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ABSTRACT 

The discipline of chemical kinetics is briefly outlined. 
The relationships between the experimental 1 y determined quanti-
ties and molecular parameters are reviewed, and attention is 
called to the fundamental assumptions which are usually intro-
duced in such discussions. In hypersonic gas dynamics, with 
the fluid at the high temperatures and low densities, the half 
times for chemical reactions are comparable to characteristic 
flow times. The corresponding terms which must be inserted in 
the flow equations appear as phenomenological rate constants. 
In the low density regimes, one should describe the system in 
molecular variables only; the chemical rate constants would 
then be replaced by averages over differential collision cross 
sections which are very sensitive to the molecular structures 
and the details of the collisions. Even for the simplest reac-
tions, such expressions are very complex, and the data are in-
sufficient to permit an adequate formulation. 

Gas dynamic procedures have permitted the extension of rate 
measurements to temperatures and densities not ordinarily avail-
able to the chemical kineticist. In turn, these data allow the 
inclusion of real gas effects in hypersonic flows. Selected 
examples show that in addition such data provide an impetus to 
theoretical chemists as well as critical tests for checking cur-
rent theories. 

ORIENTING COMMENTS 

Two types of variables are used in gas dynamics. At high 
densities, phenomenological parameters appear -Aich describe 
the state of the fluid, treated as a continuum. These are the 
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monatomic gases, "but using appropriately large magnitudes for 
the virial coefficients to correct their departures from ideal 
behavior. Chemistry also enters when one attempts to express 
the needed thermodynamic functions for mixtures of substances 
in terms of the known functions of the individual compounds. 
For departures from simple additivity, more often than not the 
correction terms involve specific molecular parameters since 
the real gas interactions between species are very sensitive 
to their molecular structures and their environment. For ex-
ample, computation shows that the intermolecular potential en-
ergy between two inert gas molecules is considerably altered 
when the two are absorbed on a solid surface (Ref. 4 ) . 

For most fluids of current interest, at the high temperatures 
and moderate densities, the half times for chemical reactions 
become comparable to the characteristic flow times. The cor-
responding additional terms which must be inserted in the flow 
equations again appear as phenomenological specific reaction 
rate constants which endow each element of the sample with a 
reminiscence of its chemical composition during the preceding 
time interval. For flow of a multicomponent reacting gas mix-
ture, a similarity analysis can be made by introducing four ad-
ditional dimensionless parameters (Damkohler), these being 
ratios of composition changes produced by chemical reaction to 
those produced by convection and diffusion, and of the heat 
generated by the chemical reactions.to that lost by convection 
and conduction (Ref. 5)· To see how the rate constants, which 
have been developed by chemists for use mostly in fixed mass 
and volume systems, are related to the characteristic reaction 
times, which must be compared to flow times in gas dynamics, 
one should consider some of the implicit assumptions which are 
generally made in chemical kinetics. 

THE POSTULATES OF CHEMICAL KINETICS 

At any given location, the chemical rate of production or 
destruction of the species i is a function of the instantaneous 
local concentration of some or all of the components present, 
but usually of the reactants, and of the temperature 

= f ( C l f C 2 . . . C ; T) 

dt
 A z 

If the concentrations of the products affects the rate, the re-
action is referred to as being auto-catalytic or self-inhibited. 
This rate expression often may be expressed in the form of a 
product of powers of concentrations or as a sum of such products 
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operational! y defined viscosity, heat conductivity, specific 
enthalpy, etc. For similarity analysis, flow is characterized 
in this regime by the usual five dimensionless ratios which in-
clude the Mach number, Reynold1 s number, Prandtl number, etc. 
However, when gas densities get so low that the intervals be-
tween molecular collisions become long enough to be comparable 
to characteristic flow times, molecular variables, which are 
not operationall y defined, must be introduced. For such dis-
cussions another set of dimensionless parameters are needed: 
the Knudsen number, accommodation coefficient, etc. (Ref. l). 
Although the transition region between the continuous and the 
free molecule flow regimes is relatively "thin," the bridge 
between them, as yet, is open to one way traffic only. Kinetic 
theory provides expressions for the macroscopic entropies and 
transport coefficients in the form of averages over molecular 
parameters as distributed according to a Boltzmann function, 
but solutions of the Boltzmann equation for general flow condi-
tions are not available. 

An analogous classification of variables may be made in chem-
ical kinetics. Here also unsolved problems are encountered 
when one attempts to relate laboratory measurements to molecular 
parameters. It is tempting to argue that some of the basic dif-
ficulties which trouble gas dynamicists in the free molecule 
flow regime are chemical in nature, such as the interaction be-
tween gas molecules and solid surfaces and the need for many 
accommodation coefficients. 

At high densities, the effect of changes in chemical composi-
tion may be adequately represented by an over-all equation of 
state, provided such changes occur either very rapidly, com-
pared with gas dynamic variations in density and temperature, 
or so slowly as to have essentially a zero rate. Explicit de-
pendence of the enthalpy and free energy on the chemical poten-
tials of all the species present must be included. In princi-
ple, this coupling of chemistry with gas dynamics need not be 
recognized as such (Ref. 2), since the necessary thermodynamic 
functions can be measured over wide ranges of equilibrium com-
positions and flow conditions which would be encountered. As 
a practical matter, however, the internal structures of all 
fluids must be dealt with, because for any fluid, no matter how 
closely it approximates the ideal under ordinary conditions, 
there is a temperature above which it will dissociate, react or 
ionize. 1he description at equilibrium is facilitated by the 
use of partition functions (Q). A topic of current discussion 
among chemists (Ref. 3) is the relative economy of expressing 
Q by 1 ) using molecular partition functions but allowing for 
anharmonicity, rotation, vibration interaction, and association; 
or 2) by treating the system as though it were a mixture of 
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i n i (m) n 0( m ) n-(m) /-, \ 

- r = E ki»< T> ci c 2 2 •••S' ( 1) 

m 

The order of the reaction with respect to species, j , is n. ( m ) . 
These nj 's may be either integral or fractional and are deter-
mined experimentally. The overall order is Σ^.η. (m) . For any 
specified reaction medium, the rate constants, K j m (Τ) , which 
must be obtained from experiment, both in magnitude and in 
functional dependence on the temperature, are parameters which 
hopefully depend on the temperature only. This postulate is 
crucial and is valid as long as the rates involved are not so 
rapid as to disturb, to any significant extent, the Boltzmann 
distribution for the system (i.e., Tis defined) (Ref. 6 ) . 

