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The dissociation of a homonuclear diatomic molecule
X, in & “heat bath” of an inert monatomic gas M ap-
pears to be a simple chemical process (eq 1). In re-

X4+M—X+X+M ()

cent years extensive experimental data for Hs, N, O,
F,, Cl,, Bry, and I, in Ar and other noble gases have
been obtained (Table I), mostly by use of shock tubes.
Rate constants k (eq 2) have been observed over a wide

1 dln [X,]

k= M) &

(@)
range of temperature, and Arrhenius activation ener-
gies have been evaluated (eq 3).

dink
d{1/T)

k = A exp(—E/RT)

An interesting feature of the data is that in each case
the activation energy is substantially less than the bond
dissociation energy, Do°. A number of authors?—13
have discussed this phenomenon, and the concensus is
that it is a result of a nonequilibrium distribution of re-
actant molecules’ 12 over excited vibrational states when
reaction occurs; but a quantitative, uniform account
for all homonuclear diatomic molecules has not been
given,!3b

In this Account, we review the experimental data
for all seven homonuclear diatomic molecules listed
above, and we attempt to set up the simplest theory
that, without adjustable parameters, gives approx-
imately correct values for the rate constants k and that
gives an explanation for the “low” activation energies.
This “simplest” theory uses the empirical spectroscopic
properties of the reactant, the empirical transport
properties of the reactant and catalyst M, and the em-
pirical vibrational relaxation probability Py for the
diatomic molecule. '

A firmly entrenched model in many chemists’ minds
is that the “activation energy’ represents a ‘‘barrier”
between reactants and products, and thus there is a
serious conceptual problem in having the observed ac-
tivation energy be far less than the endothermicity

E=—R 3)
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of the reaction. However, this viewpoint puts the
pictorial model (barrier height) ahead of the defining
relation (eq 3); for, after all, the ‘‘activation energy”
is just a name for how the rate constant k changes with
temperature. If the rate constant, for some reason,
increases with temperature less rapidly than expected,
then the activation energy will be less than expected.
If one expects the activation energy to be at least
the endothermicity of the reaction and if the rate in-
creases with temperature less rapidly than expected
because excited vibrational states of the molecules are
depleted below the equilibrium value, then the activa-
tion energy (eq 3) will be less than the endothermicity.
This effect is a particularly Jarge one for the dissociation
of diatomic molecules.

A purely formal “explanation” for low activation
energies is sometimes given, as follows. If the rate
constant for dissociation of a diatomic molecule depends
on temperature as

k = CT™ exp(—Dy°/RT) 4)
then eq 3, the activation energy, is
E = D° - mRT (5)

where 7T is the average temperature over the range of
observation. 1f m is negative, then the activation
energy E is less than the dissociation energy D°. If
m is regarded merely as an empirical parameter, then
the invocation of eq 4 and 5 is not an explanation at
all, but only another description of the phenomenon.

Experimental Data

The experimental data have been reviewed recently
by Troe and Wagner,'** and our Table I is taken largely
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Table I
Experimental Data on Activation Energies for the Dissaciation of Homonuclear Diatomic Molecules
Hoaled, keal
A M T K D¢°, keal Eobsd, keal m (eq 5) Ref Model IT
F. Ar 1300-1600 37.1 304 —2.5 15 31.7
Ne 1650-2700 24+ 5 —3.0 16 30.3
Ar 1300-1600 27.342.5 —3.4 17 31.7
Xe 1300-1600 31.1 —-2.1 17 31.7
Cla Ar 17002500 57.0 48.3 —~2.1 18 48 4
1600-2600 50 —~1.7 19 49.9
1700-2600 4145 —4.0 20 48.6
1600--2600 45+ 2 -~2.9 21 49.9
1700~2600 48.3 —-2.0 22 48 .2
Br, Ar 1300-1900 45.5 41 .4 -~1.3 23 39.7
1400-2700 41 .4 —-1.0 24 38.5
1200-2200 32.4 —3.8 25 40.3
I, Ar 1000-1600 35.6 29.7 -~2.3 26, 27 31.6
850-1650 30.4 —2.1 28 31.9
0. Ar 5000-18000 118.0 110 —-0.4 29, 30 102.7
3800--5000 106 £ 5 —-1.4 31,32 99.1
4000-6000 108 -1.0 33 97.5
3400~7500 108 —-1.2 34 97.7
3000-5000 114 —0.5 35 103.7
O, 3000-5000 98 —2.5 29, 36

