encounter 
method (VEM) developed by Rabinovitch and co­
workers129-133 and discussed later. Gilbert, King, and 
others134 (GK), in a complex combination of modeling 
and experiments, have developed the pressure-de­
pendent VLPP technique to obtain intermolecular en­
ergy-transfer information by comparing gas-wall and 
gas-gas collisions. The highest pressure is limited by 
the mean free path being less than the dimension of the 
exit orifice. At the very low pressure the reagent only 
undergoes gas-wall collisions; the rate constant is de­
termined from the wall efficiency, the fraction of the 
reactants reacted, and the residence time. Reagents 
with known rate coefficients have been used to deter­
mine the gas-wall collision efficiency. 

Two very difficult problems to contend with are 
knowing the degree of falloff for the specific experi­
mental conditions and the gas-wall collision efficiency. 
This is analogous to a dilution study (a mixture of two 

different colliders) in a homogeneous system where the 
falloff, degree of dilution, collision cross sections, and 
(AE)d for each collider must be known; in homogeneous 
studies at least three of these quantities are generally 
known from independent measurements. In VLPP 
studies, the degree of falloff is often estimated from 
RRKM calculations and the absolute gas-wall collision 
efficiency is difficult to determine. 

In addition to the above-mentioned problems the 
possibility of heterogeneous reactions must be consid­
ered along with knowledge of the diffusion coefficient 
due to the spatial inhomogeneity. However, some of 
these problems are reduced by studying multichannel 
systems. Nonetheless, one of the primary sources of 
potential errors in the method is that the effect of added 
gas, i.e., to monitor the effect of gas-gas collisions, is 
small relative to gas-wall activation; if the extent of 
falloff is not exactly known, then different behaviors 
will be observed. Additionally, extensive modeling must 
be used, which requires solution of the integrodiffer-
ential reaction-diffusion master equation where both 
energy and spatial dependencies are required and the 
gas-wall collision efficiency must be known. In spite 
of these difficulties in determining a homogeneous event 
in a background of heterogeneous events, this method 
has attempted to answer some of the important ques­
tions pertaining to homogeneous energy transfer. 

GK findings135 indicate that the efficiency for gas-
wall collisions in the two-channel thermal decomposi­
tion of bromoethane decreases with an increase in 
temperature (1000-1200 K) while that for (AE)d for 
gas-gas collisions remains constant, within experimental 
error, over the same range. They found evidence that 
P(E',E) for E' < E falls off faster than for an expo­
nential model. The decomposition of chloro- and bro-
moethanes, which have similar dipole moments and 
thermochemistry with bromoethane having a higher 
density of states, indicates that (AE)1J for chloroethane 
is 1.6 kcal/mol compared to 0.7 kcal/mol for bromo­
ethane; this is supportive of a statistical model in which 
more energy will be removed from the molecule with 
the lowest density of states. A similar result was ob­
tained when deuterated and undeuterated isopropyl 
bromide136 and tert-butyl chloride137 systems were 
compared. In this case the deuterated species has the 
higher density of states and the lower (AE )d. Ethyl-
ene-d0 and -d4 were also used as deactivators; the deu­
terated ethylene removes less energy than the undeu­
terated ethylene when the reagent is undeuterated 
isopropyl bromide while for the deuterated reagent the 
effect is reversed. There is no theory that accounts for 
these observations; in fact, isotope effects for energy 
transfer have not been observed in other systems.1 

The possibility of a resonance-enhanced energy 
transfer has been presented by the GK groups.138 In 
this case, the reactions studied were the competitive 
decompositions of 1,1,2,2-tetrafluorocyclobutane (TF-
CB) and l-chloro-2,2,3,3-tetrafluorocyclobutane (CTF-
CB); the latter molecule has a ring deformation mode 
at 738 cm-1 while the comparable mode for TFCB is 667 
cm"1. It is observed that CO2 removes 4.98 kcal/mol 
from TFCB and 1.20 kcal/mol from CTFCB; similarly, 
C2H4 removes 2.75 and 2.63 kcal/mol from TFCB and 
CTFCB, respectively. The comparable results for C2H4 
indicate an internal consistency in the experimental 
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results; the large difference observed for CO2 in these 
two systems is associated with the resonance between 
the 667 cm"1 (bending mode) of CO2 and the ring de­
formation of TFCB. It was suggested that further en­
hancement may be due to the Fermi resonance in the 
CO2 so that ladder climbing will be enhanced by over­
tones of 667 cm"1. 

4. Supracollisions In Jets 

A collision-induced dissociation of 1,4-cyclohexadiene 
(CHD) by vibrational^ hot l,3,5-trimethyl-l,l,3,5,5-
pentaphenyltrisiloxane (TTP) was studied in a jet by 
Pashutski and Oref.43 TTP (C33H34O2Si3) was heated 
in a lower oven to temperatures of 468-498 K, setting 
the vapor pressure of TTP to 20-190 mTorr. The 
temperature, and thus the internal energy, was deter­
mined by the upper oven in the range 603-831 K. The 
hot gas of TTP molecules was allowed to collide with 
1,4-cyclohexadiene, which has a threshold energy for 
dissociation of 42.5 kcal/mol. CHD molecules that 
acquired energy >42.5 kcal/mol decomposed to benzene 
and H2. These were detected by a quadrupole mass 
spectrometer. The basic principle of the experiment 
is similar to the internal conversion experiments of Oref 
and Steel41-42 discussed before. The TTP is a large 
molecule with 210 degrees of freedom, and at the tem­
peratures of the jet the average internal energy ranges 
between 72 kcal/mol at 603 K to 132 kcal/mol at 831 
K. A collision of CHD with this hot large MwaH"-like 
molecule has a finite chance of transferring AE larger 
than ~43 kcal/mol. It was found that P(AE = 45) « 
5 x 10"7. That is to say, one fruitful collision in 2 X 106 

collisions. The average energy transferred per down 
collision from the exponential model is a = 3.2 kcal/ 
mol, and the theoretical probability for AE > 45 
kcal/mol is P(AE) = exp(-45/3.2)/3.2 = 2.4 X 10"7. The 
value of a agrees with conventional wisdom that 0.1 < 
a < 10 kcal/mol for such systems. That is to say, even 
though the average energy transferred per down colli­
sion is small, there is a finite probability of suprastrong 
collisions. 

D. Chemical and Photochemical Activation (CA) 

When a new substrate entity is formed by a chemical 
reaction, the method is classified as a chemical activa­
tion technique; another common technique is photo­
chemical excitation in which the substrate is converted 
to a new entity; several examples of the latter have been 
described earlier and a few other interesting cases are 
considered here. Both techniques were extensively re-

log TIME (sec) 

Figure 24. log k vs log reaction time. Ten normal modes in 
substrate and bath, E0 = 30 kcal/mol. (1) T = 2500 K: (a) 107 

Torr, (b) 1 Torr, (c) 10"4 Torr. (2) T = 1500 K: (a) 107 Torr, (b) 
1 Torr, (c) 10"4 Torr. (3) T = 600 K: (a) 10* Torr, (b) 1 Torr, 
(c) W-* Torr. 

viewed earlier by Tardy and Rabinovitch1 and Quack 
and Troe.2 The experiments consist of forming an ex­
cited substrate with a known excitation distribution 
function that can undergo a unimolecular reaction. 
Ideally, the distribution would be monoenergetic; how­
ever, in practice it is the convolution of the ambient 
thermal population distribution of the precursors with 
the process that performs the activation (the bandwidth 
of the excitation source and the associated Franck-
Condon factors or the formation rate coefficients). At 
each energy level there is a competition between col­
lision (energy transfer) and reaction; due mainly to the 
energy dependence of the unimolecular process, this 
competition is also energy dependent. On completion 
of the energy cascade and reaction the observed prod­
ucts result from reaction (D) or stabilization (S); ex­
periments support the idea that weak colliders involve 
small (AE)d for each collision. Most of these experi­
ments are of the steady-state variety in which total and 
relative product yields are measured as a function of 
pressure and/or excitation energy and/or temperature. 