The preceding statement regarding the functional form of k i m 

(T) merits further discussion. It will be shown that k i m is 
really an averaged quantity, obtained by weighting rate con-
stants over the populations of the contributing excited molec-
ular states. For example, the simplest case which involves a 
rate process is when the time required for the equilibration 
of energy between the different molecular degrees of freedom 
is comparable to a characteristic flow time. For the vibration-
al relaxation of harmonic oscillators, the analysis is greatly 
simplified (Ref. 7)· The collisional transition probabilities, 
Ρ α >β (from vibrational states α-+β, per collision) are given by 

Ρ
α,β -

 Ρ
β,α 5

 Ρ
α,β - 0 fo< ß * 

Ρ
α , α + 1 - ( « + « PlO 

(α + 1 

( α-1 

( Ρ 1 0 is dependent on the mass, interaction potential and the 
temperature.) Then, at any time, the internal energy is related 
to the initial and equilibrium internal energies by 

E ( t ) - Ε ( a ) _ _ f ( 3 ) 

E ( o ) - Ε (bo) 

The dimensionless time, r = ZNP1 0(1 - e ~
ö
) t , is given by the product 

of a collision number, the concentration of oscillators, and 
the transition probability; θ = W k T . Equation 3 is valid ir-
respective of the form of the initial distribution of oscillators. 
However, it is meaningful to consider the relaxation of tem-
peratures only if at zero time the oscillators were in a Boltz-
mann distribution characterized by a temperature T v ib ^ T t r an . 

In that case, the final equilibrium distribution is reached 
via a continuous sequence of Boltzmann distributions (Ref. 7 ) · 
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Computation of the transition probabilities is a complicated 
quantum mechanical problem. Surprisingly good agreement with 
experimental values have been obtained (Ref. 8 ) in spite of the 
approximations which must be introduced (Ref. 9)· It has been 
pointed out, however, that the computed values are very sensi-
tive to the assumed magnitudes of the interaction potential 
parameters (Ref. 1 0 ) . For anharmonic oscillators, the relations 
2 are invalid to a degree which depends on the magnitude of the 
anharmonicity term. If impulsive collisions are assumed, sig-
nificantly different transition probabilities are predicted 
(Ref. 1 1 ) . 

Granting the empirical validity of Eq. 1 , the next step re-
quires the assumption of a fundamental postulate: the overall 
(net) change in concentrations observed due to a chemical re-
action is the result of a sequence of elementary reactions 
which involve 1, 2 or 3 particles only. These particles may 
have transitory existence; they may be excited molecules (as 
distinct from the large number of molecules in their ground 
vibrational and electronic states which constitute the system); 
they may be fragments; they may be formed by the unstable as-
sociation of molecules; or they may be absorbed on surfaces, 
etc. The structures of these intermediates need not satisfy 
the usual rules of valence as developed for the stable species. 
When such a sequence of elementary reactions has been written 
down and found to account for all the observations, it is re-
ferred to as the 'mechanism' for the reaction. How does one 
uncover the intermediates? What procedures do kineticists use 
to unfold the mechanisms of complex reactions? It is sufficient 
to say that very clever techniques have been developed, of 
which the first step is the determination of the parameters in 
Eq. 1 . 

One may then use spectroscopic or chemical methods for detect-
ing the presence of the suspected intermediates, inject inter-
mediates by photochemical means, use isotopic tracers, study 
the effect of solvent on the rates, note changes in optical ac-
tivity, relate rates to the established structures of the react-
ants, test the effect of catalysts, etc. However, it is evi-
dent that the mechanisms as accepted are not unique. From the 
many mechanisms which may be written down, one generally selects 
the simplest set of elementary reactions which accounts for the 
available data. The elementary reactions chosen are those which 
require a minimum of motion by the atoms in the rearrangement 
of the reactants to form products. Highly endothermic steps 
are usually excluded. An example follows, listing the mechan-
isms proposed for the pyrolysis of ethane. 
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Initiation of Chains : c 2H 6 ;=± 2 CH3 

CH 3 + C 2H 6 φ CH4-fC2H5 

Chain: C 2H 5 C 2H 4 + Η 

H + C2 H 6 ^ C 2 H 5 + H 2 

Termination : 2 C 2H 5 I C 2H 4 + C 2H 6 

2 C 2H $

 X-5 C 4H 1 0 

In the initial stages of the reaction (C2H4) << (C2H6) , and then 

d<c2«6> ^ Γ 0.333 Ί 1 /2 n . 
1 - - (C2H6) + — (C2H6)^

2 (k) i+k10/k9 

In Eq.. 4, the first term, left member, represents the destruc-
tion of ethane by the initiation and termination steps and is 
first order, whereas the second term represents the contribu-
tion by the chain, which is one-half order. Thus, when the 
chain is long, that is 

k5 > > 3 [kj . k9 (C2H6)] 

the overall reaction is essentially one-half order in ethane. 

In deducing Eq. 4, the second fundamental postulate was in-
troduced: The rate of every elementary reaction is directly 
proportional to the product of the concentrations (thermody-
namic activities) of the reacting species, the proportionality 
constant (kv) being a function of the temperature only. Thus, 
it is possible to relate the experimental,ly observed rate con-
stants (kin) to those defined by the mechanism. In Eq. 4, the 
measured rate constants are the combination of kv 's which ap-
pear as the coefficients of (C2H^) andCC^)

1/ 2 . Clearly, only 
for the simplest reactions are the reaction rate constants for 
the elementary steps directly measurable. 

A consequence of the principle of microscopic reversibility 
is that for each elementary reaction there is an inverse reac-
tion with which it attains equilibrium prior to, or at the 
latest, when the entire system reaches equilibrium. Thus, for 
each step, one may write an equilibrium constant as a ratio of 
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the corresponding forward to reverse rate constants, which is 
valid as long as the rates are not so rapid as to deplete de-
preciably the highly excited states below their Boltzmann pop-
ulations (Ref. 12 ) .2 it is certainly not meaningful to state 
that, in a system for which the mechanism is not known, the 
overall equilibrium constant is the ratio of rate constants 
which specify the rates of appearance and disappearance of a se-
lected reactant under arbitrary conditions; also see Ref. 1̂ ·. 