4000-7000 91 —-2.5 37 06.4
2500-4000 108 —1.5 35 108.2
3000-6000 109 & 5 -1.0 32 102.0
2600-~7000 85 —3.7 38 103.3
H, Ar 2800-4500 103.3 97 —-0.9 39 88.7
3000-5300 97 —0.8 40 86.2
2800-5000 97 —0.8 41 87.7
2290-3790 97 -~1.0 42 95.4

Xe 3000-4500 100 —~0.4 43

H, 3000-4500 92 -~1.5 43

H 3000-4500 100 —0.4 43

D, Ar 3000-4800 105 97 —1.0 39

Ar 3000-4900 97 —-1.0 44
N, Ar 6000-9000 225 218 -0.5 45 195.4
6000-10000 204 -1.38 46 193.9
N, 6000-9000 218 -0.5 45 195.4
6000--10000 198 -1.7 46 193.9

N 6000-9000 203 -1.5 45

from their Table I. Lloyd#* has reviewed the data
for fluorine and chlorine. In our Table I we give the
reactant (A), the foreign gas (M), the temperature
range, the observed activation energy (E, eq 3),
the parameter m (eq 5), the dissociation energy (D,°),
and references for experimental studies of the dis-
sociation of homonuclear diatomic molecules.*s—4¢ It
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834 (1965).

(22) R. A. Carabetta and H. B. Palmer, J. Chem. Phys., 46, 1333
(1967).

(23) D. Britton, J. Phys. Chem., 64, 742 (1960).

(24) D. Britton and N. Davidson, J. Chem. Phys., 25, 810 (1956).

(25) H.B. Palmer and D. F. Hornig, 1bid., 26, 98 (1957).

(26) D. Britton, N. Davidson, W. Gehman, and G. Schott, ibid.,
25,804 (1956).

(27) D. Britton, N. Davidson, and G. Schott, Discuss. Faraday
Soc., 17, 58 (1954).

(28) J. Troe and H. G. Wagner, Z. Physik. Chem. (Frankfurt am
Main), 55, 326 (1967).

(29) H. S. Johnston, Nat. Stand. Ref. Data Ser., Nat. Bur. Stand.
No. 20 (1968).

is readily seen that observed activation energies are
far less than bond dissociation energies, and the em-
pirical parameter m is always negative, varying from
—0.4 to —4.0. Spectroscopic data, vibrational relaxa-
tion times, and hard-spheres collision cross sections
(Table II) were obtained from reference books and
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Table II
Molecular Properties Used to Evaluate Vibrational Relaxation
Constant b;(7) and Hard-Spheres Collision Constant Z

t 41 e/k, 0 A
we, no. of  Do°, K, of of ref
A M em™! weXe  states keal of A A 49
H, Ar 4395 126.2 14 103.3 38 2.93
H, Ar 4395 0 8 103.3 38 2.93
F, F 892 14.8 29 37.1 112 3.65 65
F, F, 892 0 15 37.1 112 3.65 65
Cl, Cl. 557 0 36 57.1 257 4.40 58
Br, Br, 321 0 50 45.5 520 4.27 48
L L 213 0 58 35.5 530 4,98 29
N N 2331 0 33 225 91.5 3.68 220
0, Ar 1554 0 27 118 113 3.43 129
O: 0 1554 0 27 118 113 3.43 165
Ref 52 51 51 49

certain articles.¥—% Some articles’*—% have appeared
with kinetic data since Troe and Wagner's review,

General Molecular Model

The purpose of this paper is to find the simplest pos-
sible molecular model that correctly indicates the low
activation energies and that utilizes no adjustable
parameters. First, we present a general mechanism
in terms of vibrational states of the reactant; next,
we set up three specific models for energy-transfer and
dissociative processes. The predictions of these models
are then compared with experiment.

The chemical reaction of eq 1 is abbreviated to read

A + M —> products

The individual vibrational states A; of the reactant are
identified (omission of explicit mention of rotational
and translational states implies that the reactant effec-
tively has an equilibrium distribution over such states,
and the collision constants later defined include the
effect of the equilibrium range of such states). We
define three different inelastic collision processes. (1)
The rate of activation of A from initial state ¢ to final
state j upon collision with M is

Ry(up) = ay[A][M] (6)

(2) The rate of deactivation of A from initial state
4 to final statejis

Rij(down) = by[A,][M] (M)

(47) T. L. Cottrell and C. McCoubry, ‘“Molecular Energy Trans-
fer in Gases,”” Butterworths, London, 1961, p 77.

