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KINETICS OF RECOMBINATION AND
DISPROPORTIONATION REACTIONS
OF ALKYL RADICALS

A . D . S t e p u k h o v i c h and V . A . U l i t s k i i

The present review is an attempt to collect and syste-
matise information from numerous Russian and non-
-Russian papers on the kinetic study of recombination and
disproportionation reactions of free radicals.

Recombination and disproportionation of alkyl radicals

P+O,

(1)

(2)

(Rx and Rg are alkyl radicals, Ρ is a paraffin molecule,
and Ο is an olefin molecule) are the main types of reactions
in which chains are broken, or free valencies disappear,
in numerous organic reactions that proceed by a radical
chain mechanism in the gas or liquid phase. On the other
hand, these reactions are thermodynamically linked with
the dissociation of alkanes and the molecular dismutation
of alkanes and alkenes, which are possible routes to radi-
cal initiation in conversions of hydrocarbons at high tem-
peratures. Actually, the radical chain mechanism
results from the competition between these reactions and
chain-propagation reactions.

In the experimental study of substitution reactions

R + M-RH + Ri.

the difficulty of setting up an experimental model of reac-
tion (3) is encountered, since under experimental con-
ditions with sufficiently complicated radicals (beginning
with C2H5), reactions (1) and (2) occur to a great extent,
and these require virtually no activation energy. This
makes difficult the determination of the absolute rate con-
stant of reaction (3) from experimental results. However,
the relative value of the rate constant of reaction (3) may
be determined experimentally, when it is expressed in the
form of the rate constants of the recombination k1 and
disproportionation k2 of radicals. The rate of disap-
pearance of radicals by recombination and disproportiona-
tion in reactions (1) and (2) is

W = (ki + kj<№. (4)

Eliminating the concentration of radicals (R) from Eqn. (4)
and Eqn. (5) for the rate of reaction (3):

(5)

we obtain the relation

+ *•)' " (M)

(6)

Since the right-hand side of Eqn. (6) contains values that
can be calculated from the experimental kinetic curves for
the accumulation of products (RH, R ^ , Ρ, Ο) and for the
disappearance of M, the relative value of the rate constant
of reaction (3) can be calculated from experimental results.

As will be seen, by comparing reactions of the same
radical R with different molecules it is possible to deter-
mine the relative values of the rate constants of radical
reactions (3) without finding the concentrations of free
radicals (R), which up to now has presented considerable
difficulties. The essential feature of this determination
forms the basis of the now well developed method of com-
petitive reactions1 '2. In the simplest type in the method of
competitive reactions we are concerned with competing
reactions of the same order, for example

R + M! = RM,, (7)

R + Mj = RM, . (8)

The ratio of the rate constants of reactions (7) and (8)

(3)

is determined from experimental measurements of the
reaction rates Wn and W8 and the concentrations of the
molecules taking part in the reactions. If the value of one
of the rate constants (fe7 or ka) can be determined (or cal-
culated) by some independent method, the absolute value
of the other constant can be determined from Eqn. (9).

However, it is not always possible successfully to
choose a suitable competing reaction, and then Eqn. (6)
must be used to determine the absolute rate constant of
reaction (3). The solution of this problem requires
independent experiments to measure absolute rate con-
stants of the radical recombination (1) and disproportiona-
tion (2) reactions; at present these experiments present
serious difficulties and must be supplemented by theore-
tical calculations.

Experimental difficulties are one of the reasons for the
view long held that radical recombination reactions occur
with every collision3. It should be mentioned that even
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now in many experimental papers dealing with radical re-
combination reactions it is assumed that k = 1014 mole~1x
x cm3 s"1 (i.e. the steric factor s = 1 and Ε = 0 ) 4 | .

However, although the absence of a true activation
energy Ε has been confirmed by numerous experimental
results, the assumption that every collision is effective
can be shown to be doubtful. This is confirmed by the fact
that the steric factors for the addition of Η atoms to
alkenes, and also the factors for addition and replacement
reactions of Η and CH3 radicals with various molecules
(alkanes and alkenes), calculated by the transition-state
method as applied to radical reactions 5>6>7, have low
values. It may therefore be assumed that recombination
reactions of CH3, or more complex radicals, must also
have low steric factors; otherwise, it would have to be
accepted that reactions in which two free valencies dis-
appear have special steric features compared with radical
replacement reactions, in which the free valency is re-
tained, but there are no grounds for this 8. Moreover, if
the preexponential factors A of the rate constants of recom-
bination reactions are taken as equal to 1014 mole"1 cm3 x
x s"1, examination of the frequency factors of decomposi-
tion reactions on the basis of entropy changes leads to
values that are too high for the preexponential factors
(from 10" s"1 for n-alkyl radicals to 1020 s"1 for t-butyl
radicals4 '9). Interpretation of the negative temperature
coefficient found for the rate of recombination of CH3 radi-
cals 3 also unambiguously indicates that the steric factor s
is less than unity and its value decreases with increase of
temperature1 0.