The benefits of competitive studies in external acti­
vation systems are easily seen by considering the 
equations for a strong collider that relate the apparent 
rate coefficient ka with the experimental observations 
(namely S and D) 

(6-20) 

JE0 u + k(E) 

where k(E) is the sum over k'(E), E0 is the lowest critical 
threshold, and f(E) is the normalized population of 
reagents formed by the activation process. In this case 
ku takes on two limiting pressure values 

k ' 
[D] 

= W[S] 

p- (V(E) dE 
JEJ{E) U + k(E) 

~ Cf(Ri <* ** 

k0 = 

fina -~ 

Cf(E) dE 
JE0 1 

rmf(JE)dE ~ I l \ 
JEo k(E) \k(E)]{ 

Ck(E) f(E) dE 
• ' f i n 

(6-21) 

Cf(E) AE 
JE0 

= {k(E))t (6-22) 
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TABLE IH, Compilation of Energy-Transfer Experiments 

excitation" 
1 IC 

2 IC 
3 IC 

4 IC 

5 IC 

6 IC 
7 IC 
8 IRMPE 

9 IRMPE 

10 IC 

11 IC 

12 thermal 
13 IC 
14 IC 
15 IRMPE 
16 IRMPE 
17 IC 
18 IRMPE 

19 IRMPE 
20 IRMPE 
21 IRMPE 
22 IRMPE 
23 IRMPE 
24 IRMPE 
25 IRMPE 

26 IRMPE 
27 IRMPE 
28 IC 
29 IRMPE 

30 shock tube 

31 thermal 
32 thermal 
33 photo 
34 CA 
35 CA 
36 photo 
37 CA 
38 CA 
39 CA 
40 CA 
41 CA 

42 photo 
43 CA 

44 CA 
45 CA 
46 CA 
47 VLPP 
48 VLPP 
49 VLPP 
50 VLPP 
51 VLPP 
52 VLPP 
53 VLPP 
54 VLPP 
55 VLPP 

detection6 

IRF 

IRF 
IRabs 

UVA 

UVA 

UVA 
UVA 
UVA 

IRF 

thermal 
sensitizn 

thermal 
sensitizn 

jet 
MPI 
MPI 
TROA 
TROA 
TROA 
TROA 

TROA 
TROA 
TROA 
HgT 
HgT 
TROA 
HgT 

HgT 
HgT 
TDTL 
HgT + 

UVA 
laser 

schlieren 
GC 
GC 
GC 
GC 
GC 
GC 
GC 
GC 
GC 
GC 
GC 

GC 
GC 

GC 
GC 
GC 
MS 
MS 
MS 
MS 
MS 
MS 
MS 
MS 
MS 

excited molecule 
azulene 

azulene 
azulene, azulene-D8 

azulene 

toluene (by IC of 
CHT) 

benzene 
hexafluorobenzene 
CF3I 

F2HCCH2F 

azulene 

hexafluorobenzene 

TTP 
toluene 
xylene 
SF6 
ethyl acetate 
azulene 
SF6 

SF6 
C6F5H 
SF6 
SF6 
C6F6H 
C6F6H 
SF6 

C6F6H 
C6F6H 
azulene 
SF6 

cyclohexene 

cyclopropane-t ,Cf2 
cyclopropane-(,d2 
H2C

15^CH2 
cyclohexadiene 
cyclobutane-t 
EtCHT 
methylcyclobutane 
ethylcyclobutane 
methylcyclopropane 
ethylcyclopropane 
tetrafluorocyclo-

propane 
CCl3CH3 
CH3CF3 

CH2FCH2F 
Url30ri2-r 
H2C=CHCl 
H2DCCH2Cl 
CD3CH2Cl 
HCD2CD2Br 
CH3CO2Et 
CH3CHBrCH3 
CD3CDBrCD3 
C4H9Cl 
C4D9Cl 
chlorocyclobutane 

bath molecule 
azulene, He, Ne, Ar, Kr, Xe, H2, 

D2, N2, O2, CO, CO2, H2O, NH3, 
CH4, C4Hi0, SF6 

CO2, IR emission 
CO2 

He, Ne, Ar, Kr, Xe, H2, CO, N2, 
CO2, H2O, NH3, SF6, CH3OH, 
CH4, C3Hg, C4HjO, C6Hj2, CgH18, 
CiQH22, CF4, C2F6, C3F8, C7Fi6 

He, Ar, Kr, Xe, N2, CO, CO2, N2O, 
SF6, CH4, C3Hg, C6HU, C7Hi6, 
CgHig, CF4, C3F8, 07Fj61 C7Hg 

Ar, N2, O2, C3H8, benzene, C5Hi2 
Ar, O2, N2, C6F6 
Ar, C3H8, C8Hi8 

Ar 

quadricyclane 

cyclobutene 

cyclohexadiene 
CHT, Ar, MeCHT, heptane 
CHT, Ar, MeCHT, heptane 
Ar 
Ar 
Ar 
Ar 

Ar 
Ar 
Ar 
Ar 
Ar 
Ar 
SF6 

C6F5H 
Ar 
Kr 
C6H6, C6H5CH3, C6F6, C6H6F 

Kr 

He 
Kr, CO2 
He, CF4, CO2, C2H5Br 
SF6, CO2, N2, He 
He, Ne, Ar, Kr, Xe 
self 
self 
self 
self 
He, Ar, CO2, CF4, C2F6 
He, Ar, CO2, CF4, C2F6 

self, CF4 
He, Ne, Ar, Kr, Xe, H2, O2, N2, 

CO2, CH4, CH3Cl, CF4, SF6, 
C2F6, C4F8, C6Fi4, CgFi8 

He, N2, CO2, SF6, CH2ClF, 
(CH2F)2CO 

He, Ar, N2, CO2 
He, Ne, Kr 
CO2 
Ne, CO2, C2H4, C6H6 
He, Ar, Ne, Kr, C2H4 
Ne, Xe, C2H4, C2D4 
Ne, Xe, C2H4, C2D4 
Kr, N2, CO2, C2H4 
Kr, N2, CO2, C2H4 
C2H4 

(A£)d dependence 
on energy 
(AE) =En 

and energies, cm"1 

n = 1; 17500, 
30600 

17500,30600 
30600,31500, 

41000 
17500,30600 

52000,40000 

n = 1; 53000 
n = 0,1; 53400 
n = V2-I; 

15000-20000 
B - I ; 

1000-27000 
30600 

38600 

25300-46300 
52000 
52000 
1000 
1000 
1000 
n = l; 

4000-19000 
4000-19000 
2650-14000 
3000-19000 
550-5500 
n = l ; 550-5500 
n = 1; 265-1400 
n = 1.5-1; 