PARTIAL REACTION TIMES 

From the observed rate expressions, particularly when the 
mechanisms are relatively simple, one may compute partial reac-
tion times. These are of interest for comparison with charac-
teristic flow times. For an nth order rate expression (with 
the reaction assumed to be irreversible, in a fixed volume sys-
tem) -(dCi/dt) = k i n C?; k i n in units of (moles/volume)

1"11 sec"1 

then for the initial condition, C. = A 0 when t = 0 

In 2 

Ί / 2 = η — <n » » k
i l 

2
n

" ~
1
- l 

ti/o = Α^- η
 (η μ 1) 

1 /2
 ( " - « k i n ° (5) 

It is evident that only for a first order reaction is the half 
time independent of the initial concentration. A similar limita-
tion applies to any other fractional time which characterizes 
the reaction. This is illustrated in Fig. 1 (also see Ref. 1 3 ) , 
which is a plot of a dimensionless relative concentration ( a = 
A/A0) as a function a dimensionless time τ = k^Ag - ^ t ) . For 
the reversible reaction 

k
f 

Β + C 

Let C A=A 0 and C ß=C c=0at t = 0 ; CA->Ae as t-><*>. Set ae=*(A0 - Ae)/A0 

the fraction reacted at equilibrium, then 

^O.K. Rice suggested that the restriction may be less string-
ent. Since k v( f o rw a r d ) and k v ( r e Ve r s e ) are averages of many re-
action rate constants for molecules distributed over a range of 
excited states, both may depart from the values they assume 
when the populations are Boltzmannian, yet their ratio may be 
equal to K e ( , . Note that k{ and k r are not independent; the prod-
ucts generated from nonequilibrated reactants remain in the 
system and contribute to the reverse reaction. 
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t l /? = l n ( 3 - o J (6) 
1 /2

 k f ( 2 - a e ) 

In closed system, values for half times depend, in general, on 
the initial concentration of the reactants and on the ratio of 
an activation energy to the internal energy of the reactants. 
For complex mechanisms, analytic forms for the half times can-
not be written down; they may be determined graphically, A 
range of half times are computed in Table 1 . The rate constants 
assumed are typical of many gas phase reactions. It should be 
noted, however, that there are numerous reactions for which the 
preexponential factors are very much larger or very much smal-
ler than the values used, by 1θ3 in each direction. It follows 
that, in a flow system where gas dynamic factors, as well as 
finite reaction rates, affect concentrations, a partial reaction 
time is meaningful only when the chemical rates are first order. 
In current practice, one solves for the flow fields, assuming 
infinite and zero rates, and compares these with the temporal 
and spatial distribution of concentrations obtained by a numer-
ical solution of the momentum and enthalpy equations which in-
clude finite chemical rates. Machine programs have been for-
mulated which permit the inclusion of a large number of steps 
of a complex mechanism. Of course, specific estimates of the 
rate constants as they depend on the temperature must be in-
serted. 

A question natural 1 y arises whether there are situations when 
a relaxation time has significance for a general chemical proc-
ess lagging behind a gas dynamic change in concentration and 
temperature. The answer to that is affirmative, provided a 
steady state has been reached and that the lag is so small that 
the system is close to equilibrium (Ref. Ik). Then the overall, 
reaction rate is directly proportional to the affinity function, 
as introduced by De Donder (Ref. 15 ) · Let λ be a measure of the 
extent of reaction for the elementary step vm The speed of that 
reaction, v v , which may be regarded as a function of state is 

d X ( t ) ( 7 ) 
v
 dt 

Define the affinity function 

(8) 
V
 \ < 9 λ / Τ y Kdk/jy 

For a complex reaction, the overall affinity is Ss^A v, where 

the Sv

 !s are the stoichiometric numbers (Ref. 1 6 ) . The over-
all rate is* 
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2 ( s 2 / v v J 
Μ . ) (9 ) 
\RT / 

being the forward rate of the I/th step at equilibrium. 
This amounts to linearizing the rate equations, so that near 
equilibrium all reactions are pseudo-first order and a relaxa-
tion time can be defined, but in general cannot be simply re-
lated to the specific reaction rate constants k̂  . Such a lin-
earization has been carried out for the case of a single reac-
tion occurring behind a shock wave (Ref. 17)· For this purpose, 
define the progress variable so that its variation relates the 
change of mass of a given component to the total mass of the 
system. The relaxation time measured in the moving gas is 

-ι -Ë1 JLL iX. Ill 
= I dT dk

 +
 dV άλ

 +
 (9λ ( 

The differential coefficients in Eq. 10 may be evaluated for a 
steady-state flow behind a one-dimensional shock wave in which 
a dissociation reaction is lagging, in terms of a dissociation 
rate constant, the enthalpy change for the reaction, the con-
centrations of the molecular and atomic species, and the shock 
parameters. The region of applicability of the relaxation 
time concept was investigated by numerical calculation of the 
shock profile for the0 2 dissociation. In a stationary, fixed 
volume system, to within the linear approximation indicated 
above, relaxation times for small departures from equilibrium 
may be defined for single step mechanisms. Thus, for 

kr 

A 2 ^—7 2A, r"
1
 =kf + 4 C A k t 

kf 
also, for 

A 2 + X ± ^ 2A + X, r " 1
 = C xk f+ 4 C A C x k f 

kf 

As a final example of the limited characterization permitted 
by specifying a partial reaction time, consider the simplest 
mechanism which shows an induction period. Suppose 

k
l
 k2 

A - Β Β C 

Then, if at t = O , C A = * A 0 ; Cß=C c =0, the concentration of Adoes de-
cline exponentially with time, but the generation of Cis given 
by 
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C c( t ) = A 0 

1 —k, t - k 9t Ί /m \ 
1+ ( k 7 e

 1
 - k i e

 2
 ) (11) 

k
l ~

k
2 

Daring the initial stages of reaction, the rate of formation of 
C is slow, and its concentration remains below the detectable 
limit for a period measured by In y/(y- 1), where y = k 2 / k 1 . 

MOLECULAR THEORIES FOR REACTION RATE CONSTANTS 

Up to this point, the phenomenological aspects of chemical 
kinetics have been discussed. A large number of system have 
been studied by dedicated experimentalists, many rate expres-
sions have been determined and found to be valid under a great 
variety of conditions, painstaking analytical procedures have 
been developed for detecting small concentrations of transient 
species, and ingenious techniques were devised for unscrambling 
the overall rate expressions into plausible mechanisms. These 
striking successes primarily involve qualitative concepts such 
as the establishment of the details of reaction paths and of 
the permissible structures which the molecules could assume in 
transition from reactant to product state. Developments of 
quantitative theories have proved frustratingly inadequate. 
The objective of the theoretical chemist parallels that of the 
gas dynamicist who is interested in rarefied gas flow, that is, 
to develop a theory for the experimentally derived kv

!s in terms 
of the molecular parameters of the reacting species. The in-
elastic and fragmenting types of collisions, most of which in-
volve intramolecular rearrangements, are very difficult to treat 
theoretically. In the large body of work which has been pub-
lished to date, the usual approach has been to divide the prob-
lem into two steps. 

a) For a fully specified "encounter" which involves 1, 2, or 
3 molecules, estimate the transition probability for the speci-
fied reaction. This is a.fundamental quantum mechanical prob-
lem. 

b) Given a transition probability as a function of the molec-
ular parameters and the details of the "encounter" (impact 
parameter, relative speeds, orientations, etc.), compute the 
measured quantity as an average over an ensemble of molecule 
specified by the variables of state. Again, the traffic on the 
bridge between the non-operational molecular variables and the 
\av 's is unidirectional since the proper average must be taken 
over a Boltzmann distribution. 