(48) Brian Stevens, *‘Collisional Activation in Gases,” Pergamon
Press, New York, N. Y., 1967, p 39.

(49) R. C. Millikan and D. R. White, J. Chem. Phys., 39, 3209
(1963).

(50) J.H. Kiefer and R. W. Lutz, tbid., 44, 668 (1966).

(561) J. O. Hirschfelder, C. I'. Curtiss, and R. B. Bird, “Molecular
Theory of Gases and Liquids,” Wiley, New York, N. Y., 1954.

(52) Gerhard Herzfeld, “Spectra of Diatomic Molecules,” Van
Nostrand, New York, N. Y., 1950.

(563) R. C. Herman and XK. E. Shuler, J. Chem. Phys., 16, 373
(1953).

(54) R.W. Diesen, J. Phys. Chem., 72, 108 (1968).

(65) R. K. Boyd, J. D. Brown, G. Burns, and J. H. Lippiatt, J.
Chem. Phys., 49, 3822 (1968).

(56) R. XK. Boyd, G. Burns, T. R. Lawrence, J. H. Lippiatt, ¢bid.,
49, 3804 (1968).

(57) J. P. Appleton, M. Steinberg, and D. J. Liquornik, tbid., 48,
599 (1968),
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Figure 1. Truncated harmonic oscillator model for decomposi-
tion of diatomic molecule. For model I all ¢ are assumed to be
zero except ¢, For model IT all ¢; are allowed to be nonzero
(eq 25). In each model only nearest-neighbor transitions are
considered for vibrational energy transfer.

(3) The rate of dissociation of A from state 7 to the
continuum of free atoms is

R, = Cz‘[Ai][:M] (8)
The rate of the chemical reaction is then
d[A !
R = _% = Z ci[A][M] 9
i=0

where ¢ is the “top”” bound state of the diatomic mole~
cule A. The total number of reactant molecules is
the sum over all vibrational states (eq 10). If eq 9 is

[A] = 2[A] (10)
multiplied by [A]/2[A:] and terms are rearranged,
we obtain eq 11, where X, is the mole fraction of mole-

R = [M][A]2 c:X, (11)

cules in state 7, X; = [A;]/[A], and the rate constant,
rate/ [M]{A], is expressed as k = Z,,X;. This gen-
eral model is illustrated for a truncated harmonic os-
cillator in Figure 1 and for a Morse oscillator in Figure 2.

For an equilibrium distribution over vibrational
states, the mole fraction in state ¢ is simply

[Xilea = (fv) " exp(—e/kT) (12)

where ¢, is the vibrational energy relative to the zero
point level, k is Boltzmann’s constant, and f, is the vi-
brational partition function. During chemical reaction
we do not have an equilibrium distribution over vibra-
tional states, and the mole fractions X, are not easily
evaluated. To obtain the actual distribution over
vibrational states, we need to solve the simultaneous
rate equations with one such equation for each state
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Figure 2. Morse function model for decomposition of diatomic
molecule. Model IIT considers all vibrational energy transfers
and allows all states to dissociate to the continuum (eq 25).

d[A4]
dt

7—1 t
= [B‘I]Ean[A;] + [M] Z bj:[A;] —
i=0 j=it1
t

IMI[A] {‘2 byt X ay+ ci} (13)
J=0 +

7=1+1
1 from zero to t. It has been shown by detailed com-
putations!? that, after an extremely short induction
period, the relative concentrations [A;]/[A] assume a
steady-state distribution, that is, these ratios do not
change with time even though the reactant as a whole
is rapidly disappearing and each state 7 decreases ac-
cordingly. Thus, as an excellent approximation
WAYAD _ L dIA] _ AJAA]
dt [A] dt [Al? dt
Upon substitution of eq 9 and 13 into eq 14, we obtain
an expression suitable for evaluating the steady-state
concentration of A; by a method of successive approx-
imations {eq 15). With a set of rate constants a,

ie1 ¢
2 05X, + 2 byX,
X, = 1‘—01 ¢ S ¢ (15)
¢ + ;bij + 2 ay — 2 cX,

i+1 i=0

bjs, and ¢,, we take as the zero approximation the equilib-
rium mole fractions, eq 12, to find a first approximation
to the set of nonequilibrium mole fractions, X, (i =
0,1,2, ...4%. This first approximation is then substi-
tuted into the right-hand side of eq 15 to find the second
approximation to X, and the process can be repeated
to any desired degree of convergence.