320-5000 
175-6500 
560-5500 
16700 
n = 1; >4000 

C 

C 

C 

28000 
26000 
42100 
35000-43200 
36800 
36800 
35800 
35800 
30600 

30800 
35800 

32400 
31900 
30400 
C 

C 
C 

C 
C 

C 
C 
C 
C 

Oref and Tardy 

<AE)d 
dependence 

on temp (T^) 
7 = 0.6 

7 = 0.6 

7 = 0.3 

indep 
400-1000 K 

7 = 1.8 
7 = 5.6 

very small 

slight 

ref 
82 

56 
85 

84,57 

86b, 87 

100 
101, 102 
99 

80a 

41 

42 

43 
44 
45 
106a 
106a 
106a 
106b 

108 
108 
112a 
112a 
112a 
112a 
112b 

111 
114 
104 
113 

122, 125 

118 
72 
150 
147 
151 
144 
141 
142 
143 
143 
146 

148 
139 

145a 
145a 
149 
134b 
134c 
135 
134d 
136 
136 
137 
137 
134e 
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TABLEIII (Continued) 

56 

57 

excitation" 
VLPP 

VLPP 

detection4 

MS 

MS 

excited molecule 
tetrafluorocyclo-

butane 
tetrafluorochloro-

cyclobutane 

bath molecule 
CO2, C2H4 

CO2, C2H4, Ne, CH4, CF4, 
CH2CFg 

(AE)1I dependence 
on energy 
(AE) = En 

and energies, cm-1 

C 

C 

<A£)d 
dependence 

on temp (T-1') ref 
138b 

138a 

" Legend for excitation method: IC, internal conversion; IRMPE, infrared multiphoton excitation; CA, chemical activation; VLPP; very 
low pressure pyrolysis. b Legend for detection method: IRF, infrared fluorescence; UVA, ultraviolet absorption; MPI, multiphoton ioniza­
tion; TROA, time-resolved optoacoustic; HgT, mercury tracer; TDTL, time-dependent thermal lensing; GC, gas chromatography; MS, mass 
spectrometry. c Average energy of the thermal system at the temperature of the experiment. 

where the ( )f expressions are averages over the /(E) 
distribution function. The ratio of rate coefficients 
(=Dm/Dn) for strong colliders is given by 

r~ km(E) dE f /(E) -± 
Kr 

* f{E) "T 
E„" U + 

k(E) 

kn(E) dE 

HE) 

(6-23) 

which for the limiting pressures reduce to 

r- km{E) AE 
*» SFJ(E} 

«0 _ ^Eo 
k(E) 

*0 kn(E) AE 

HE) 

(6-24) 

rVoo 

Cf(E) 
JEa" 

Cf(E) km(E) dE 
Jg0

m 

Cf(E) kn(E) dE 
JES 

(6-25) 

For weak colliders, the rate coefficients and ratios are 
calculated from the steady-state populations [ASS(E)] 
calculated from the master equation 

kj = 

h n 

Ckl(E) [ASS(E)] dE 

f °[ASS(E)] AE 

Ckm(E) [ASS(E)] dE 
JE0" 

f"kn(E) [ASS(E)] dE 

(6-26) 

(6-27) 

As in the thermal activation case, the rate coefficient 
ratio is nearly independent of collision cross section. 

In the low-pressure limit, S « D, the shape of the 
S/D vs pressure curve is a strong function of P(E',E) 
and the collision cross section since the small amounts 
of S depend on the details of the cascade; however, the 
ratio, Dm/Dn is insensitive to the pressure since Dtot «= 
1 (total amount of decomposition); i.e., any decompo­
sition resulting from energy loss is negligible; and con­
sequently the ratio is the same as that for a strong 
collider. In the high-pressure limit, where D « S, the 
ratio Dm/Dn will contain information about the stabi­
lization since the stepwise deactivation will result in an 
enhanced probability for reaction, i.e., an increase in 
Dm, while km will provide less information about energy 
transfer than if it were determined at low pressure. 

Thus, if the collision cross section is known, then low-
pressure S/D measurements are the preferred choice 
while if the cross section is not known, then competitive 
studies from moderate to high pressure are recom­
mended. 

For presentation purposes we have divided the dis­
cussion into two sections: simple reactions, if the for­
mation of excited molecules is via a single process and 
the energy distribution function is known, and complex 
reactions, if the energy distribution function of the 
excited molecule is unknown. It should be reempha-
sized that for these systems the chemistry and ther­
mochemistry must be well-known. As in thermal sys­
tems, errors in multichannel studies are usually less 
than for single-channel systems in which the absolute 
cross sections and rate coefficients and their energy 
dependence must be adequately and independently 
determined. The method of analyzing the data from 
these experiments to obtain (AE) <j is extremely im­
portant as noted by Marcoux and Setser,139 who studied 
activation of CH3CF3; although the experimental data 
were comparable, Root et al.140 assigned smaller (AE)d 
for CH3CF3 than Marcoux and Setser.139 

1. Simple Reactions 

McCluskey and Carr have studied the collisional 
stabilization of methylcyclobutane,141 ethylcyclo-
butane,142 and the homologous series of alkylcyclo-
propanes143 (cyclopropane, methylcyclopropane, 
ethylcyclopropane) formed by the addition of methy­
lene to the appropriate cyclobutane141,142 or olefin;143 the 
initial excitation energy of 100-110 kcal/mol was ~40 
kcal/mol in excess of the critical energy for reaction. 
The S/D vs pressure plots indicated a multistep colli­
sional deactivation; (AE )d values for a stepladder model 
were determined by matching the experimental data 
with computer simulations. The average step size for 
energy removal was found to decrease as the number 
of atoms in the substrate increases from approximately 
10 kcal/mol for cyclopropane to ~ 3 kcal/mol for 
ethylcyclobutane. Their conclusion is that a quasi-
statistical model for energy transfer fits the data; how­
ever, it should be pointed out that the size of the 
deactivator is also changing in these experiments. 
Studies using the same deactivator, such as an inert gas, 
for these chemically activated species would provide 
discriminating information on the validity of the sta­
tistical model. Also of interest is the similarity of the 
step size for the deactivation of photoactivated cyclo-
heptatriene and ethylcyclopropane and methylcyclo­
butane. 
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TABLE IV. (A2?).n of Azulene at Various Internal 
Energies 

Reference 82, T = 298 K 

bath molecule 

azulene 
He 
Ne 
Ar 
Kr 
Xe 
H2 

D2 
N2 
O2 
CO 
CO2 
H2O 
NH3 
CH4 
H-C4H10 

SF6 

-(AE)111 at excitation energy 

16 700 cm-1" 
783 ± 18 
33 ± 4 
68 ± 5 

108 ± 7 
117 ± 8 
93 ± 6 

124 ± 21 
101 ± 11 
108 ± 8 
119 ± 8 
137 ± 6 
250 ± 40 
247 ± 26 
231 ± 21 
157 ± 7 
641 ± 66 
319 ± 25 

Reference 57, T = 300 K 

int E, cm"1 

He 
Ne 
Ar 
Kr 
Xe 
H2 
CO 
N2 
O2 
N2O 
CO2 
SF6 
H2O 
NH3 
CH3OH 
C2H6 

C3H8 

H-C8H18 

CF4 
C2F6 

C3F8 

/T-C8Fi8 

-<A£>.u 
energy 

5000 
40 
60 
70 
60 
50 
60 
90 
85 
60 

110 
110 
145 
120 
120 
70 

160 
210 
290 
100 
150 
200 
590 

29700 cm-16 

1262 ± 28 
73 ± 10 

130 ± 22 
190 ± 5 
171 ± 8 
187 ± 12 
175 ± 9 
136 ± 7 
261 ± 46 
271 ± 16 
332 ± 15 
463 ± 15 
647 ± 79 
729 ± 50 
397 ± 39 