The prescription given for solving the essential problem of 
chemical kinetics naturally leads to the collision theory. In 
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its crude form, the transition probability (a) was assumed to 
be a step function of magnitude P(< 1) located at E^, the mini-
mum energy which the particles participating in the reaction 
must have in order that the reaction take place. Neither quan-
tity was derived from an a priori computation. The averaging 
in (b) was taken from elementary kinetic theory (Maxwell vin-
tage) as the total collision number, using a collision cross 
section derived from transport data. Much more sophisticated 
analyses have been made, but to date all attempts to develop 
a theory based on detailed collision processes have proved dis-
appointing. The reasons are: 

1) Collisions between molecules are complex processes, even 
in classical mechanics, when interaction potentials are intro-
duced which in form resemble plausible potential functions and 
the assumption of spherical symmetry is relaxed. Further, 
when energy and momentum are transferred, quantum limitations 
introduce additional complications. 

2 ) The energy carried in internal degrees of freedom (rotation 
and vibration) as well as the relative translational energy 
along the line of centers contribute to the excitation of the 
supernnolecule which exists during the collision period. How-
ever, the effectiveness of coupling between these energy reser-
voirs depend sensitively on the details of the collision, so 
that the contributions from the different modes are not pre-
dictable . 

3) The quantum mechanical transition probability for a speci-
fied reaction path and relative energy cannot be computed ex-
cept for systems which consist of 3 or k hydrogen atoms. For 
more complex molecules, semi-empirical procedures are used, but 
the probabilities are complicated functions of many parameters, 
such as the relative orientation of the colliding pair, their 
rotational and vibrational states of excitation, etc. 

k) Most significant is the fact that the distinction between 
highly excited reactants and products is inherently vague. Un-
resolved questions remain of how to take the appropriate aver-
ages . 

In view of the difficulties listed, it has been recognized 
that further developments will depend on the accumulation of 
kinetic data in which a lower degree of averaging is introduced. 
Currently, in a number of laboratories, reaction rates in 
crossed molecular beams are being measured (Ref. l8). Such that 
the spread in relative energies is greatly reduced and differ-
ential cross sections for reaction are measured at selected 
angles of incidence and scattering. Such experiments are 
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difficult to perform and to date are quite limited. Another 
approach has been to greatly extend the range in temperature 
and density over which rates are measured so that proposed 
theories may be subjected to crucial tests. Gas dynamic tech-
niques have proved particularly useful not only in providing 
extended ranges in these variables of state but also in per-
mitting the separation in time of sequences of elementary reac-
tions and in eliminating the heterogeneous disturbances due to 
wall reactions. This will be discussed next. 

Extension of the temperature range over which k„'s may be 
measured has led to the following argument. The parameter 
which establishes the most sensitive control over the probabil-
ity of reaction is the internal energy content of the super-
molecule, because the population of supermolecules which have 
internal energies in excess of a characteristic critical value 
is weighted by a Boltzmann factor. Imagine that the dependence 
of the reaction probability on all molecular factors, other 
than the internal energy, has been averaged over their respec-
tive distribution functions, leaving k V ) E, the efficiency for 
reaction of the vth elementary step given an internal energy Ε . 
It follows that 

where D(E|,T) is the distribution function over energy states 
when the system is at the temperature T. The condition for 
statistical equilibrium gives 

with the weighting factor g(E)to be estimated from the postu-
lated structure of the supermolecule. This implies a classical 
partition of energy among some, but not necessarily all, of the 
terms in the Hamiltonian for the supermolecule. Given the 
measured k„(T) and the condition that both k^ g and g(E) are con-
tinuous, an inversion of the Laplace transform (Eq. 12) would 
provide an experimental basis for the functionkv>E (Ref. 19 and 
2 0 ) . Regrettably, for no reaction has kv(T) been measured over 
a sufficiently long temperature range and with the necessary 
accuracy to permit a meaningful inversion to be made. If it is 
accepted that for a unimolecular process, ku(T)=v* 

e-E A/RT 
with 

v* independent of the temperature, it follows that 

. D(E;,T) (12) 

(13) 
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when Ε <_ E A 

Κ,Ε β ^*g(E-EA)/g(E) 

when Ε > Ε. 
— A 

If there are m.squared terms in the Hamiltonian for the super-
molecule -which are sufficiently strongly coupled and contribute 
to the activation energy, equipartition of energy among these 
gives 

g(E) * Ε 

£ - 1 

E-E π 2 (15) 

V,E 

for Ε > E A 

In unimolecular reactions, proves to be a frequency for in-
ternal energy transfer; as the pressure is reduced, the rate of 
activation becomes limiting, and the mechanism reduces to a 
bimolecular reaction in "which v*is a collision number at "unit 
concentration of reactants. Then, if the relative probability 
for reaction is assumed to have the form 15 , the expression for 
the rate constant becomes (Ref. 21) 

i / ^ b i m (VkT/ ( n - 1 ) ! VkT/ ( n - 2 ) ! j 

(16) 

where η = m / 2 . 

One of the troublesome open questions currently discussed is 
the efficiency of energy transfer among the highly excited vi-
brational levels, during intermolecular encounters. When the 
excess energy above E A i s high, the experimental evidence is that 
energy transfer is very efficient (Ref. 2 2 ) . It is far from 
evident, in molecules with a large number of atoms, which of 
the vibrational modes participate. The question of intra -molec-
ular energy transfer merits further careful analysis (Ref. 23) 
although it appears to be almost intractable utilizing avail-
able theoretical techniques. 

The collision theory of chemical kinetics has not proven 
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adequate even in its current, more sophisticated forms. Reso-
lution of point (k) involves subtle quantum mechanical discus-
sions of the many-body problem. It has been suspected, how-
ever, that although the detailed specification of collisions is 
essential for a correct solution the averaging over the many 
molecular parameters removes much of the sensitivity to details. 
Perhaps, one could entirely by-pass consideration of collisions 
by taking appropriate averages over the ensemble first and then 
treat the reaction in thermodynamic terms as though it were oc-
curring between "representative" molecules. This is the philos-
ophy of the transition state theory. 