Approximate evaluation of steric factors for recombina-
tion reactions of the simplest radicals shows that their
values are less than unity even for the recombination of
Η atoms and CH3 radicals (900°K)8. If it is assumed that
ternary collisions are necessary for the successful recom-
bination of these particles, as in the combination of hydro-
gen atoms, then the steric factor will be still lower. When
one of the recombining Η atoms is replaced by a CH3 radi-
cal, the steric factor of the recombination reaction de-
creases at first sharply, but then more gradually as the
radicals become more complex (C2H5, C3H7). In the
recombination of CH3 radicals, the steric factor decreases
still further, by one order of magnitude in comparison
with its value in the Η + CH3 reaction. However, cal-
culation gives a lower value (10~5) than that found experi-
mentally (~ 10"3) by Brodskii11.

The calculation of the absolute rate constants of reac-
tions (1) and (2), and especially the preexponents of these
reactions, is therefore of interest, since unfounded
assumptions connected with a difference of several orders
between the preexponents of reactions (1), (2), and (3)
lead to the competing relations between different radical
reactions appearing in a distorted light. However, we
shall first examine somewhat more widely the question of
the calculation of the kinetic parameters of bimolecular
reactions, since recombination and disproportionation
reactions belong to this class.

The calculation of the rate constants of bimolecular
reactions must be based on a detailed analysis of the

collision process between the particles and the accompany-
ing redistribution of energy, and it is complicated by the
fact that the interaction forces between the particles have
been little studied. This calculation of intermolecular
forces can only be made for a small number of the simplest
atoms and molecules. It is virtually impossible with
complex particles, since their electronic molecular wave
functions and potential energy surfaces are not known with
sufficient accuracy. Therefore, only the approximate
calculation of the reaction rate constant on the basis of a
simplified collision model can be considered; quantum-
-mechanical methods of calculating the cross section may
be used for these. One of these approximate calculations
was made by Bauer and Wu for the exchange reaction
H2 + X = HX + H, where X is a Cl or Br atom12; an
approximate value of 10"2 (300°K) was found for the steric
factors of these reactions, which is in good agreement with
calculations by the activated-complex method8 and also
with experimental results1 3.

In recent years electronic computers are being in-
creasingly used for quantum-mechanical calculations.
However, the calculations could only be carried out in the
simplest of cases and with approximate methods and
models. A number of papers deal with the computer cal-
culation of the probabilities of exchange reactions AB + C =
= A + BC, which has permitted a more detailed study of the
effect of vibrational excitation of the initial molecule on the
effective activation energy (minimal initial translational
energy necessary for the reaction to occur)14»15.

The question of the calculation of the rate constants of
bimolecular reactions on the basis of quantum-mechanical
collision theory has been considered by Eliason and
Hirschfelder1β; by making a number of assumptions, they
related the rate constant of a bimolecular reaction to the
reaction cross section by means of a Laplace transforma-
tion, and they obtained an expression in terms of transi-
tion-state theory.

Attempts have also been made to calculate the rate con-
stant of an elementary bimolecular reaction without making
the assumption of equilibrium between the activated com-
plex and the starting molecules17»18; the results are
approximately equal to those obtained by transition-state
theory.

Recently, phenomenological and statistical thermo-
dynamics of irreversible processes are becoming more
widely used in kinetic investigations. An important step
in the construction of a logical theory of irreversible
microscopic processes is the deduction of general expres-
sions for kinetic coefficients from correlation functions19.
However, their application to chemically reacting systems
meets with great mathematical difficulties. Thus, a more
nearly correct calculation of the rate constant of bimole-
cular reactions encounters serious mathematical difficul-
ties, and a number of assumptions leads to a result simi-
lar to that obtained by transition-state theory20»21. The
activated-complex theory makes it possible to determine
the steric factor in the expression for the preexponential
factor of the rate constant (A = sZ), which for bimole-
cular reactions has the form5:

t For this reason, in the method of competing reactions for
studying the kinetics of reactions in which radicals are replaced
by various organic molecules, the radical recombination reaction
was used as a convenient standard of comparison, since then the
relative values of the steric factors and activation energies agree
with their absolute values.

h Z QAQB

(the generally accepted symbols have been used in this
equation7; in what follows it is assumed that γ = 1).
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Approximation expressions for the temperature coeffici-
ent of s for reactions in which complex particles participate
may be obtained7'22 by logarithmic differentiation of
Eqn. (10):

sr/sTl =

and for reactions in which Η atoms participate:

sT/sTi = (7Ί/Γ)».

(11)

(12)

In the transition from higher to lower temperatures
(900-300°K) the steric factors of the corresponding reac-
tions increase within the limits of two orders (for CH3 and
more complex particles) or one order (for Η atoms).
Experimental results obtained by the study of recombination
of CH3 radicals confirm this conclusion3»10.

Because of the absence of spectroscopic data, the cal-
culation of the rotational and vibrational partition functions
of radicals and activated complex required by formula (10)
meets with considerable difficulties. The necessary
assumptions that enable satisfactory results to be obtained
have previously been discussed in detail7. The results of
calculation of steric factors of addition and replacement reac-
tions of Η atoms and CH3 radicals with saturated and un-
saturated hydrocarbons on the basis of Eqn. (10) leads to
good agreement with experiment7'23. In later papers by
non-Russian authors, preexponential factors in reactions
between the simplest molecules and radicals have been
evaluated in the same way.