1093 ± 33 
543 ± 17 

at excitation 
17000 cm-1 

Reference 57, T = 300 K 

bath molecule 

He 
Ne 
Ar 
Kr 
Xe 
H2 
CO 
N2 
CO2 
SF6 
H2O 
NH3 
CH3OH 
CH4 
C3H8 

C4H10 
CjH12 

H-C8H18 
C10H22 

CF4 
C2F6 

C3F8 

CyF16 

"Energy lowered due 

-(AJS)11I 
energy 

15000 

80 
170 
190 
210 
220 
120 
280 
180 
320 
610 
320 
230 
500 
310 
670 
980 
960 

1050 
1410 
360 
500 
530 

1200 

15000 
80 

130 
170 
160 
170 
100 
230 
180 
170 
320 
360 
560 
440 
300 
520 
430 
610 
860 
310 
400 
430 

1020 

at excitation 
30000 cm'1 

29670 
80 

180 
210 
230 
230 
150 
320 
200 
360 
750 
480 
350 
680 
370 
760 

1010 
1050 
1170 
1420 
440 
560 
570 

1250 
to energy decay to 13943 cm-1. 'Energy 

lowered due to energy decay to 24073 cm -I1 

Chung and Carr144 have determined the energy de­
pendence of collisional self-deactivation of ethylcyclo-
heptatriene. With use of a stepladder model, the master 
equation was solved; (AE)8U increases from 0.9 to 3.35 
kcal/mol as the excitation energy increase from 100 to 
123 kcal/mol. The agreement of (AJB)811 with UVA 
results of Troe et al.86 at 115 kcal/mol is good. How­
ever, this energy dependence is in disagreement with 
earlier UVA experiments where energy dependence was 
absent and with other experiments where a weaker 
energy dependence was observed. 

Setser et al.139,145a have studied the deactivation of 
vibrationally excited fluorinated ethanes (ethyl fluor­
ide1458 (MFE), l,2-difluoroethane146a (DFE), 1,1,1-tri-
fluoroethane139 (TFE)); the excitation energy (~91 
kcal/mol) is the result of the association of fluoro-
substituted methyl radicals at 300 K. The efficiency 
for deactivation by helium, from the exponential model 
((A£)d = 1.0 kcal/mol), was comparable in all three 
systems; for N2 and CO2 ((AE)d = 1.5 and 2.0 kcal/mol, 
respectively) it was marginally lower than what is re­
ported for the dichloroethane system14Sb while that for 
SF6 (5 kcal/mol) is the same in all these systems. The 
TFE system was studied at 195 and 300 K; a small 
temperature dependence, nearly within the limits of 
experimental error on (AE)d, was observed. At this 
time it is not understood why (AE )d is smaller in the 
TFE system than what has been tabulated1 for other 
systems (1,2-dichloroethane, cyclopropane, alkyl radi­
cals) and why (AE) d for the inert gases is constant at 
1.0 kcal/mol, Le., does not increase with mass as typical 
for other systems. These observations are not in 
agreement with a statistical model for energy transfer. 

The results from Setser et al.139,145 for deactivation 
by argon can be compared with those of Barker et al.80 

for 1,1,2-trifluoroethane using the multiphoton excita­
tion technique and observing the IRF; Barker observes 
(AE)d = 0.9 kcal/mol compared with Setser's value of 
1.0 kcal/mol. 

Arbilla et al.146 produced tetrafluorocyclopropane 
with an average energy of ~87 kcal/mol by the asso­
ciation of CH2 and C2F4 at 300 K; collisional deactiva­
tion was studied for five bath gases. For He and Ar the 
data were fit with an exponential model with (AE )d = 
2.1 and 4 kcal/mol, respectively. These values for 
(AE )d are higher than those reported above or for other 
systems;1 if these values are different from others, then 
the results further illustrate that there are still many 
parameters in energy transfer that are not understood. 

Orchard and Ramsden147 formed vibrationally excited 
1,4-cyclohexadiene by the thermal isomerization of 
cis,anti,cis-tricyclo[3.1.0.0]hexane (TCH) at 528 K; 
CHD can undergo either H2 elimination or collisional 
stabilization with TCH or added quenchers (SF6, CO2, 
N2, He). The results were modeled by a stepladder 
model with only down steps allowed and using the lin­
ear region (no turnup) in the S/D vs pressure plots. 
Due to these approximations and the relatively high 
temperature of the study [there is a broad range of 
thermal energies (~10 kcal/mol)], the results should 
not be taken quantitatively; i.e., relative trends but not 
absolute values for (AE) d can be accepted. They report 
that on going from He, to N2, to CO2, to SF6 and TCH 
that (AE)d increases from 0.5 to 1 to 1.2 to 1.7 kcal/mol, 
respectively. These values are lower than other chem­
ical activation experiments; however, the problems cited 
above may account for this difference. 
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TABLE V. (Af)1U for Toluene and Cycloheptatriene at Various Temperatures and Internal Energies 

Toluene (Reference 86b) 

bath 
molecule 

He 
Ne 
Ar 

Kr 

Xe 

H2 

D2 

CO 
N2 

NO 
O2 

CO2 

N2O 
H2O 
SF6 

CH4 

C2H6 

CaH8 

C ^ 1 0 
C6H12 

C6HU 

C7H16 

CgH18 

CgH2O 
C1OH22 

C 1 1 H 2 4 

bath 
molecule 

temp, K 

300 
300 
300 
865 
300 
865 
300 
865 
300 
300 
300 
300 
831 
300 
300 
300 
870 
300 
300 
300 
851 
300 
825 
300 
300 
856 
300 
300 
300 
815 
300 
864 
300 
845 
300 
300 
300 

temp, K 

-(AE)1Il 

excitation energy 
52000 cm"1 

75 
84 

130 
130 
130 
160 
140 
150 
92 

100 
160 
130 
130 
160 
160 
280 
240 
230 
480 
400 
250 
260 
200 
380 
520 
420 
640 
740 
840 
640 
930 
620 
990 
660 

1150 
1300 
1340 

Cycloheptatriene 

-(AE)1J1 

excitation energy 
40000 cm"1 

bath 
molecule 

CF4 

C2F6 

C3F8 

C4F10 

C5F12 

C6F14 

C7F16 

C8F18 

CBrF3 

CClF3 

CCl2F2 

CHClF2 

CHCl2F 
CHCl3 

CHF3 

C r ^ C ^ 
CH3Br 
CH3Cl 
CH4 

C-C3H6 

J-C4H10 

MeO-C5H12 

C-C6H12 

Me-C-C6H12 

2,2,4-Me3C5H12 

C2H4 

C3H6 

1-C4H8 

cts-2-C4H8 

C2H2 

C6H6 

C7H8 (toluene) 

(Reference 87) 

bath 
molecule 

temp, K 

300 
872 
300 
300 
860 
300 
300 
300 
300 
852 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
848 

temp, K 

-(AE)111 

excitation energy 
52000 cm-1 

320 
300 
370 
480 
420 
590 
680 
770 
840 
480 
930 
380 
330 
400 
410 
460 
480 
370 
460 
440 
390 
260 
500 
590 
650 
750 
780 
930 
400 
480 
590 
620 
410 
610 
770 
500 

-(AE)8J1 

excitation energy 
40000 cm"1 

He 

Ar 

N 2 

CO 

CO, 

300 
373 
473 
573 
300 
373 
473 
573 
673 
300 
373 
473 
573 
300 
473 
573 
300 
373 
473 
573 