Consider a system which consists of the reactants essentially 
in statistical, but not chemical, equilibrium. The population 
of all states is given by the corresponding Boltzmann factors 
divided by the partition function. Of the totality of states 
to be considered, some correspond to various stages of reaction 
between the original stable species. One may arbitrarily divide 
the reaction path into three regions in which molecules are 
identified as reactants, transition state complexes, and prod-
ucts and treat them as separate species 

A + B i l ( A B ) * (C*,D*) 

(Α*, Β*) TX
 νΨ

 C + D 
reactants complex products 

The rate of production of products (in all their states) is 
given by the frequency of decomposition (v *) of (AB)* times its 
equilibrium concentration. 

C
 = v^C / = ν* κ ! C A C p 

dt (AB) 
^ = ν iv éq A ^ B 

4
 n Q

^ B ) l - Δ Ε ^ / R T (17) 
k ( T ) = vr e 

"QAQB 

where the transition state equilibrium constant has been given 
the usual statistical mechanics formulation as a ratio of par-
tition functions times a Boltzmann factor for the heat of reac-
tion (identified here with the activation energy) at 0°K. The 
assumption of an equilibrium is not troublesome as long as one 
restricts applications to systems in which the rate of depopu-
lation of the uppermost excited states (A*, Β * ) via complex 
formation is relatively slow compared to the rates of energy 
transfer by collisions. The serious question remains as to the 
minimum lifetime the (AB)^ species must have in order that a 
partition function have some significance. 

The relation between the two theories is readily established. 
Substitute Eqs. 13 and lk in the quanta! expression for the rate 

I56 



HYPERSONIC FLOW RESEARCH 

constant 

oo oo 

K ( T ) =
— Σ *

( E
-

E
A >

e
~

E / R T
- >
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The physical interpretation of a partition function for 
the transition state complex, counting its zero of energy from 
E A . Equation 17 follows provided one identifies ν * with νΦ and 
EAwith Δ Ε ^ . More precisely, one should identify the experi-
mentall determined activation energy with [ΔΗ£ + ( A n ^ - l ) R T ] , 

where Δη^ is the number of moles of 'activated complex1 minus 
the number of moles of reactants. 

In the general case, when A and Β are non-linear polyatomic 
molecules, three translational and three rotational degrees of 
freedom become converted to six vibrational modes in the for-
mation of the ( A B ) * complex. Of these, a stretching vibration 
correlates with a linear motion along the reaction coordinate. 
Since this is a low frequency, it is given its classical limit 
( k T / h v s t) , where ν is to be identified with ν f. Substitution 
in Eq. 17 gives the usual form 

kT - Δ Ε ^ / R T ( ? q \ 
k ( T ) - X — e ° 

h *Q aQB 

The new termxhas been introduced as a "transmission factor" to 
allow for a less than unit probability for dissociation into 
products when the complex is moving toward the C,D coordinates. 
πÏQÏ has one vibrational mode less than nQ^. Clearly, other 
vibrations may well have been given their classical limits, but 
it is presumed that these will cancel with corresponding clas-
sical terms in the denominator. 

In a formal manner, one may identify the ratio of the parti-
tion functions with an entropy term 

- e x p ( A S * V R ) 

*Q AQ B 

This "entropy of activation" .is very useful in explaining why 
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the observed pre-exponential factors for various rate constants 
depart appreciably from those predicted by simple collision 
theory; these are either larger or smaller, depending on whether 
in forming the transition state complex a significant decrease 
or increase (respectively) in the molecular frequencies occurs. 

The popularity of this theory can be judged by the general 
enthusiasm with which its terminology has been embraced; its 
success in accounting for kinetic facts is best summarized by 
several recent papers (Ref. 2k). Two basic problems remain: 
l) the quantum mechanical computation of the energy surface 
which represents the interaction potential between the reactants 
(it is multidimensional) and, thus, the magnitude of the acti-
vation energy; and 2 ) the statistical mechanics treatments of 
the transition state, which requires estimation of the struc-
tural and vibrational parameters of the supermolecule. (Full 
knowledge of the surface, in principle, specifies these param-
eters.) For simple systems such as Χ+ΥΖ-*ΧΥ+ΖΓ classical calcu-
lation of reaction probabilities has been made, using high speed 
computers (Ref. 2 5 ) , on the assumption that the potential sur-
face is known. Intersting, though tentative, conclusions were 
found regarding the excitation of vibrations in the produce 
molecule. Experimentally, it has been observed (Ref. 25a) that, 
when such a reaction is highly exothermic, most of the excess 
energy appears as vibrational excitation in the newly formed 
bond rather than as relative kinetic energy of the produce 
species· Typical cases are 

Observed 

0 + cio2 
-> CIO + o 2W 8th vibrational level 

H + °3 •* °2 
+ OH<

v
> 9th 

H + F2 - F + HF<
V
> 9th 

Na B r C l - C l + N a B r
( v) kQth 

Figure 2 is a schematic representation of a potential energy 
surface for the above reaction with a reaction path which leads 
only to vibrational excitation of YZ . 

GAS DYNAMICS + CHEMICAL KINETICS 

In view of the urgent need for a rational exposition of real 
gas effects on the dynamic behavior of fluids at high tempera-
tures and of the extension of the range in variables of state 
which gas dynamic techniques provide for the chemist, it is 
interesting to explore, by means of selected examples, the 
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mutual aid which passes currently between these two disciplines · 
For the sake of uninitiated chemists, the following six state-
ments summarize the attractive features of shock tubes; the 
seventh statement is one rather unattractive limitation. 

1 ) High temperatures, wide range of gas densities available. 

2) Heating of gas is rapid: initial rise «(3-6)m.f ·Ρ· 

3) Heating of gas is homogeneous (except for small perturba-
tions) over any tube diameter. 

k) Heterogeneous contributions to gas reactions are negligible. 

5) May separate (in time) successive steps in a sequence of 
reactions. 

6) Rapid quenching devices are available (3 χ 1θ5 - 6 χ 10^ 
Κ/sec). 

7) Analytical procedures must be rapid (Response
 0 1 0"^ sec). 

•The use of divergent nozzle flows for the study of chemical re-
action rates has not been as extensive as that of shock tubes. 
The interesting features and liabilities for such isentropic 
expansions are: 

1) Very rapid quenching may be achieved (lowering of both 
temperature and density) in the range of I06 κ/sec. 

2) Steady state conditions are set up, so that analysis in 
time is replaced by analysis at a sequence of positions. 

3) Significantly large amounts of material are used. 

k) Solution of the coupled flow equations including lagging 
chemical rates requires numerical methods. 