The preexponential factors for twelve bimolecular reac-
tions between simple inorganic molecules and radicals
(including the atoms N, O, F, Cl) have been calculated by
the transition-state method by Herschbach and coworkers24.
In these reactions, the number of atoms in the activated
complex did not exceed 5 or 6, and its structural and
mechanical properties were calculated from the properties
of the initial and final molecules. For the reaction
NO + O3 = NO2 + O2 the normal vibrational frequencies for
the complex NO-O3 were calculated from the assumed
geometry and the force constants of NO2 and O3 molecules.
The values of the steric factors found for these reactions
were low (lO-i-lO"3) and are in satisfactory agreement
with experimental results!; however, usually the cal-
culated preexponents were less than those obtained experi-
mentally, which confirms the necessity of regarding the
activated complex as a molecule in which a somewhat
elongated bond is being formed21.

In a number of reactions in which a hydrogen atom is
detached (R + Μ — RH + Rx; R = H, CH3, CD3, Br) the
bonds formed in the activated state were assumed to be
longer than those in the corresponding hydrocarbons; in
finding the length of the bonds formed the authors a 5 ' 2 e

followed Pauling's empirical rule 2 7 for the relation between
the covalent radii of bonds and their order:

R (1) - R(n) =0.3 logn, (13)

where R(l) is the radius of the corresponding single bond,
R{n) is the radius of the bond formed, which by hypothesis
is always considered to be a bond of half order (n = f ) 2 5 ' 2 6 .

t The preexponential factors are also calculated by making an
analogy between the entropies of the activated complexes of the
reactions considered and the corresponding hydrocarbon mole-
cules similar to them in structure, but the results are not always
confirmed by experiment2i.

Formula (13) shows that the length of the Co-C bond in the
activated complex increases by about 0.18 A.§

The application of Pauling's empirical rule (13) enabled
the structure of the activated complexes to be determined
and Qrot to be approximately calculated (in the calculation
it was assumed that the Η atoms are localised in the nuclei
of the C atom with which they are linked).

The vibrational partition function has been approxi-
mately evaluated24. On the basis of these and a number of
other assumptions, the preexponential factors for reac-
tions in which Η atoms are abstracted have been found within
a factor of ten. Values of the steric factor (ΙΟ^-ΙΟ"3) in a
number of available instances are in good agreement with
those found by calculation from formula (10) and by experi-
ment23.

The preexponential factor of a reaction of the type
RH + Cl = R + HC1 (where R = CH3 (has been obtained from
partition functions calculated by the classical method20 and
is in agreement with the experimental valued. This
method of calculation has the advantage that it requires
less detailed information on reagents and activated com-
plexes; in particular, and this is very important, data on
the normal vibrational frequencies of the reagents and the
activated complex are not required. Calculation of the
classical partition function, of course, requires a know-
ledge of the potential energy surface. The authors assume
that it corresponds approximately with the potential energy
surface for the reaction H2 + Cl = HC1 + H. The bonds in
the activated complex (C-H and H-Cl) were assumed to be
longer than in the corresponding compounds, in accordance
with Pauling's empirical rule (see above). The preexpo-
nential factor of this reaction was evaluated on the basis of
these assumptions.

The method of calculating preexponential factors con-
sidered has been generalised for reactions of the type
CF3 + RH — CF3H + R, (where RH = C2He, n-C3H8, n-C4H10)
and the case has been considered in which the activated
complex may be represented as an aggregate of three
rigidly linked groups, each with its own reaction centre
(three-centre problem X-Y-Z)3 1. Information on the
potential energy surface may be obtained from the force
constants of the particles. The preexponential factor A
may then be expressed in terms of the force constants and
other characteristics of the reacting particles and the
activated complex (bond length, symmetry number, etc.).
The unknown valence force constants for the selected geo-
metric structure of the activated complex were roughly
evaluated31 by Badger's empirical rule3 2, and the deforma-
tion force constants were obtained from a comparison with
simpler known examples. The calculated preexponents of
these reactions agree with the experimental values; it has
been shown that the quantum correction in this classical
evaluation of the partition function is not great, being less
than 1.4 when ω < 1000 cm"1 at 400°K.31

In radical polymerisation reactions a number of questions
may be interpreted in the light of the calculations of steric
factors3 3. It has been found that the steric factor of the

§ This rule has also heen used for other types of bonds26»28»29.
Τ Some divergencies from experimental results which have

been found by Knox and Trotman-Dickenson in the evaluation of
the preexponents of the rate constants of analogous reactions on
the basis of transition-state theory are due to a somewhat simpli-
fied approach to the calculation of the partition functions of the
initial particles and activated complexes20.
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propagating refaction in the molecular and radical poly-
merisation of ethylene greatly diminishes only in the early
stages of polymerisation, but then the formation of trimer,
tetramer, etc. occurs at a constant value of s (10~5-10~6).
Similar relationships are observed in radical polymerisa-
tion reactions of propene, in which the steric factor of
initial chain growth is particularly low (10-7-10-9). This
explains why polymerisation of unsaturated molecules is
frequently interrupted at the dimerisation stage Μ , and also
indicates that polymers of different chain length are equally
reactive3 5. A comparison of the steric factors in radical
and molecular polymerisations! shows that under the same
conditions radical polymerisation must proceed more
rapidly than molecular, because of the low activation
energy in the propagating reaction (4-7 kcal instead of
38 kcal for molecular polymerisation).