61 
59 
65 
73 
133 
127 
122 
135 
126 
111 
125 
109 
123 
179 
158 
128 
321 
240 
216 
209 

N2O 

SF6 

CH4 

C4H8 

n-C6H14 

M-C8H18 

CF4 

C3F8 

300 
573 
300 
573 
300 
573 
300 
373 
473 
573 
300 
573 
300 
573 
300 
573 
300 
373 
473 
573 

243 
120 
309 
246 
290 
212 
455 
399 
336 
424 

1058 
768 
1696 
887 
395 
201 
707 
457 
433 
414 

Chung and Carr148 have photolyzed 1,1,1-trichloro-
ethane at 228.8 nm and observed the pressure depen­
dence of the CH2CCl2 yields (resulting from HCl elim­
ination); it is postulated that this product is formed 
from an excited state, perhaps a triplet state, not the 
ground state. Their analysis using the stepladder model 
gave (AE)d = 17 ± 5 and 16 ± 6 kcal/mol for deacti­
vation by the precursor and CF4, respectively. These 

values are in qualitative agreement with others.1 

2. Complex Reactions 

Avila et al.149 produced vibrationally excited vinyl 
chloride (VC) by the photodecomposition of 3-chloro-
3-methyldiazirine. The deactivation of VC by N2, Ar, 
He, and CO2 was experimentally determined by meas­
uring the yield of VC and acetylene formed from HCl 
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TABLE VI. <AJF),n for Various Molecules at Various 
Internal Energies 

excited 
molecule 

azulene 
azulene 
azulene-d6 

benzene 

CeFe 

CF3I 

CF3I 

CF3I 

SF6 
SF6 

C6F5H 
H2C=CHCl 

excitation 
energy, cm"1 

29700 
29700 
29700 
52 270 

51800 

5000 

10000 

15000 

4000-19000 
>4000 

188-6430 
30400 

" Energy-dependent model 
model of (AE) 

temp, 
K 

298 
298 
298 
294 

298 

300d 

300d 

300* 

300" 
30C 

300" 
300d 

bath 
molecule 

CO2 
CO2 
CO2 
benzene 
J-C5Hj2 

C3H8 

O2 

N2 

Ar 
C6F6 

Ar 

N2 

O2 

Ar 
C3H8 

C8Hi8 

Ar 
C3H8 

C8H18 

Ar 
C3H8 

C8H18 

Ar 
C6H6 

C6F6 

C6H5CH3 

C6H5F 
C6F5H 
He 
Ar 
N2 

CO2 

-<A£).ll 

520 
C 

C 

2060 
1640 
1170 
66 
58 
45 
1238° 
(945)" 
360 
(942) 
293 
(234) 
343 
(242) 
10 
110 
280 
40 
210 
570 
70 
320 
880 
8C 

9<y 
7<y 
8(/ 
27O^ 
54-175 
<88 
<210 
<210 
<270 

ref 
56 
85 
85 
100 

102 

99 

99 

99 

106b 
113 

111 
149 

of (A£).u . "Energy-independent 
I4Ji.

 c See section VI.A.2 for details. • Not explicitly 
stated but implied from the type of experiment done. ' At 19 000 
cm"1. 'A t 1000 cm"1 

elimination. Since VC is formed from a fragmentation 
process, its internal energy distribution is not precisely 
known and was estimated by a deconvolution proce­
dure; it is bimodal with peaks at ~85 and 105 kcal/mol. 
The thermokinetic parameters are not well-known for 
this reaction. The (AE)d results of 0.25, 0.6, 0.6, and 
0.75 kcal/mol for He, N2, Ar, and CO2 are low compared 
with simple external activation systems and more in 
agreement with the magnitudes for (AE)4 determined 
by UVA and IRF techniques. 

Jung et al.150 produced vibrationally excited ethylene 
by the photoactivation of ethyl bromide at 121.6 nm 
and 298 K. The ethylene can be stabilized (S) by He, 
CF4, CO2, and C2H5Br or undergo unimolecular de­
composition to acetylene (D). (AE)d values were ob­
tained by comparing S/D vs pressure plots with those 
from stepladder model calculations; step sizes increased 
from 2.0 kcal/mol for He to 4.9 kcal/mol for CF4 and 
CO2 and 18.6 kcal/mol for C2H5Br. Knowledge of the 
energy distribution function for ethylene is crucial; it 
is estimated that 16% has energies in excess of 80 
kcal/mol, the threshold energy for formation of acety­
lene, and the most probable energy for C2H4 is 66 
kcal/mol. 

Nogar and Spicer151 have formed vibrationally excited 
cyclobutane-t (CBT) by the nuclear recoil reaction of 
T atoms with cyclobutane; CBT can be stabilized by 

He, Ne, Ar, Kr, and Xe or can decompose to ethylene. 
They observe that the efficiency for stabilization in­
creases with increasing mass of the deactivator. This 
is consistent with results from other activation systems 
except for the TFE system cited above. The average 
energy of CBT is ~120 kcal/mol; however, the distri­
bution of energy is not known. They have modeled the 
results in terms of a collision of the inert gas involving 
at least half of the atoms in CBT; this delocalized 
collision model gives energy step sizes of 0.5, 1.4, 1.8, 
2.0, and 2.1 kcal/mol for the series He to Xe. This 
model gives values of (AE)d comparable to those ob­
served in other systems.1 

E. Energy Exchange with Surfaces: 
Variable-Encounter Method 

This review does not cover explicitly gas-surface in­
teractions. Two methods bear directly on the experi­
ments discussed in this review; VLPP was mentioned 
before, and the variable-encounter method developed 
by Rabinovitch129-133 will be briefly discussed now. 
VEM has provided fundamental information on the 
dynamics of heterogeneous vibrational energy transfer, 
i.e., between a gas molecule and a surface. VEM is a 
technique in which an ensemble of molecules at a low 
temperature acquires energy via a known and controlled 
number of successive collisions with a surface at a 
different but known temperature.129 The experimental 
apparatus is simple and provides product integration 
for enhanced signal; a spherical bulb maintained at 
temperature T1 has an attached heated "reaction finger" 
at T2. Gas molecules enter the finger and exit after a 
controlled number of collisions with the wall as deter­
mined by the geometry of the finger; during this ex­
posure to the walls at T2 the reagent can react if suf­
ficient internal energy is available. After exiting the 
finger, the reagent undergoes thermalizing collisions 
with the wall at T1 and the encounter cycle with the 
finger is reinitiated; the number of encounter cycles per 
unit time is determined by the entrance area of the 
finger and the total surface area of the reservoir. This 
recycling of molecules from T1 to T2 is continued until 
a sufficient yield of products is obtained for analysis by 
GC but short enough so that secondary reactions are 
not significant. Thus, the population above the reaction 
threshold is directly probed by the amount of reaction 
product formed.130a,b Information on the total proba­
bility matrix can be obtained by varying the average 
number of collisions per encounter and the initial tem­
perature T1.