DIRECT MEASUREMENT OF SHOCK TEMPERATURES 

Spectroscopic techniques provide direct measurements of elec-
tronic, vibrational, or rotational temperatures; adequate spec-
tral resolution has yet to be developed for the measurement of 
translational temperatures (via Doppler broadening) with a suf-
ficiently short recording time constant. The basic equations 
for spectroscopic temperature measurements have been summarized 
(Ref. 26) for a variety of experimental configurations. 

The spectral line-reversal technique has been used extensively 
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for the measurement of flame temperatures. It appears to be 
the most promising method for the direct estimation of shock 
temperatures. A bracketing-type measurement has been developed 
(Ref. 26a) which permits microsecond resolution and a repro-
ducibility of about 15 K; the accuracy of the method has yet to 
be established. To obtain sufficient emission and absorption 
intensity, the gas sample being investigated must be inoculated 
with a small amount of a tracer element -which has strong res-
onance lines. Salts of the alkali metals have been used fre-
quently; it is far more convenient in shock tube applications 
(in some situations, it is essential) to use a volatile material, 
such as Cr(CO)<$ . As little as 0.05$ gives sufficient elemen-
tary chromium for reversal studies in the violet ( Λ 4 2 8 9 . 7 , due 
to a 7S 3-^z

7P^), the green triplet ( λ 5 2 0 6 , a 5S 2^-z
5P^ 2 i ) >

 a i l
^

L 

the red (CrO band at Λ6051 ). A convenient arrangemeni 'for the 
bracketing technique is shown in Fig. 3· As set up in our lab-
oratory (Ref. 27) the equivalent temperature interval of 300 Κ 
is introduced by covering half of the slit with a neutral fil-
ter; the monochromator accepts these split beams, which are 
monitored by two phototubes. The signals are recorded on a 
dual-beam oscilloscope. In Fig. k, the steady-state line-re-
versal temperatures in argon recorded under a variety of condi-
tions are compared with equilibrium temperatures computed from 
shock speed measurements. All the line-reversal temperatures 
are low (8O-I5O deg). This is consistent with observations re-
ported by Gaydon and Hurle (Ref. 28) who found that NaD lines 
apparently give the expected temperatures in mixtures of nitro-
gen and argon. In such mixtures, they can follow the vibrational 
relaxation temperature of N 2. In mixtures of nitrogen and ar-
gon, relaxation times of the correct magnitude are also evident 
whenCr is used for the tracer, but the steady-state values are 
low, as are those derived from the CrO band head at X 6 0 5 1 . This 
troublesome aspect and the perplexing observation that the de-
viation is less at the lower total densities (irrespective of 
the chromium atom concentration) are now under investigation in 
our laboratory. We have obtained additional evidence that re-
flected shock temperatures as measured near the reflecting plate 
rise slowly and sometimes oscillate. 

Studies are now in progress on the rates of excitation of metal 
atoms by atomic and molecular collisions in shock fronts. The 
role of spurious electrons is being considered. 

SPECTRA OF LARGE MOLECULES AT HIGH TEMPERATURES 

As a consequence of the very rapid heating of a gaseous sample 
by a shock wave, a heating which is homogeneous and free from 
disturbing wall effects, it is possible to observe chemical 
changes in such a sample as they develop with time. Thus one 
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can study separately a sequence of steps, provided he uses suf-
ficiently rapid instrumentation. An interesting exploitation 
of this technique is the recording of molecular spectra of a 
gas at a temperature so high that under normal conditions the 
sample would decompose. It is now possible to record an absorp-
tion spectrum [lt(A)/l0(X) ] in about 20 microsec using a very 
intense short duration flash (half time, 10 microsec) triggered 
at a specified instance following passage of the shock. In con-
trast, isomerization and decomposition reactions at comparable 
temperatures do not occur to an appreciable extent during the 
first 100 microsec. 

Absorption spectra were taken (Ref. 29) of eis and trans 1,2-
dichlor©ethylene between 37,000 cm"1 and ^3,000 cm"1, over the 
temperature range 8OO-IO55 K. These gases were highly diluted 
with argon (97/0 and shock heated. Photographic [lt(A)] and os-
cilloscope [ 1 2 5 3 7 ( 0 ] recordings were made with a resolution of 
3-10 μ sec. 

A curve for the ground state electronic energy vs tortional 
angle was plotted using the assigned tortional frequencies for 
t i ie c l s trans forms and an assumed barrier height of ̂ 0 
kcal. With the Franck-Condon condition and several simplifying 
assumptions, a tortional energy curve for the upper singlet 
state of the V«-Ntransition was calculated from the shift of the 
toe of the absorption spectra with temperature. It appears 
that the energy of the state is essentially independent of the 
tortional angle except for a shallow dip at the perpendicular 
orientation of about 7 kcal. Also, it appears that the trans 
form is slightly more stable than the eis form, in contrast to 
the relative stabilities in the state (see Fig. 11). 

Studies are being continued on how the temperature change 
causing a variation in population of excited vibrational levels 
(Ν state) affects the calculated energy curve (V state) and also 
to determine the basis for the empirically observed straight 
line relation between the logarithm of the absorption coeffi-
cient and the reciprocal of the temperature, at arbitrarily se-
lected frequencies. 

THE DISSOCIATION OF DIATOMIC M0LCULES 

The rates of association of halogen atoms at room temperature 
were first studied a quarter of a century ago (Ref. 3 0 ) . The 
atoms were produced by photolysis of the diatomic gases. Much 
work has been done during the last decade on the exploration 
of several puzzling effects which were uncovered and in search 
of a theory which would explain them. Briefly: 
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a) The association of a pair of atoms requires a third body 
(a chaperon) to carry away the energy released in bond forma-
tion. Figure 5 is a qualitative representation of the motion 
of the representative point on a conceivable potential energy 
surface in the absence of M(path a,b) which leads to no stable 
molecule and in the presence of M(path a,c) which produces A 2 . 

b) Since transition state theory by virtue of the shape of 
the potential energy surface assigns to M a specific role, it 
does not provide any specific surfaces which could be used to 
explain the large observed range in relative efficiences. Thus 
for I + I + M - » I 2 + M , i^ o n e assigns unit value to N e , mesitylene is 
22k times as effective (Ref. 31 ) , and I 2 is about 300 times as 
efficient, at room temperature. 

c) Figure 5 gives no clue to why the rate of recombination 
should decrease with increasing temperature. This observation 
is not accounted for by simple collision theory. 