Mieroscopic reversibility gives a general relation
between rate constants for activation and deactiva-
tion of diatomic molecules

ay/by; = exp[—(¢; — ¢)/KT] (16)
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The remaining problem is to set up models for the
evaluation of the detailed rate constants a, b, and c.

Three Specific Models

I. Ladder Climbing Model with Truncated Har-
monic Oscillator. This model has been used several
times in the past. It uses the harmonic-oscillator
conditions on light absorption or emission as restrie-
tions on energy transfer such that activation and de-
activation occur only between adjacent states (eq 17).

ay = by = 0forj# ¢ =1 (17)

With this restriction, we use the simplified nomenclature

of eq 18 A further property of harmonic-oscillator
Ay = Qq,141

by = by (18)

spectroscopy is used to evaluate the deactivation rate
constant at any level in terms of the deactivation con-
stant between the two lowest levels (eq 19). From
microscopic reversibility, eq 16, and from eq 19, we

obtain a general expression for the activation rate con-
stants

a; = (1 4+ 1)by exp(—hy/kT) (20)
where # is Planck’s constant and » is the harmonic os-
cillator vibration frequency. The name ‘‘ladder climb-

ing model” implies that the molecule dissociates only
from the top vibrational level, e,

¢, =0fore <t (21)

The specific assumption made here is that, from the
top rung, the molecule dissociates upon every suffi-
ciently energetic collision (eq 22,) where Z is the rate

¢, = Zexp[—(Ds° — ¢)/kT] (22)
constant for a hard-spheres collision (eq 23), ¢ is the
Z = no2(8kT/mu)" (23)

hard-spheres collision diameter (evaluated from vis-
cosity, for example), and p is the reduced mass between
Aand M.

The evaluation of the vibrational relaxation con-
stant by or by is explained by two recent books.#7.48
We need this constant as a function of temperature,
and a convenient form is the table and interpolation
formula by Millikan and White.** In this way we
find b, for all diatomic molecules at all temperatures of
interest, except H,, which is not included in Millikan
and White's list. . The value of b for H, in Ar is ob-
tained from Kiefer and Lutz.®® Molecular properties
needed to evaluate the collision constant Z are given
in Table II.

II. Truncated Harmonic Oscillator (Figure 1).
This model is the same as I except that we accept the
possibility of dissociation of the reactant from any
vibrational state 7, instead of just the top state t.
From a given state ¢, activation can occur to only one
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final state < + 1 with an energy jump of A»; but dis-
sociation can oceur into the continuum of states with
an energy jump of (Do° — ¢, or more. Except for
the greater jump in energy, the transition to the con-
tinuum should be more probable than transition to the
single state ¢ + 1 because of the greater density of final
states. It is assumed that the ratio of dissociation to
activation is
o]

¢ _ o0l= (D — c)KT] -~

a4y exp|—hv/kT]
where 8 > 1 and is the same for all states 7. In effect,
we assume that dissociation into the continuum of
final states has a larger preexponential factor than ac-
tivation to the single, next higher state. The value
of B can be found from the expression for ¢;, eq 22.
With 8 evaluated from eq 22 and with a; obtained from
eq 20, we have a general expression for the dissociation
rate constants (eq 23). For this model a; and b, are

¢ = [0+ 1/t + D]Z exp[—=(Do® — e)kT] (25)

the same as for model I, respectively, eq 20 and eq 19.

As shown in a subsequent section, eq 35, at equilib-
rium all vibrational states contribute approximately
the same amount to the decomposition rate—they differ
only by the factor ({ + 1)/ + 1). There aret + 1
approximately equal, parallel channels of reaction,
some involving low-lying reactants making improb-
able big jumps to dissociation and some involving im-
probable highly vibrationally excited reactants making
small jumps to dissociation.