130 On the order of 15 collisions with the 
surface are necessary for a steady-state population 
distribution at T2 to be achieved;130 this quantity is 
directly related to first passage and induction times and 
consistent with VLPP experiments.128 

One of the strengths of VEM is that < AE )d can be 
determined without knowing collision cross sections 
and/or the necessary vibrational frequencies for master 
equation calculations. Some of the interesting VEM 
results are of particular interest for gas-gas collisional 
energy transfer since in the limiting case where the 
deactivator contains many atoms the substrate-deac-
tivator collision approaches that of a gas-surface col­
lision. Both the isomerization of cyclopropane and 
cyclobutene exhibit strong collisions ((AE)d «= 28.9 
kcal/mol) with silica walls up to approximately 400 K 
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at which point (AE)d begins to decrease.131 For the 
cyclopropane system (AE)d decreases rapidly to 5.8 
kcal/mol at 1000 K and then to ~4.9 kcal/mol at 1300 
K; this leveling off is similar to that observed for the 
gas-phase cyclopropane isomerization. These observa­
tions are in accord with the trend predicted by the 
quasi-statistical accomodation model and the fact that 
the interaction time on the surface decreases with an 
increase in temperature so that less time is available for 
the transfer. The statistical model is also suggested by 
the fact that as the density of states of the substrate 
increases, via either isotopic substitution or increasing 
the number of vibrational modes, (AE)1J decreases.132 

The specific nature of the surface and substrate is 
also important.133 Various surfaces, including metals 
(solid gold and tin and liquid gallium and tin) and 
glasses with various preparations (seasoned), have 
different values of (AE) d, but all exhibit strong-collider 
behavior at low temperatures, with (AE)1J decreasing 
with an increase in temperature. The importance of the 
gas-surface interaction was demonstrated for polar 
molecules; iodopropane has a larger (AE)d than does 
cyclobutane at 800 K (8.7 vs 6 kcal/mol). This increase 
may simply be due to the increased interaction time 
between the gas and the surface. 

VII. Some Outstanding Questions In 
Intermolecular Energy Transfer between Large 
Excited Polyatomic and Bath Molecules 

The purpose of this section is to summarize the 
outstanding questions, some of which were already 
discussed in this review and additional topics not dis­
cussed due to constraints and limitations of space and 
format. At this stage it is not possible to discuss the 
fundamental principles (unknown!) which tie the da­
tabase together. The choice of outstanding problems 
is in the eyes of the beholder, and they reflect our point 
of view. Needless to say, new experimental or theo­
retical breakthroughs could open new areas in energy 
transfer not explored before and not discussed in this 
section. The subjects are not presented in any hier­
archical order, nor are they discussed in great depth. 
A specific problem may have been discussed in greater 
depth in the body of the review. 

A. Energy Dependence of (AE )d and (AE)811 

One of the major questions in intermolecular energy 
transfer in collisions between highly excited polyatomic 
molecules and inert bath molecules is the dependence 
of (AE) d and (AE)811 on the internal energy of the ex­
cited polyatomic molecule. First, it should be recalled 
that there is a basic difference between the two quan­
tities (AE )d, the average energy in a down collision, and 
(AE)811, average over all activating and deactivating 
collisions (eq 2-13). In many cases (AE)811 is designated 
as (AE); however, this might cause confusion with 
(AE)d and the subscript "all" is to be preferred. The 
dependence of (AE)811 on E has been discussed by 
several people.6'79'82'106b'l68b'ls2-157'183 Bulk averages ((E)) 
and ((AE)) were defined before (eq 2-13). It should 
be pointed out that ((E)) = (E) namely 

(E)1= CEf(E,t)dE 

(the population evolves in time). The decay of the 

internal energy as a function of the bulk averaged 
(AE)8UiSSiVeDbV82'106'152-154 

d(E) 
— = co( (AE)J811 (7-1) 

For a 5 function of excitation such as internal conver­
sion, at t = 0 the bulk average is simply the average 
since the population at t = 0 is unity; i.e., ((AE) )all° = 
(AE)8J1

0, where the superscript indicates t = 0. Equa­
tion 7-1 thus becomes 

d(E) 

dt 
= a,((AE))all

0 (7-2) 
t-o 

In such a case the macroscopic decay rate of the internal 
energy yields directly the microscopic (AE)811. The sum 
rule 

(AE)8J1 = O-T-^E (7-3) 

must be satisfied.158 The bulk average of eq 7-3 is 
((AE))^ = a +b(E) (7-4) 

The linear decay given in eq 7-4 is a general conclusion 
for any transition probability and any initial distribu­
tion provided (AE)811 is constant; in such a case, it can 
be taken out of the integral of eq 2-13 and it follows 
that156-157 <<AEJ)811= (AE)811. 

At equilibrium the average energy exchanged between 
up and down collisions is zero (((AE) )all = 0), and we 
have from 7-4 

a = -b(E),q 

which yields upon substitution in eq 7-4 
((AE))^1 = M(E) -(E)6J 

When b = -1/(WT) eq 7-6 becomes 
-((E) - (E)^) 

((AE) >„! = -

(7-5) 

(7-6) 

UiT 
(7-7) 

Substituting eq 7-7 into eq 7-1 and integrating, we ob­
tain 

(E) - (E)eq = ((E)0 - (E)6Je-^ (7-8) 

where T is defined as the relaxation time such that In 
[((E)7 - (E)^)Zi(E)0 - (E)eq)] = - 1 . Combining eqs 
7-7 and 7-8 

((E) >all = < (E) )J e~"< (7-9) 

For the relaxation time T, Forst and Barker suggest163 

the Lambert-Salter22b expression for collision number 

Z10 = O)T(1 - e-h>™lkT) (7-10) 

where vmin is the lowest frequency of the excited mole­
cule. In IRF and UVA experiments T is found, and 
from it the dependence of ((AE) ^ on (E) is found 
from eq 7-7. The bimolecular rate coefficient for 
deactivation is given82 as k = (TN)'1, where N is the 
number density of the collider. 

The dependence of AE on E varies with the size of 
the molecule and level of excitation. For small mole­
cules at low energies (except NO2, which shows a more 
complex behavior159), ((AE))^ depends on (E)2. For 
large molecules (azulene) at intermediate levels of ex­
citation,82-84-98 ~ 16000 cm-1, ((AE) ̂  is proportional 
to (E). For large molecules at high levels of excitation, 
Barker82 finds that for azulene the linear dependence 
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TABLE VII. (A-E)11
0 for Various Molecules 

excited 
molecule 

SF6 

ethyl acetate 
azulene 
SF6 

C6F6H 
SF8 

SF6 

C6F6H 
azulene 
cyclohexene 

cyclopropane-d2)t 
cyclopropane-dj,t 

HjC=CHj 

cyclohexadiene 

cyclobutane-i 

7-ethylcyclohepta-
1,3,5-triene 

methylcyclobutane 
ethylcyclobutane 
methylcyclopropane 
ethylcyclopropane 
1,1,2,2-tetrafluorocyclopropane 

UCI3CH3 

CH3CF3 

CHjFCH2F 

Cn.3Cn.2r 

H J D C C H J C I 

CD3CH2Cl 
HCD2CD2Br 

CH3CO2Et 

excitation 
energy 

1000 
1000 
16700 
2000-6000 

, cm"1 

3000-14000 
300-1000 
1500-5000 
550-5500 
16700 
footnote c, 

footnote c, 
footnote c, 

28000 

29000 

42000 

43200 
39000 
37200 
35100 
38600 
36800 
35800 
35800 
30600 

30800 

35800 

32400 

31900 

footnote c, 

footnote c, 
footnote c, 

footnote c, 

Table III 

Table III 
Table III 

Table III 

Table III 
Table III 

Table III 

temp, 
K 

300 
300 
314 
300 
300 
300 
298 

300 
370 

1200-2000 

823-1123 
823-933 
823-973 
298 

528 

300 

300 

300 
300 
300 
300 
300 

338 

195 

300 

300 

300 

1049-1130 

975-1213 
1000-1070 

837 

bath 
molecule 

Ar 
Ar 
Ar 
Ar 
Ar 
Ar 
SF6 

Ar 
Kr 
Kr 

He 
Kr 
CO2 

He 
CF4 

CO2 

C2H5Br 
SF6 

COj 
N J 

He 
He 
Ne 
Ar 
Kr 
Xe 
self 
self 
self 
self 
self 
self 
self 
self 
He 
Ar 
CO2 