Thus, numerous calculations of preexponential factors
of addition and substitution reactions between simple
molecules and radicals based on transition-state theory
show that these reactions have low steric factors (s ̂
=* 10"1-10"5), in agreement with experimental results.

We shall now consider the kinetic characteristics of radi-
cal recombination and disproportionation reactions2 3 '3 7"4 3.

A current model for radical recombination reactions
enables activation energies to be calculated and also per-
mits a more nearly correct calculation of steric factors of
these reactions, and rate constants can be evaluated from
these.

Let us consider the recombination reaction A + Β = AB.
If A and Β are atoms, the potential energy surface is two-
-dimensional, i.e. it is a curve similar to a Morse curve.
Since the approaching atoms have a relative angular
momentum, it is still necessary to calculate their centri-
fugal energy of rotation for each quantum state and for each
distance between them. From this the position of the
activated state on the potential energy surface can be
determined; the energy maximum equal to the sum of the
rotational and potential energies will correspond to this
position. From this and the most probable value of the
rotational quantum number j * for the activated complex,
the most probable interatomic distance (effective collision
diameter) in the transition state can be calculated. As
calculations show21, the value of the effective collision
diameter r* is several times greater than the equilibrium
interatomic distance in the molecule AB (for H-H, r* =
= 4-5 A), and therefore the energy of dispersion interaction
may be used as an approximate evaluation of the energy
barrier. The rate constants of recombination reactions of
some simple radicals have been calculated from the theory
of absolute reaction rates by the use of this method with
some assumptions44"47.

The steric factors of radical recombination reactions
can be calculated from more detailed information on the
activated state, and the activation energies can also be
calculated by the solution of two transcendental simul-
taneous equations which may be obtained from the accepted
model of the recombination reaction. Actually, the energy
barrier Ε is the difference between the centrifugal energy

t Low steric factors in polymer chain-lengthening reactions
mean low preexponents, and therefore reaction rates are not so
high, although the reactions have low activation energies.
Recently it has been found36 that in methyl methacrylate poly-
merisation reactions the steric factor is 10~4.

€j and the polarisation energy ep of the approaching radi-
cals; when account is taken of the dissociation energy of
the molecule D and its vibrational energy ev the energy
barrier is given by:

E(r,j) = *,-(D-eo)-Ep. (14)

In the activated state Eqn. (14) has a maximum, that is, the
following condition holds:

dr

from which the equation for r follows:
(15)

The probability of the activated state u>(r, j) is calculated
in the usual manner

The most probable values of j * for the activated complex
may be calculated from the condition

(16)

and then the interatomic distances r* of the separating
particles in the transition state may be evaluated. The
height of the barrier (Eqn. 14) that must be overcome by
radicals to form a stable molecule may be evaluated from
the values of r* and j * found. The parameters in Eqn. (15)
and Eqn. (16) characterise the physicochemical properties
of the radicals (their polarisabilities and ionisation poten-
tials) and the bond of the activated complex formed (its
dissociation energy, vibrational constant, and equilibrium
distance).

It is well known that free radicals have ionisation poten-
tials that differ little from the ionisation potentials of the
molecules from which they are obtained. Concordant
values of the ionisation potentials of many alkyl radicals
have been obtained by electron-impact, photoionisation, and
other methods48. Since the occupied electronic radical
orbitals are not lower than the orbitals of the related mole-
cules, it may be assumed that they are geometrically simi-
lar to one another49. This suggests that the polarisability
of the radical is intermediate between the polarisabilities
of the alkane and alkene molecules (the values for the
latter are close50).

Values of the dissociation energy of the corresponding
bonds may be found in the literature46'51. The numerical
value of the vibrational force constant differs little from
the stretching vibration of the corresponding C-C (or
C-H) bond. Data required for calculating the parameters
in the equations above, and also the parameters themselves,
have been published23'37.

Table 1 is concerned with recombination reactions,
mainly of alkyl radicals.

The transcendental Eqns. (15) and (16) have been solved
on a Ural-1 electronic computer. The following conclu-
sions may be drawn from the results obtained.

1. With regard to the energy barrier, radicals entering
into the reactions are practically equivalent, since the
activation energy of the recombination reaction Ε is 200-
300 cal.
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TABLE 1. Steric factors and rate
ic

t I
on

S o'
or z

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23

Reaction

H+CH 3

H+C a H 6

H+C.H,
H + Q H ,

CH 3+C aH,
CH 3+C 3H,
CH 3+C 4H,
C H 3 + C 5 H n

C J H J + Q H ,

(]VpjB _j_ C4H9
CjH5+C6H n

(-.jjH^—f—(-.5117
C.H7-J-C4H0
Q JI.-(-CsHii
CiHg-f-CiHj
C4He-|-C6Hii
C5H1 ι -j-CgHi 1
2Uo-C3H,
21so-C4He

2s-C.H,
2t-C4H,

5

2.3
5.5
1.7
5.9
1.1
2.3
5.6
2.2
1.2
1.0
3.3
2.0
1.6
1.2
1.0
8.3
7.5
5-5
3.3
2.5
1.8
1.4
1.6

racombinattori

10-s
10~J

ίο-*
10-"
10-

10-
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-"
10-1
10-»
10-»