III. Morse Oscillator with All Transitions Allowed
(Figure 2). The vibrational energy levels for the
Morse oscillator are

ei/hc = (2 + 1/2)we - (2 + 1/2)2(A’exe (26)

where ¢ is the velocity of light, we is the fundamental
frequeney in em~!, and z, is the anharmonicity con-
stant. Both w. and z. are readily evaluated from spec-
troscopic data.’? Stevens®® gives a model for transi-
tions between all bound states of a Morse oscillator,
which readily permits all values of deactivation constants
by, to be found (eq 27). From microscopic reversibility,

bitre = by 7 + r)1/ilr?] (27)
the activation constants a,; are obtained (eq 28). The
Giiqr = Opoe’ (@ 4 7)1/ 2] exp [ — (Di° — i) /KT ] (28)

rate constants for dissociation from any state ¢; are
the same for model II, eq 25. These constants may
be factored into the collision rate constant Z and the
transition probability P (eq 29). For H, in Ar at

ay = ZPy
bw’ = ZP“ (29)
c; = ZPic

3000 K, the transition probability matrix P, is given
in ref 1. The dissociation probability vector P, is
given in the same table. Although this model permits
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all transitions, large changes in vibrational quantum
number are of low probability. It is interesting to
note that for quantum levels above the fifth, dissocia-
tion to the dense states of the continuum is more prob-
able than deactivation to the small number of low-lying
vibrational states. Above the fourth state, dissocia-
tion across many quantum states is more probable
than activation to the next higher state. The density
of final states is an important factor in determining
transition rates.

For three models, we can evaluate all values of the
energy-transfer functions a,; and b;; and the dissociation
constants ¢; from molecular properties obtained by
separate experiments: by, vibrational relaxation; w
and z., Raman spectroscopy; Z, viscosity or second
virial coefficients. With these constants we evaluate
the vibrational distribution function by successive
approximations from eq 15, the rate constants from
eq 11, and the activation energy from eq 3. In the
next sections we test the predictions of £ and k by the
three models, first for the hypothetical situation of
reactant with an equilibrium distribution over vibra-
tional states and next for nonequilibrium, steady-state,
relative distribution functions.

Model Predictions If Reactants Have
Equilibrium Distribution Function

For rate expression, we go back to eq 9, Zc¢,[A;][M].
Using eq 12 for the equilibrium concentration of re-
actant in the vibrational state ¢, we obtain eq 30. For

keq = (fe)1 2 ¢s exp(—e/kT) (30)

model I, there is only one term in the sum, since ¢, is
assumed to be zero for all states except the top onet

klea = (Z/f,) exp[—(Do° — €)/kT]exp[—e,/kT] (31)

= (Z/fv) exp[—Do° /KT (32)
For models II and III the rate constant expression is
i+ 1

key = (Z/fv)}: exp[—(Do° — €)/kT] X

t+ 1
exp[—e/kT] (33)

. i1
= @/1) e -DEATIE (34)
= (2/f,) exp|— Dy /kTT-22 (35)

2

Thus the temperature dependence of all three models
is the same if there is an equilibrium distribution over
vibrational states (eq 36). For the harmonic osecil-

dlnZ dlnfy

d(1/7) + Rd(l/T)

lators, models I and II, the vibrational partition func-
tion is approximately (1 — e *%T)~1; its tempera-
ture derivative in eq 36 varies between 0 at low tem-
perature and RT at high temperature. If the colli-
sion rate constant varies as T"? eq 23, its contribution

Eeq =D — R (36)
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to the activation energy is */,RT. Thus these two
models predict

Dy® — 1eRT < Eeq £ Do + V/LRT  (37)
high T low T

The observed activation energies in Table 1 differ
from D° substantially more than the limits given by
eq 37. Thus these models are inadequate to explain
the observed activation energies if the vibrational
states have an equilibrium distribution. Similar con-
clusions apply to model ITI if the quantities are evalu-
ated numerically.

Calculated Activation Energies and Rate Constants
with Nonequilibrium Distribution Function

Hydrogen. By use of the values of the transition
constants for activation, deactivation, and dissociation,
rate constants and activation energies for the dissocia-
tion of H, in a heat bath of Ar were calculated each 400
K between 1000 and 5000 K. For each of the three
models, the results are given in Table ITI. It is readily

Table IIT
Dissociation of Hydrogen by Argon:
Calculated Activation Energies for Three Models