CF4 

C2F6 

self 
CF4 

H 2 1Nj 
CO2 

C2F6 

SF6 

He, Ne, Ar, Kr, Xe 
H2, D2, N2 

C O J 
CH4 

CF4 

SF6 

C2F6 

C4F8 

He 
N2 

CO2 

SF6 

He 
N2 

CO2 

SF6 

He 
Ne 1Kr 
CO2 

Ne 
CO2 

CjH4 

C6H6 

He 
Ne 
Ar 
Kr 
N2 

CjH4 

O 

-<AE>dl 

cm"1 

550 

380-210 
780-520 

1220-800 
700 

1700 
1700 
6500 

590 
420 
340 
170 
175 
490 
630 
700 
740 

1360 
670 
440 
330 

1400-2100 SL" 
530-1400 SL 

1050-2800 SL 
1050-4200 SL 
740 exp" 

1400 exp 
1750 SL 
2800 SL 
3500 SL 
5900 SL 
5600 SL 

350 exp 
700 exp 

1750 SL 
2100 SL 
350 exp 
525 exp 
700 exp 

1050 exp 
1750 SL 
2100 SL 
2100 SL 
3500 SL 

350 exp 
1050 SL 
880SL 

1750 SL 
350 exp 

1050 SL 
700SL 

1750 SL 
700 
600 

1040 
250 
600 
850 

1200 
300 
400 
550 
500 
500 
600 

ref and Tardy 

ref 

106a 
106a 
106a 
108 
108 
112a 
112b 

114 
104 
122 
125 
118 
72 

150 

147 

151 

144 

141 
142 
143 
143 
146 

148 

139 

145 

145 

134b 

134c 
135 

134d 

Cn.3Cn.2r
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TABLEVII (Continued) 
excited 

molecule 

C3ri7Br 

C3D7Br 

C4H9Cl 

C4D9Cl 

chlorocyclobutane 
1,1,2,2-tetrafluoro-

cyclobutane 
l,l,2,2-tetrafluoro-3-

chlorocyclobutane 

"The values of (A£)d depend on 
information the values of (AE) d are 

excitation temp, 
energy, cm"1 K 

footnote c, Table III 870 

870 

footnote c, Table III 760 

footnote c, Table III 760 

footnote c, Table III 970 
footnote c, Table III 1105 

footnote c, Table III 1048 

the collision cross sections used and can, 

bath 
molecule 
Ne 
Xe 
C2H4 
C2D4 

Ne 
Xe 
C2H4 
C2D4 
Kr 
N2 
CO2 
C2H4 

N2 
CO2 
C2H4 

C2H4 
C2H4 
CO2 
Ne 
CH4 
C2H4 
CH2CF2 
CF4 
CO2 

in most cases, be found in 1 
of little use. b SL = strong collider. c Exponential model. 

TABLE VIII. Probabilities for Energy Transfer 
method 

thermal sensitizn azulene 
excited molecule 

thermal sensitizn hexafluorobenzene 
jet l,3,5-trimethyl-l,l,3,5,5-pentaphenyltrisiloxane 

"For E > E0 in units of mol/kcal. 

bath molecule 

quadricyclane 
cyclobutene 
cyclohexadiene 

(E), 

30600 
38600 

-<AE>dl 
cm"1 ref 
490 136 
540 
820 
740 
440 136 
570 
730 
810 
255 137 
265 
440 
585 
245 137 
370 
540 

1600 134e 
965 138b 

1740 
445 138a 
665 
920 

1190 
1370 
735 

the original papers. Without this 

cm"1 prob0 

10"3 

3 X 10"3 

25000-46000 5 X 10"7 

ref 
41 
42 
43 

holds up to ~ 30 000 cm"1 while Troe finds for azul-
ene57,83,84,98 a n ( j toluene86,87 a leveling-off effect above 
20000 cm-1 whereby ((AE)) ^ is almost independent 
of <E)83.84.98 u p t 0 {E) = 6 6 0 0 0 cm-i84 (Figure 23). At 
the latter energy there is competition between deacti­
vation and chemical reaction that is taken into con­
sideration. Nakashima et al.100 and Ichimura et al.101,102 

find energy dependence for benzene derivatives. 
Unlike internal conversion experiments discussed 

above, infrared multiphoton excitation prepares excited 
molecules in an unknown distribution. Since the only 
experimental measured parameter is (n), the average 
number of photons absorbed per pulse, the distribution 
can take any functional shape or form, even a bimodal 
o n e 80,99 Barker et al.8011 have done additional mea­
surements such as reaction yield, IRF intensity, and 
decay rate, all as a function of laser fluence and pres­
sure. These observations combined with master equa­
tion calculations can provide information on the pop­
ulation distribution function and the energy and tem­
perature dependence for the average energy transferred. 
Troe et al." have measured the ((AE))ea dependence 
on (E) for IRMPE CF3I, an intermediate-size molecule. 
It was found by UVA that ((AE)) ^ is proportional to 
(E)m where m = 1.5 as if CF3I is an intermediate be­
tween the small- and large-molecule limits. IRMPE 
optoacoustic studies of SFg deactivation by argon per­
formed by Gordon et al.log show a linear dependence 
of ((AE))^i on the average energy in the range 4000-
19000 cm"1. IRMPE Hg tracer studies of penta-
fluorobenzene by Braun et al.111 show a linear depen­
dence of ((AE))M on the internal energy below 5000 

cm-1. Not discussed in this review are results of ex­
periments at very low levels of excitation where 
((AE) >an shows a nontrivial dependence on (E). The 
dependence of ((AE) )au on (E) remains to be settled 
experimentally and theoretically. 

B. Temperature Dependence of /? 

As discussed earlier the collisional efficiency is the 
factor relating the strong-collision rate coefficient to 
that of the weak collider. Specifically, /3' is defined as 

Ak* 
Ak*' 

A V 

AVC 

• i 

'AVC' 
AkJ* 

• i 

y(N)y(K) (7-11) 

where wc and sc correspond to the weak and strong 
colliders and ss and eq relate to the steady-state and 
equilibrium population distributions. The y(N) term 
relates to population deficiency while y (K) relates to 
the transport of molecules above E0; in the high-pres­
sure limit the y terms are unity. As the pressure de­
creases for a weak collider, these factors decrease 
monotonically. Thus, it is apparent that f¥ is dependent 
upon the population distribution, which in turn is de­
termined by the probability model. In general, as the 
temperature increases, /3' decreases. This is readily seen 
to be the case by considering the operational definition 
of collisional efficiency; collisions are strong when (AE)^ 
« 5(E+) (the average excess energy of molecules above 
E0). Quantitatively the exact temperature dependence 
of /3' is difficult to predict; however, for weak collisions 
(/3' < 0.05) /3' is proportional to1 (AE)d

2 and (E+)-.2 
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These factors will be discussed in the following para­
graphs. In nonreactive (physical) systems, effectiveness 
can be used instead of efficiency. 