0

2.0
7.3
3.1
1.2
49
1.3
3.8
1.5
9.5
6,4
2.5
1.5
1.3
1.0
8 0
7.1
5.6
4.5
2-8
2.0
1.3
1.1
1.2

constants for the recombination and disproportionation of alkyl radicals.
900

* 1

10-»
IO-12
IO-12
10-ia

10-w
10-w
10-M
10-16
10~15
ΙΟ-is
10-16
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-

15

16

16

16

16

(

[ β

L5

9

8

8

°K

S i

2.7
1.1
5.4

3.5
7.7
6.4
3.5
2.2
9.2
5.7
4.7
3.4
2.8
2.3
2.1
1.8
1.1
3.7
1.3
5.2
1.2

dis pro parti on at ion

10-3

10-»
IO-4

ΙΟ" 5

10-·
10-·
10"'

10-·
10-'
10-'
10-'
10-'
10-'
10-'
10-'
10-'
10-'
10-·
lO-io
10-»
ίο-»

3.5
2.1
1.0

1.9
5.'3
4.4
2.7
1.4
6.9
4.2
3.7
2.8
2.3
2 0
1.6
1.4
9.4
3.0
1.0
3.9
0.9

IO-12
IO-12

10-u

10-M
10-w
10-ie
10-15
10-15
10-"
10-"
10-"
ΙΟ""
ΙΟ""
10-"
10-"
10-"
10-"
10-16
10-1»
10-18
10"1 '

s

3.6
8 . 0
2 . 0
9.2
9.1
1.9
4.5
1.8
9.6
8.0
2.6
1.6
1.3
9.9
8.0
6.7
6.0
4.4
2.6
2.0
1.4
1.1
1.3

recombination

Ι Ο ' 1

ίο-»
10-2
10-3

10'2

10"*
10-3

ΙΟ"8

10~4
10-
10-
10-
10-
10-
10"
10"
10"
10"
10-
10-
10-
10-
10-

1

1.8
6.6
2.8
1.1
2.3
6.1
1.8
7.0
4.5
3.0
1.2
7.0
6 1
4.7
3.8
3.4
2,6
2.1
1-3
9.4
6.1
5.2
5.6

30C

lO-io

10-»
10-»
10-»
10-»
IO-12
IO-12
10-1»
10-i»
10-u
10-u
10-w
10-u
10-M
10-14
10-M
10-M
ΙΟ""
10-u
10-M
10"1 8

ΙΟ"·'
1 0 - "

°K
disproportionation

S i

2.4
1.0
4.9

1.7
3 6
3.0
1.7
1.0
4.3
2 7
2.2
1,6
1.3
1.1
9.9
8.5
5-2
1.7
0.6
2.5
5.7

1
10"s

10~s

10-

10-
io~
10-
10-
10"
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-
10-

1.9
1.1
5.9

5.2
1.5
1.2
7.5
3.9
1 9
1.1
1.0
7.7
6.2
5.5
4.4
3.9
2.6
8.3
2.6
1.1
2.5

*.

10-»
IO-»
IO-12

10-13
10-w
10-1»
IO-14
10-H
10-M
10-u
10-w
10-"
10-15
10-16
10-16
10-15
10-15
10-M
10-18
10-"
10-ie

2. The distance r* between the radicals in the activated
complex is several times greater than the distance sepa-
rating the radicals in the corresponding hydrocarbon and
is equal to 4-5 A for all reactions (900°K).

3. At normal temperatures (~300°K) the value of r* in-
creases by about 1 A, which increases the temperature
dependence of the steric factors.

4. A change of 10-20% in the values of the parameters in
Eqn. (15) and Eqn. (16) leads to virtually the same solutions,
which indicates the lack of sensitivity of the equations and
the possibility of using them in the calculation of kinetic
characteristics.

Therefore, in the study of radical recombination reac-
tions the preexponents of the rate constants of these reac-
tions are particularly significant, since the exponential
factor is always of the order of unity — exp (-E/R1) =* 0.7.
Here it is easy to follow the effect of the structure of the
reacting particles on the change in their reactivity, since
the difference between the activity of the radicals in com-
bining is due only to a change in steric factors.

The steric factors of recombination reactions of alkyl
radicals were calculated from Eqn. (10). In contrast to
previous calculations8 (the length of the bond formed in the
activated complex of recombination reactions was taken to
be 15-20% greater than the bond in the corresponding
hydrocarbon) values of r* obtained by solving the equations
above were used. This led to a tenfold to f ifteenf old increase
in the steric factors compared with values previously
calculated.

The results of the calculation (Table 1) show that the
steric factor is of the order of unity only for the recom-
bination of such simple radicals as Η and CH3 (300°K).
At higher temperatures the value of s decreases by two
orders (s « l x ΙΟ"2). For more complex radicals in
reactions of the type (H + R = HR), the value of s de-
creases at first by an order and then more gradually.

The value of the steric factor for the recombination of
two CH3 radicals is 9 x 10~2 (300°K), or 10~3 (900°K). As
one of the combining radicals becomes more complex, the
value of s decreases, and for the recombination of CH3 and
C5Hn radicals it reaches a limiting value (s3 0 0 « 10~3;
s 9 0 0 « I0'5)·

A similar picture is observed for the recombination of
I5 radicals; the steric factors for their recombination

are 8 x 10"4 (300°K) and 10~5 (900°K), which are lower by
two orders than the factors for the recombination of two
methyl radicals. For this group of reactions the value
of s decreases gradually as the radicals become more com-
plex, and the limiting value is lower than in reactions in
which CH3 radicals take part (s 9 0 0 « 10"e, s 3 0 0 ^ 10"4).