Ladder Harmonic Morse

climbing oscillator . function
T, K I II III
oo 95.5 103.5 103.5
1800 97.0 102.9 102.1
2200 98.5 101.8 100.7
2600 99.8 99.8 98.6
3000 101.1 96.9 95.6
3400 102.{5) 92.8 91.7
3800 103.5 88.4 87.4
4900 104.6 85.0 83.9
4600 105.7 83.7 82.0
5000 106.8 84.6 81.9

apparent that the ladder-climbing model gives activa-
tion energies that vary with temperature in a manner
quite different from that observed. At low tempera-
tures, this model greatly underestimates the rate. At
high temperatures, where vibrational energy transfer
becomes fast, the rate constants are less than those cal-
culated by the other models, but the difference is much
less than that found at low temperatures. This partial
“catehing-up’ at high temperatures causes the rate to
increase faster than expected at high temperatures, and
the activation energy greatly exceeds the dissociation
energy. The other models, which permit dissociation
from all vibrational states, show activation energies
that decrease with temperature, in the same general
sense as that observed.

The calculated and observed rate constants for H,
are compared in Figure 3. Calculated curves are given
for model T and model ITI. The experimental data
show substantial disagreement between different in-
vestigators. Fven so, the rate constants for model
I are well below the experimental data, and those for
model IIT are in reasonably good agreement with the
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Figure 3. Dissociation of H; by Ar. Calculated, models I and
III, and observed rate constants as & function of temperature:
(a) ref 39 (Sutton); (b) ref 40 (Patch); (c) ref 41 (Rink); (d)
ref 43 where M is Xe (ref 41 reported Ar and Xe to have same
efficiency in dissociating He). Data points are those read from a
graph in ref 42,

data. On the basis of these results, model I is dropped
from further consideration.

Fluorine. Tluorine is relatively insensitive to trace
impurities, whereas Hy and Cl; are susceptible to traces
of Os (Hs being attacked by O or HO; Cl, dissociating
by way of C100 and CI0%). Thus, fluorine was chosen
for the most intensive calculations, and in particular
for comparisons of models IT and IT1.

The equilibrium and nonequilibrium distribution of
F, over vibrational states are given in ref 1 in terms of
the full Morse calculation (model I1T). The logarithm
of mole fraction X; is given as a function of vibrational
energy for 300, 1000, and 2500 K. At 500 K, the
steady-state distribution is very close to the equilibrium
distribution up to the 17th quantum state, and then
it rapidly falls off at higher states. At 1000 K, the
falloff begins at about state 11. At 2500 K there is
serious depletion of excited vibrational states above
the third or fourth level. Reference 1 also gives the
dissociation rate constants ¢; as a function of quantum
state and temperature. At very high quantum num-
bers, the constants ¢, differ only slightly between 500,
1000, and 2500 K. At low quantum numbers there is
a great spread with temperature in ¢; at a given state
7. The relative “distribution function for molecules
that react” is given by the product of mole fractions
X, and dissociation constant ¢, and these are given
for three temperatures as Figure 4. At 500 K, the
contribution to reaction is almost uniform from states
2 to 20, with a slight drop-off at low quantum numbers

(58) H. 8. Johnston, . D. Morris, Jr., and J. Van der Bogaerde,
J. Amer. Chem. Soc., 91,7712 (1969).
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Figure 4. Distribution funection for molecules that react for the
vibrational states of Fy with the Morse model ITII. (---) equi-
librium distribution; ( ) nonequilibrium distribution. Note
the shrinking number of states that contribute to reaction as
one goes to high temperatures.

(see eq 25) and a large drop-off at high quantum num-
bers from nonequilibrium. At 1000 X the reacting
states are equally important from about 2 to 15. At
2500 K the states that react lie largely between 0 and
7, with a fairly fast falloff above the seventh state.
Figure 4 explains why the activation energy decreases
with increasing temperature. With an equilibrium
distribution all 29 states react equally except for the
factor ( + 1)/t + 1), eq 25, and thus there are 29
parallel reaction channels. At 500 K the decomposition
reaction has set up a steady-state distribution such
that upper states are depleted. The depletion of a
given state 7 is caused both by the rapid loss of 7 states
to atoms and by state ¢ being skipped as lower states
go directly to atoms. From Figure 4, we see that at
500 X there are only about 20 effective reaction chan-
nels; at 1000 K the number is about 15; and at 2400 X
the number is about 7. This decrease in “number of
states that react” by virtue of the nonequilibrium dis-
tribution at high energies causes the rate constant to
increase with temperature less rapidly than expected,
and thus the activation energy is lower than expected
(seeeq 3).

The observed rate constants for F, are shown in
Figure 5 with curves calculated by model II and model
III. These two models agree fairly well with the data,
and they agree so closely with each other that the sim-
pler model 11 is selected for all further comparisons.