The inverse temperature effect on the rate has been the sub-
ject of many discussions. An intermediate complex theory was 
suggested by the early investigators and revived recently (Ref. 
3 2 ) . Assume that the first step rapidly attains equilibrium 

A S ° / R - A H ° / R T 
A + M ^ AM* ; K e q = e e 

A + AM* • A 7 + M 
kd 2 

. 2 . . . , , 2 , (21) 
17" -

 k
d

C
A

C
A M * -

 k
d

K
e q

C
A

C
M =

k
assClC M 

Thus, since k d may have a very small activation energy and would 
increase with a rise in temperature, the decrease in k e q over-
balances, resulting in a net decrease of the measured rate con-
stant. This theory may account for the observations when M is a 
complex molecule, but it is inadequate for the case where M is 
a rare gas atom and is useless for explaining the generally 
high efficiency when M=A. The presence of excited electronic 
states which dissociate to the normal state atoms has been in-
voked to account for the higher than expected recombination 
rates and the inverse temperature dependence. However, it has 
now been established that hydrogen and deuterium atoms recom-
bine according to a typical rate; for these, there are no com-
parable electronic states. 

Many measurements have been made in shock tubes on the dis-
sociation rates of the components of air; in particular, oxygen 
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has received considerable attention. In most of these studies, 
the dissociation relaxation in the shock front was followed by 
measurement of the total gas density; in some experiments, 
spectroscopic analysis for 0 2in the Schumann-Bunge region was 
utilized. A recent summary of the data (Ref. 33) indicated 
considerable discrepancies between the reported values. Typical 
association rate constants deduced from the dissociation rates, 
using the spectroscopic D 0 for the activation energy, are, at 
3500 Κ 

M - 0 2 k a ss - 4 . 6 Χ 1 0
1 4

 ( m o l e / c c ) -
2
 s e c

- 1 

X E 1.3 X 1 0
1 4 

Ο 1.4 Χ 1 0
1 5 

A quantum mechanical perturbed stationary state calculation 
(Ref. 3*0; for M = 0 2 , gave excellent agreement with the experi-
mentally derived value at 2 8 Ο Ο K, assuming that the product 
molecule was produced in the J t h vibrational level, but led to 
a distinctly positive temperature dependence contrary to ob-
servation. 

In one respect, general agreement has now been reached. Ex-
cept possibly at the highest temperatures used (~ 8000 K), the 
attainment of vibrational equilibrium precedes dissociation. 
This does not mean it has been demonstrated that dissociation 
occurs from the uppermost vibrational levels only. The coup-
ling of the dissociation process with vibrational excitation 
should receive careful consideration. No successful theoretical 
analysis has been presented which quantitatively takes into 
consideration the crowding of the vibrational levels near the 
dissociation limit nor of the coupling between the rotational 
and vibrational degrees of freedom. It will be shown below, 
using molecular hydrogen as an example, that 1 exchange reactions1 

occur between diatomic molecules at a much faster rate than 
does dissociation. It is measurable for isotooically labeled 
molecules; estimation is made that for 

0 1 6 0 1 6 + 01 8 0 1 8 ^ 01 6 0 1 8 + 0l 6 0 1 8 
k
e x c h 

k
e x c h

 M 1 ( ) 14 e x
P ( - 7 5 , 0 0 0 / R T L , (moles /cc )""

1
 sec""

1 

Since it is difficult to visualize how such an exchange reaction 
could occur with retention of vibrational disequilibrium, one 
may assume that exchanges provide an alternate path for vibra-
tional relaxation. It is estimated that the half time for the 
exchange reaction (at one atmosphere) is comparable to the ex-
trapolated value of Blackman' s relaxation times for trans^-vib 
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exchange at about 7900 K. Above that temperature, the atom 
shuffle reaction should dominate over the direct translation-
vibration exchange. A similar argument for the vibrational 
relaxation in N2 in air at high temperatures may be developed 
based on the readily established equilibrium 

N 2 + Ο ̂  NO + Ν 

The current most successful theory for three-body diatom re-
combinations gives a least upper bound (Ref. 35)· At low tem-
peratures, the rate constants deduced from experiments appear 
to be near the predicted upper bounds, whereas at high tempera-
tures they deviate from the bounds in a smooth manner which 
may be qualitatively explained in view of the approximations 
introduced in the theory. 

Very interesting results are now being obtained for the dis-
sociation rates of hydrogen and deuterium. If the reported 
data are taken at full value (Ref. 36), the mere change in mass 
would appear to have an effect which is far more profound than 
may be predicted from any theory of chemical kinetics. Regret-
tably, differences between investigators are comparable to the 
magnitudes of the variations observed (Fig. 6 ) . All report 
closely similar declines of the association rate constant with 
a rise in temperature. 

Knowledge of the rate of association hydrogen atoms is essen-
tial for the computation of the specific impulse due to high 
hydrogen content fuels. Limitation of the association rate in 
the nozzle, due to the need for three-body encounters, greatly 
reduces the maximum possible efficiency of such a motor. (Ref. 
36a). Obviously one should add a catalyst which substitutes 
the much more rapid second-order steps for the usual three-body 
steps, as express by Eq. 21 . The indications are that low molec-
ular weight hydrocarbons, water, ammonia and nitric oxide may 
function in this manner. 

REACTION RATES IN NOZZLES 

Hypersonic flow in divergent nozzles permit the imposition of 
conditions on a chemically reacting system which are not readily 
achieved in other ways. Given a reservoir filled with fluid in 
thermodynamic equilibrium. (This may be the relatively station-
ary gas in the reflected shock region at the end of a tube. ) 
In the absence of lagging chemical reactions, the hypersonic 
flow which can be established in a divergent nozzle fed by this 
reservoir would be isentropic. The actual flow which provides 
a very rapid cooling and a large reduction in density may depart 
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from equilibrium, at first slightly and then almost precipi-
tously, because, concurrently with the rapid decrease in the 
number of collisions in which the reactants participate per 
unit time, the fraction of effective collisions becomes very 
rapidly reduced. Such flows are particularly useful for the 
direct measurement of recombination rates. The N204^2N02reac-
tion has thus been studies (Ref. 3 7 ) . 

The application of this technique to the recombination (Ref. 
38) of oxygen and of hydrogen atoms merits further careful work. 
The fundamental question as to whether, for these diatom dis-
sociation-association reactions, the measured rate constants 
are related to each other via K e q = k d i s/k a ss has yet to be 
answered with sufficient precision. The effect of finite reac-
tion rates on the flow composition of samples of air, initially 
at ^000-8000 Κ and at pressures of 100-1000 atm, as a function 
of the area ratio in the hypersonic nozzle, has been analyzed 
theoretically by the numerical integration of fourteen chemical 
rate equations coupled with the gas dynamic equations (Ref. 3 9 ) . 
It was demonstrated that the chain mechanism for production of 

NO 

N 2 + Ο Ν + NO 

Ν + 0 2 5=£ NO + Ο 

prevents the freezing-in of high Ν atom concentrations and leads 
to an overshoot in the NO concentration during the flow. 