In the recombination of C3H7 radicals there is a slight
reduction in the steric factor (s 3 0 0 ^ 10~4, sB 0 0 =* 10~e),
which scarcely changes as the combining radicals become
more complex.

Recombination reactions of more complex radicals have
about the same values of s (s3 0 0 ^ 4x 10"5, s e o o =* 10~7).

Recombination reactions of the isomeric radicals iso-
-CgH7, s-C4He, and t-C4He have lower steric factors.
Evidently, this is because the branched structure of the
radical inhibits the formation of the dimer.

Thus, as the reacting radicals become more complex
the steric factors of their recombination reactions de-
crease. Therefore, more complex radicals are less
reactive; the value of the steric factor may be taken as a
measure of the activity of the radicals. The results of the
calculation of steric factors show that the activity of free
alkyl radicals decreases with increasing chain length up to
a certain limit (C3-C4), after which there is almost no
further change; secondary and tertiary radicals also show a
decrease compared with primary radicals. According to
Semenov51, this is connected with the interaction of an
electron of the free valency with electrons of the adjacent
C-C and C-H σ-bonds. This leads to a change in the
shape of the radicals and to comparatively small changes
in electron density due to overlap and interaction of the
electron clouds of the free electron and the electrons of
the σ-bonds. It is this type of interaction that reduces
the activity of alkyl radicals in the transition from CH3 to
C4He, and also when hydrocarbon branching increases up to
a certain limit.

The recombination rate constants were evaluated from
the values found for the steric factors, numbers of binary
collisions ζ of reacting radicals, and activation energies
of these reactions; the values of these constants together
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with the calculated steric factors are given in Table 1. It
is of interest to compare the theoretical and experimental
values of the kinetic parameters considered.

Avramenko and Postnikova53 made a kinetic study of the
recombination of the simplest CH3 radicals at low tempera-
tures, when the steric factor of this reaction has the low
value of ~ 0.1 (the calculated value of s300 is 9.1 x 10"2).
As the temperature is raised, the value of the rate con-
stant falls, because of the temperature dependence of the
preexponential factor. The calculated steric factor for
the recombination reaction of CH3 radicals falls to 10~3 at
high temperatures; this agrees with the experimental
value obtained by determining the temperature dependence
of the rate constant by means of tracer atoms u .

A negative temperature dependence was also found for
the recombination of CH3 and CgHg radicals in a study of the
mechanism of high-temperature cracking of ethane; this
indicates a low steric factor for this reaction54. The
experimental value of the steric factor (~ 10~3) is close to
the calculated value (2.3 x 10~*) (Table 1).

In a number of instances the concentrations of react-
ing radicals have been obtained from experimental
results4 4»4 5'5 5; this enables the rate of accumulation of
dimer, W = fcx(R)2, to be evaluated from the calculated rate
constant of the radical recombination reaction. Compari-
son shows that the calculated rates of recombination and
disproportionation of C3H7, and C5HU radicals are

(T 2)
^ 3 7 5 U

in good agreement with the experimental values (Table 2).
It is interesting to study the change in the reactivity of

radicals with the introduction of substituents and also with
the introduction of a new partner in the recombination
reaction. Theoretical examination of the recombination
of CF3 radicals, and also of the combination of CF3 and
CH3 radicals3 7, shows that these reactions are energetic-
ally similar to the reactions described above (E =* 200-
300 cal, r* =* 5 A). The calculated steric factor for the
recombination of CF3 radicals is considerably lower
(4.6 x 10"e, 900°K) than the factor for the analogous reac-
tion with CH3 radicals. For the recombination of CF3

and CH3 radicals s has an intermediate value (5.2 x 10~4).
It follows from these results that replacement of Η atoms
in CH3 radicals by F atoms (with a greater atomic volume
and the more polar C-F bond) leads to a sharp reduction
in the steric factor, but differences between the recom-
bination reactions of CH3 and CF3 radicals have not been
observed experimentally •·. The experimental activation
energy for CF3 radicals {E « 2.1 kcal5 7) does not agree
with the value calculated from the accepted model. If it is
assumed that the activation energy is low, as in other
cases, a value of 10"2 is obtained for the steric factor,
which is greater than the value found, s ^ ΑΧ 10"4 (300°K)$.

Experimental results show that CF3 radicals remove
hydrogen from methane and ethane molecules more easily
than CH3 radicals 5β»β0. Only relative steric factors of
these reactions can be determined experimentally, and
since the calculated value of s for the recombination of CF»

t On the basis of experimental results on the rates of the radical
recombination reactions 2CH3 = C2He (a), CH3 + CF3 = CH3CF3 (b),
and 2CF3 = C2F6 (c), the relative change in activation entropy of
reaction (b) in relation to reactions (a) and (c) AS£ - i(ASt - AS*)
has been calculated. Calculation of this by the theory of absolute
reaction rates with the use of known values of the internal rotation
barriers for ethane and substituted ethanes gives a value close to
the experimental ratio of the preexponents 58.

TABLE 2. Calculated and experimental rates of recombination
and disproportionation of alkyl radicals.