All Other Cases. By use of the truncated harmonic
oscillator model (Figure 1 and model II), the activa-
tion energies as a function of temperature were calcu-
lated for all four halogens, N;, and O,; the data are
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Figure 5. Dissociation of fluorine. Calculated curves: models
IT and III. Calculation based on Fy as M. Observed data:
O, with Ar, ref 15, points taken from graph; @, with Ne, ref 16;
0, with Ne, ref 54, points taken from graph.

given in Table IV. The calculated activation energies
decrease strongly with temperature in all cases. These
calculations were extended to cover the range of ob-
served temperatures for the various cases in Table T.
The last column in that table gives activation energies
calculated by means of the truncated harmonic os-
cillator, model II. Within the experimental uncer-
tainty of the data, the calculated activation energies
agree very well with those observed.

Table IV
Calculated Activation Energies (kcal) from the
Truncated Harmonic Oscillator Model II

T, K N Oq F» Cly Brg I,
500

225 118 36 56 44 34
1000

224 117 33 54 42 32
1500

224 115 30 52 40 29
2000

222 114 30 48 36 26
2500

222 110 29 46 35 26
3000

220 109
3500

220 103
4000

217 101
4500

214 98
5000

209 94
5500

206 94
6000

204 92
6500

197 93
7000

197 92
7500

189 96
8000
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Figure 6. Dissociation of homonuclear diatomic molecules.
Calculated curves are based on model II, truncated harmonic
oscillator, all transitions to continuum allowed (compare Figure
1). The lower curve is based on a steady-state, nonequilibrium
distribution function. The upper curve is based on the same
model with the equilibrium distribution over vibrational states.
Experimental points are taken from tables or read from graphs in
the articles cited. % in units of ce/particle-sec. (A)I.. O, with
Ar, vef 26, read from graph; @, with Ar, ref 27, read from graph
(an error of a factor of ten appears in the graph of ref 27, and
this has been corrected). (B)N,. @, with Ar, ref 57, points read
from graph. (C) O;. All data in excess Ar. Points as read
from graphs listed in ref 29. T, ref 34; O, ref 30; &, ref 108 in
ref 29; @, ref 33.
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Observed rate constants for I, N, and O, are plotted
in Figure 6A-C. Two calculated curves are given on
each figure; each is based on model II. The upper
curve is caleulated on the basis of an equilibrium dis-
tribution over vibrational states, and the lower curve
i based on the nonequilibrium distribution. The
data for I,, Ns, and even O, are fairly well defined
and show adequate agreement between different in-
vestigators. In these cases the nonequilibrium curve
calculated from model II agrees fairly well with the
observed points, and the equilibrium curve lies well
above the data. The data for Br, and especially Cl,
show strong disagreements between different investi-
gators (perhaps due to participation of small amounts
of O, impurities as catalyst via C100 and Cl0O%). The
data for Cl; and Br, show so much experimental error
that it is not useful to speak of agreement or nonagree-
ment between calculated and observed rate constants.
However, our caleculated nonequilibrium rates agree
rather well with the line for Cl; as recommended by
Lloyd.

The data for O, cover a wider range of temperature
than any other, up to 18,000 K. The calculated non-
equilibrium curve shows an 4ncrease in activation en-
ergy at extremely high temperatures (all other cases
show this same effect at temperatures well above the
range of observations). The experimental data for
O; do not show this effect, but it would be difficult to
extract it from the data since it appears only above
10,000 K. The explanation of this effect can be seen
by examination and extension of the distribution fune-
tion for molecules that react in Figure4. At the highest
temperature shown there, the states that react arc
the bottom six or seven. At even higher temperatures
it may be expected that this function will be narrowed
to the lowest one or two states. Then the only reac-
tion is the strong collision channel from the ground
state to the continuum, for which single process there
is an energy barrier of D°. The rate can no longer
abstain from increasing ‘“‘as expected’ because the
number of states that react cannot shrink below one
(This ultimate increase of activation energy at very
high temperature might be observed with F,.)