The temperature dependence of (AE )d is also com­
plex since the average vibrational energy of the sub­
strate increases as well as the relative translational 
energy of the collision pair. As discussed in the energy 
dependence section, it is observed that (AE )d increases 
with excitation energy (see Table IV); this increase is 
also in accord with a statistical model and trajectory 
calculations. The effect of translational energy is de­
pendent on the type of interaction: For an attractive 
potential an increase in the relative translational energy 
will decrease (AE)d while for a repulsive potential (in 
the Landau-Teller regime23) an increase in <AE)d is 
predicted. Thus, depending on the particular system 
and temperature region, <AE)d may increase, remain 
constant, or decrease with an increase in temperature. 
It is important that these factors have been quantita­
tively determined in order to predict temperature de­
pendences. The inverse, finding the factors from the 
temperature dependence, may not be unique. 

It has been determined14 that (E+) increases linearly 
with temperature at low temperature and more rapidly 
as the temperature increase; the increase is larger for 
more complex substrates and/or lower E0. However, 
for large molecules at relatively high temperatures, i.e., 
cyclohexene123 at 1500 K, the most probable energy is 
comparable to E0 (62.5 kcal/mol) and (E+) loses its 
significance as an operational parameter in determining 
ft' since most collisions will be "activating" collisions. 
In fact, the meaning of a rate coefficient for these 
conditions must be further elucidated. 

The problems associated with calculating ft' from 
transition probability models must also be considered. 
For example Troe at al.6611 reported that ft' increases 
with temperature above ~1300 K for the thermal 
unimolecular reaction of cycloheptatriene with (AE)d 
= 500 and 2000 cm-1. However, numerical problems 
might have been the cause of the reported turnup in 
ft' with temperature.160 The construction of the tran­
sition probability matrix at high temperatures should 
be scrutinized so that detailed balance and complete­
ness are rigorously obeyed with physically realistic 
probabilities. 

Experimental determination of the temperature de­
pendence for both ft' and (AE)d has been reported for 
the isomerization of cyclopropane72'118 and the decom­
position of ethyl acetate.134d The cyclopropane study 
made use of multichannel paths for the cyclopropane-
l~th2,2-d2 substrate over the 823-1123 K temperature 
range in a conventional homogeneous reaction in the 
second-order region. For helium as the deactivator, 
(AE)d decreased as Tx while ft' decreased as T~56\ the 
ft' dependence was in agreement with that predicted by 
ref 1. The ethyl acetate results, determined by the 
VLPP technique at 837 K and multiphoton decompo­
sition at 340 K, for (AE)6, were T-<ftH)'3) for helium and 
neon and T~(0-a~°'5) for argon, krypton, and nitrogen, 
similar to that determined by the UVA technique. The 
collisional efficiency decreased by a factor of 10 over 
this temperature range, so that ft'« T1"2-6. It is not clear 
whether cyclopropane and ethyl acetate behave dif­
ferently or the difference is due to large experimental 
errors. 

The physical methods utilizing UVA for cyclo-
heptatrienes and toluene and IRF for azulene and 
1,1,2-trifluoroethane have also provided information on 
the temperature dependence of (AE)^1. For these 
systems the temperature dependence falls in the range 
T°±0-5; this is in sharp contrast to that observed for 
chemical (nonphysical) techniques. 

The knowledge of the temperature dependence of ft' 
is necessary so that the extent of falloff is known; a 
decrease in ft' shifts the degree of falloff to higher 
pressure. 

C. High Temperatures 

The issue of reliability of various master equation 
calculations at high temperatures was raised in previous 
sections. There is a question whether a system at high 
temperature achieves a steady-state population distri­
bution. Calculations by Tzidoni and Oref161 indicate 
that at high temperatures the system never obtains a 
steady state. That is to say, the solution of the master 
equation yields an ensemble of eigenvalues (rate coef­
ficients) producing a nonexponential decay of the 
populations. Figure 24 shows the dependence of the 
overall rate coefficient on time for a system of substrate 
and bath molecules of 10 normal modes at 600,1500, 
and 2500 K at three pressures. As can be seen, k is 
constant at the high-pressure limit but changes with 
time at lower pressures and high temperatures. At 600 
K, the system is well behaved, k is constant with time, 
and the system attains a steady state. The fact that 
systems do not achieve a steady state can be proven 
analytically for the specific case of a strong collider. Shi 
and Barker125,162 have run detailed master equation 
calculations on cyclohexene decomposition at high 
temperatures. They find that their system obtains a 
steady state before it reaches 15% total decomposition. 
As mentioned before, completeness and detailed bal­
ance must be obeyed. This is done in a manner de­
scribed in section LB. At high temperatures extra care 
must be taken to make sure that the two constraints 
are obeyed. Specifically, the recursion equation (1-28) 
fails, and the normalization coefficients C(E) obtain 
unphysical values; certain mathematical skills are re­
quired to obtain meaningful results. 

D. Shape of the Transition Probability Function 

A major bottleneck in solving the master equation for 
weak collisions in a specific system is the lack of de­
tailed knowledge of the form of the transition proba­
bility function. Various mathematical models and 
constructs are reported in the literature and were dis­
cussed in sections ILB and ILD. Most experiments 
yield average quantities such as (AE)d and (AE)8U from 
which it is impossible to deconvolute the "true" func­
tional form of the transition probability. Experiments 
determining P(JE ',E) as a function of AEE = E'-E (of 
which Oref s41"43 and Luther's44,46 are examples) are 
needed to provide the data for basic understanding of 
energy-transfer processes. 

E. Intermediate Levels of Excitation 

Most energy-transfer experiments have been done at 
two extreme energy limits. At low levels of excitation, 
polyatomic colliders vibrational-vibrational energy 
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transfer can efficiently take place and the monatomic 
bath where energy-transfer probability is very low. At 
high levels of excitation, above the threshold energy for 
reaction (decomposition or isomerization), where both 
energy-transfer probabilities and step sizes are larger 
than for the low levels of excitation, vibrational to 
translational and/ or rotational energy transfer are much 
more dominant. In this review the high-energy case was 
discussed. Very little is known about energy-transfer 
processes at intermediate levels of excitation, that is to 
say where the internal energy is in the range E0/ 2 < E 
< E0. Information in this region is difficult to obtain 
with conventional methods since it is hard to excite and 
probe this region as no chemical changes take place that 
can be monitored. Excitation can be obtained by in-
tracavity overtone absorption or IR multiphoton exci­
tation, each with its advantages and drawbacks. With 
the development of new physical detection methods 
such as IRF, UVA, MPI, TROA, and others, the pro­
spects of charting this unknown region are improving. 

F. Theoretical Computations 

Theoretical modeling and calculations can contribute 
to better understanding of energy-transfer processes in 
various ways. These are mentioned briefly below. 

The number of trajectory calculations on energy 
transfer in large polyatomic molecules is very limited 
and is reported in this review. There is a clear need to 
widen the scope of these studies. A great deal of work 
is being done now on surface processes; however, they 
do not correlate directly with experiments such as VEM 
or VLPP. Bringing together theoretically detailed 
studies on energy exchange at a well-defined surface 
with that of a "fuzzy" surface as used in VEM and 
VLPP can contribute to the understanding of the ac­
commodation processes at the surface. A third ap­
proach not explored in full is treating a large polyatomic 
molecule as a surface with which an atom or a diatom 
encounters a collision. The ergcdic behavior of such a 
molecule28'164'165 and its size compared with the small 
bath give credence to such an approach. 
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