2R4
I—P+0{2)

CH.+CHJ1

0 3 Η 7 +Ο,Η< 5

C,Hn+C,H·;

r. a

320° Κ

0.39 0.44 |0.06 0.0585

370° Κ

46 45.4 7.8 6.2

336° Κ

1.4 0.3 0.3 0.12

W (molecules cm" s*1

Wl
,yexp

)X1O'U

wexp

370° Κ

20.4 24 | 4.55 3

390° Κ

46 42-2 _

420° Κ

2.46| - 0.56 0.23

2.22

59

rexp

420c

2.47

420°

56

"a

Κ

0.46

Κ
10

*a

3

6.6

— — — —

radicals is considerably less than that for the recombina-
tion of CH3 radicals, this may be a simple explanation of
the experimentally observed increased activity of CF3

radicals in reactions with saturated molecules (the activa-
tion energies of both substitution reactions are close).

When radicals collide, in addition to recombination,
the competing process in which they are disproportionated
with the formation of two molecules is observed. In dis-
proportionation reactions, as in exchange reactions, a
hydrogen atom migrates from one particle to another.
However, ordinary exchange reactions are exothermic by
not more than 25 kcal, but the heat given out in dispro-
portionation reactions is considerably greater (50-60 kcal).
Disproportionation reactions would therefore be expected
to have a low activation energy, and as a result are
encountered no less frequently than radical recombination
reactions. This may be demonstrated by an experimental
study of the products of these reactions, which include
saturated and unsaturated molecules as well as dimer.

Free radicals are mainly obtained by photolysis or
pyrolysis of suitable compounds, by mercury photosensi-
tisation of saturated molecules, or by the addition of a
hydrogen atom to an alkene. Sources of the radicals
include molecules of metal alkyls, ketones, aldehydes,
and also other compounds. The following reaction scheme
may be used to study the mechanism and kinetics of re-
combination and disproportionation reactions52»61:

M+/!v-*2R(or (17)

2 R -

Clearly,

*, = •
(R)·

or — a n d fel = -^- (18)

k

Δ = — =

The ratio Δ may be found by analysis of the reaction pro-
ducts, the dimer Itj, P, or O, with subsequent determina-
tion of the rates of formation W of the corresponding com-
pounds. However, the reaction scheme may be more
complex than that considered above. Frequently alkene
and alkane molecules are formed by the following reactions

where r is the radical formed by removal of a hydrogen
atom from the molecule M. If at the temperatures under
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study it is still necessary to take reaction (19) into account,
then

MM)

Therefore

Since WP, WRz, and (M) may be measured experimentally,
the ratio Δ is found graphically using plots of W?/WKi

against (M). Extrapolation of the straight line obtained to
(M) = 0 will give an intercept on the ordinate equal to k2/kv

Sometimes additional difficulties are encountered, because
alkane and alkene molecules are formed in the initial
photolytic step5 2.

When radicals are formed in the presence of an excess
of hydrogen atoms by addition of the latter to alkenes, the
value of Δ may be found by determining the relative
amounts of Ρ and R2 in the products, provided that the
reaction R + H8 = RH + Η plays an insignificant part at the
experimental temperatures w . This method of investigation
has two disadvantages63. The first is that a careful mass-
-spectrometric analysis of the dimer (which is not an easy
task) must be carried out to determine which radicals are
present in the reacting system. Moreover, radicals
formed by the addition of Η-atoms to alkenes have a con-
siderable excess of internal energy (~ 40 kcal), which
makes them unstable with regard to decomposition into
simpler particles. For these reasons, results obtained by
this method should be viewed critically.

Numerous experimental results that have been quoted
very frequently in recent years for the ratio of the rate
constants of disproportionation and recombination reac-
tions have been obtained by a study of the systems men-
tioned. The main reason for the divergence of experi-
mental values of Δ appears to be the use of different
methods of initiation, leading to the production of radicals
with different internal energies. The reasons for the
divergence of experimental results obtained by different
workers is discussed by Thynne M .

The parameters s and Ε for radical disproportionation
reactions have been obtained from Eqn. (18) with the use of
experimental values of Δ and on the assumption4 that each
collision leading to the combination of two radicals is
effective (s = 1, Ε = 0). Since the experimental ratios of
the rate constants are of the order 1-10"1, it is concluded
that the steric factors of radical disproportionation reac-
tions are within the same limits; it is assumed that the
activation energies of these reactions are approximately
equal to the activation energies of recombination reac-
tions 6 S. However, it has been shown in a number of
experimental and theoretical papers that s is less than
unity in radical recombination reactions (Table 1). Such
an approach to the numerical evaluation of the preexponen-
tial factors of disproportionation reactions on the basis of
experimental values of Δ and the assumption that k1 =
= 1014 mole"1 cm3 s"1 for all alkyl radicals is therefore
unsound. In this connection, the calculation of absolute
rate constants of radical disproportionation reactions and,
in the first instance, more detailed evaluation of pre-
exponential factors are of interest.