The Reverse Reaction

These calculations all refer to the forward reaction
or dissociation of the diatomic molecule, eq 1, and no
account has been given to the reverse process or the
recombination reaction. As atoms accumulate and
recombination occurs, the population of highly excited
vibrational states will surely change in the direction
of increased oceupancy. There are many upper vibra-
tional states for which a collision is more likely to give
redissociation than deactivation. This fact is of im-
portance to the theory of recombination of atoms.
Some theories of recombination regard that process as
complete when the atom pair is deactivated below the
dissociation limit, Dy°. However, the highly excited
vibrational states of X, are, in effect, closer to products
than to reactant. The negative activation energy for
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atom recombination arises, in part, from the redis-
sociation of highly excited X, an effect that increases
with increasing temperature (Figure 4).

A complete theory of the dissociation of diatomic
molecules should explicitly consider rotational motions
and excited electronic states of the diatomic molecules.
This presentation, however, shows that nonequilibrium
distributions of the vibrational states of the ground
electronic states are sufficient to explain the low, ob-
served, activation energies.

Summary

The observed activation energy for the dissociation
of diatomic molecules is substantially less than the
bond dissociation energy, and it decreases with in-
creasing temperature. This effect cannot be explained
by a ladderzclimbing model of the reaction process
with dissociation occurring only from the top vibra-
tional level, even with allowance for a nonequilibrium
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distribution over vibrational states. This effect is
readily explained by several models that allow dis-
sociation to occur from any and all vibrational states
and with allowance for nonequilibrium distribution
over vibrational states. Two such models were set
up that permitted the caleulation of dissociation rate
constants from separately determined vibrational re-
laxation times, vibrational frequency, and hard-spheres
collision cross section—with no adjustable parameters.
The nonequilibrium versions of these models give
satisfactory predictions of rate constants and a good
account of the observed low activation energies. These
calculations indicate that diatomic molecules dissociate
from all vibrational states.

Thas work was supported by the U. 8. Atomic Energy Commis-
ston through the Inorganic Materials Research Division, Lawrence
Radiation Laboratory, Berkeley, Calif.
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Although the carbamoyl and alkoxycarbonyl func-
tional groups have been known in organic chemistry
for over a century, only in the past 9 years have in-
organic analogs been reported. It is the intent of

0 )
7 4
L,M—C L.M—C
N
NRR’ OR
carbamoyl alkoxycarbonyl

(or carboxamido) (or carboalkoxy)

(LxM is a transition metal with other ligands, L)
this Account to summarize the methods used in their
preparation, their structural and spectral features,
and their reactions, and to speculate about their role
in synthetic organic and metal-catalyzed reactions.

Since these compounds sit directly on the borderline

between inorganic and organic chemistry, it is hoped
that chemists in both areas will see applications to
their own research.

Preparative Methods

Metal Carbonyl Complexes
Alkoxides. The reaction

with Amines or

Robert J. Angelict was born in Minnesota, attended St. Olaf College,
and received his Ph.D. from Northwestern University in 1962, He
spent the following year working with E. O. Fischer at the University of
Munich. He returned to this country and began his teaching career
at Towa State University where he 1s now Professor. In 1970-1972, he
was an Alfred P. Sloan Foundation Fellow. His research interests
are in two broad areas: (1) the synthesis of organometallic compounds
and mechanistic studies of their reactions, and (2) transition metal com-
plex catalysis of reactions of biological tnterest,

Vi
L.MC=0+ + 2HNRR’ === L,MC + H,NRR'* (1)
NRR'

represents by far the most general method of preparing
carbamoyl complexes. Usually the reactions are rapid
and essentially quantitative at room temperature.
Although NH; and primary and secondary alkylamines
react smoothly, aniline and other aromatic amines
have not yet been found to undergo a similar reaction
with any metal carbonyl complex. In addition to
those designated in Table I, complexes such as (C;Hs)-
W(CO),*,' (CsHs)Mo(CO),*,t (CsH;)W(CO)s(NH;) *,2
and (CsH;)Mo(CO,;) (NH;) +,2 also yield carbamoyl com-
plexes. A related reaction® of the carbonyl-thiocar-
bonyl complex, (C;H;)Fe(CO),(CS) +, with methylamine
gives the thiocarbamoyl derivative (Cs;H;)Fe(CO),CS-
NHCH;. Amine attack on a coordinated CO ligand is
presumably also involved at an intermediate stage in
the formation of Mn(CO),(NH;)CONH,,2? Re(CO),-
(NH;3)CONH,,* Mn(CO);(NH;) [P(CeHs); JCONHS,,? Co-
(CO)s[P(C(-;H5)3]CONC5H10,5 and Hg(CONRz)QG
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