ISOTOPE EXCHANGE REACTIONS 

The single pulse shock tube (Ref. ko) shows promise of serv-
ing well for the study of reactions, such as 

H C l
3 7

 + B C l ^
5
 • H C l

3 5
 + B C 1 ^

5
C 1

3 7 

High temperatures, homogeneous heating of the sample, and the 
elimination of the heterogeneous (wall) reactions are just what 
is needed for measurement of the rates of these isotope ex-
change processes in the gas phase. The reaction which has for 
many years served as the model for theoretical analysis of 
rates is the atomic displacement 

k3 
Ό + H2 DH + Η 

In practice, when hydrogen and deuterium are passed through a 
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hot tube, it is presumed that the equilibria H 2 = 2Hand D2=2D are 
rapidly established on the walls. These are followed in the 
gas phase by the above displacement reaction. The observed 
activation energy for the overall process is 59 kcal. Since 
k = k3 Keq } the activation energy for exchange is 59 - 103/2 

7.5 kcal. 

Recently the four center exchange reaction 

H 2 + D 2 • HD + HD 
k4 

has been investigated in a single pulse shock tube (Ref. k l ) ; 
the residual gases were analyzed by mass spectrometry. The 
activation energy for this bimolecular reaction is about 65 
kcal (considerably less than the dissociation energy of a H-H 
bond), and the pre-exponential factor is higher than normal. 
Thus, it appears that, even in a presumed unreacting condition 
such as hydrogen gas at 1000-1300 K, chemical processes are 
taking place. These may reduce the time required for vibra-
tional relaxation, but fortunately these have little or no ef-
fect on the functions of state. Equally fortunate, they may 
be studied by a combination of isotope and gas dynamic tech-
niques to help elucidate fundamental problems in chemistry. 

THE DISSOCIATION OF POLYATOMIC MOLECULES 

The pyrolysis of many compounds has been studied in shock 
tubes; extensive use was made both of the single pulse process 
and of the more conventional form of operation. In contrast 
to the dissociation of diatomic molecules which follow a bi-
molecular mechanism, the decomposition of many polyatomic 
species at high temperatures follows either a unimolecular 
mechanism, as does azomethane 

H3C — N = Ν C H 3— ^ 2 CH3 + N 2 

or a chain mechanism which often shows pseudo-first order kin-
etics. Study of the decomposition of azomethane has a long 
history. Over the temperature range 5 Ο Ο - 6 Ο Ο K, an activation 
energy of 55·^ kcal was reported (Ref. k-2) -when the complicat-
ing concurrent chain reaction was quenched by the addition of 
nitric oxide;logv* = 1 7 . 3 . To check on the applicability of 
the Arrhenium equation over an extended temperature range, de-
composition rates were measured (Ref. ^3) in a shock tube (8^5-
I25O K), by following the decrease in absorption at the char-
acteristic band,λ 3^00. Various results are compared in Fig. 7. 
Within the experimental error, the pre-exponential factor is 
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independent of the temperature over twelve decades in the rate 
constant. Regrettably, even though the shock tube rates were 
measured with the azomethane in a high argon dilution (l$ to 
3%), the exothermicity of the overall reaction 

C 2 H 6N 2 = C 2H 0 + N 2 AH^QQ = - 6 7 kcal 

introduced ambiguities in the temperatures of the shocked 
samples and thus to the indicated spread in the l/T locations. 
The shock and detonation temperature-shock velocity curves for 
three concentrations of azomethane are shown in Fig. 8 . 

A final example is the exploitation of shock tube technique 
for the resolution of an old problem, the measurement of the 
dissociation energy of cyanogen and the deduction of the heat 
of formation of CN(Ref. kk). Literature values range from 10k 
to lk6 kcal. In these experiments, kinetic and equilibrium 
concentrations of CN were obtained spectrophotometrically on L F O , 
5$ and 10$ solutions in Ar, in the incident and reflected shock 
regions. These data give 

C 2N 2 = 2 CN ΔΗ° = 1 2 1 + 8 kca l 

The dissociation reaction proceeds via a second-order process 
with a rate constant fitted by 

1 . 7 x l O
1 2

 , C « - E A / R T 2 Ι Ι 
k
d i s s

 =

 5 5| T
1 / 2

( E A / R T )
5

'
5
 e

 A
 , c m W e V

1
 (22) 

The three-body recombination rate constant is given by 

k
r e c

 s 2 X
 1 0

1 2
( E A / R T )

3
, c m

6
m o l e "

2
s e c "

1
; E A = 1 2 1 kcal (23) 

From these data and the measured heat of formation of C 2N 2 , it 
follows that AH°f(CN)=97 kcal/mole. 

Plots of the equilibrium absorptivities at the ( 0 , 0 ) and 
(0 ,1 ) UV band heads were conventional in form; Fig. 9 is typi-
cal. Of greater interest were the rate constants, as shown in 
Fig. 10 . As indicated in Eqs. 22 and 23, the apparently low 
activation energy for dissociation and the "negative" activa-
tion energy for association are readily interpreted as arising 
from inverse temperature dependent pre-exponential factors. In 
these respects the CN radical resembles halogen atoms. 

The resolution of a fundamental question remains for future 
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work: how complex can a radical he, and what are the restric-
tions on its structure, such that it behave like a unit par-
ticle in simple association-dissociation reactions? 

CONCLUSION 

The complete exposition of the dynamics of fluids at high 
temperatures is dependent on a thorough understanding of chemi-
cal rate processes which arise from the inherent atomic and 
molecular constitution of all fluids. The basic problems have 
been formulated decades ago by chemical kineticists. The ex-
tension of these problems to wider regimes of temperature and 
density and the exploitation of the new techniques developed 
by gas dynamicists have introduced a new zest for exploration, 
both in theoretical and experimental chemical kinetics. 
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1.0, 

Fig. 2 Transition state representation of vibrational excita-
tion by a collision. The contours represent equal 
levels of potential energy. 
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Fig. 3 Schematic arrangement for line reversal measurement 
of shock temperatures. 
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Fig. 5 Schematic representation of a ter-molecular association 
(path a,c) and no association (path a,b) using a transi-
tion state surface. 
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Fig. 6 Data assembled by A. Meyerson, Cornell Aeronautical 
Laboratory, Buffalo, New York. All dissociation rate 
constants were converted to: k a s s = k e qAdiss · 
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Fig. 7 Rate constant for Azomethane decomposition. 
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Fig. 11 Electronic energy of 1,2-Dichloroethylene as a func-

tion of the angle between -C planes. 
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