Available experimental results on radical dispropor-
tionation reactions (the systematic study of which began in
the last decade) do not allow the setting up of any definitive

reaction model. Combination and disproportionation
reactions of deuterated ethyl radicals have been observed
in the photolysis of 2,2,4,4-tetradeuterodiethyl ketone66;
two possible mechanisms for the disproportionation of ethyl
radicals were considered: the "head-to-tail" mechanism

CH.-CH,- + H-C^-CH,- = C.H, + C,H4, (21)

and the "head-to-head" mechanism

CH,-CHa- + H-CH-CH, = CjH, + C,H4. (22)

On the basis of a study of the isotopic composition of
the products (the ethylene consisted of 90% C^I2D2), it was
concluded that the radicals preferentially disproportionate
by the "head-to-tail" mechanism (CH3-CD2... H-CH2-CD2).
Similar results were obtained in the pyrolysis of the same
ketone67. Mass-spectrophotometric analysis of the pro-
ducts showed that CHgCD-jH and CH2=CD2 are mainly ob-
tained in the disproportionation of ethyl radicals.

The possible mechanism of the disproportionation of
alkyl radicals has again been discussed in a number of
recent papers. Bradley draws attention to the similarity
of the values of the rate constants of radical recombination
and disproportionation reactions4 0. It has previously been
noted that the activated complex in recombination reactions
consists of two freely rotating radicals4 6. Since the rate
constants of recombination and disproportionation reac-
tions are close, it is reasonable to assume that the radi-
cals also rotate freely in the activated complex in dispro-
portionation reactions. From this it can be concluded
that the transition states are identical. However, the
"head-to-tail" mechanism cannot allow such freedom to the
radicals in the activated state undergoing disproportiona-
tion, and since the energy surfaces corresponding to radi-
cal recombination reactions scarcely change with the
radicals considered (this is demonstrated quantitatively
by calculations of the activation energies of these reac-
tions), it must be assumed that rearrangement of the
activated molecule for disproportionation occurs after
passage through the transition state. Because dispropor-
tionation is a highly exothermic process, the energy
barriers to rearrangement cannot exceed the initial activa-
tion energy of the radicals, and therefore cannot be
expressed experimentally as temperature coefficients of
the reaction.

For the reaction between ethyl radicals Bradley con-
siders the rearrangement of an activated molecule formed
by the "head-to-head" mechanism, which has the following
form in the case of radical recombination reactions:

The central C-C bond is ruptured in the reaction and
a hydrogen atom is transferred from one half of the
activated butane molecule to the other. The author con-
cludes from an examination of the activated butane mole-
cule that a β -hydrogen atom migrates to the methylene
group of the other radical, and this converts the system
into the reaction products, ethane and ethylene; as a result
of intramolecular movements, the hydrogen in the β -posi-
tion of one radical comes closer to the methylene group of
the other radical than do the other hydrogen atoms.
Bradley presents a number of proofs of the proposed
mechanism40.

Kerr and Trotman-Dickenson have proposed a similar
explanation of the mechanism of disproportionation of alkyl
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radicals4»41. Because of the closeness of the rate con-
stants of reactions (1) and (2), they assume that radicals
in the activated complex of disproportionation reactions are
no less free than in the complex of recombination reactions.
The structure of the activated complex in a "head-to-tail"
disproportionation reaction does not allow such freedom to
the radicals. It is considered that a dimer is formed
initially and this then decomposes by a four-centre reac-
tion. Since such dimerisation is a highly exothermic
process, the activation energy required for decomposition
is available.

This view of the mechanism of disproportionation of
alkyl radicals has been confirmed by the work of Matsuoka
and coworkers42. They investigated recombination and
disproportionation reactions of ethyl radicals obtained by
photolysis. The dependence of log Δ of 1/T is linear in the
temperature range -78° to + 85°C (some side reactions
were excluded by the use of low temperatures). The ob-
served negative temperature coefficient of this reaction
may be explained by assuming that the radical dispropor-
tionation results from deformation vibrations of the active
butane molecule which is formed by the union of two ethyl
radicals. This leads to the migration of a hydrogen atom
in the β-position from one radical to the methyl group of
the other. This process competes with the inter molecular
dispersion of energy of an incipient C-C bond which leads
to butane as the product of the radical recombination reac-
tion.

Quite recently Bradley and Rabinovitch have critically
reexamined the mechanism of radical disproportionation43.
They point out that, because of the rigidity of the acti-
vated complex, the previously accepted "head-to-tail"
mechanism cannot correspond to the transition state of the
disproportionation reaction, for which a looser structure
is assumed. It may be assumed from the similarity be-
tween the activated complexes of radical disproportiona-
tion and recombination reactions that the corresponding
saddle points are energetically and configurationally simi-
lar, and some reaction complexes may pass through both
configurations. However, the experimental divergence
between the values of kx and k2, which differ by almost a
factor of ten for most reactions of alkyl radicals, indicates
that caution must be used in drawing an analogy between the
mechanisms of these reactions. Moreover, possible
amendments to the mechanism of radical reactions§ ob-
viously change the existing point of view on the mechanisms
of these reactions.

The well-known experimental fact that £ r e c - £<& ̂  0
may be used to evaluate the rate constants of dispropor-
tionation reactions of alkyl radicals e 5. It is also assumed
that the transition state in a disproportionation reaction is
formed by a "head-to-head" mechanism; the reaction pro-
ducts then result from the transfer of a hydrogen atom in
the j3-position from one radical to the other4 0. Moreover,
by analogy with exchange reactions (the distance between
the particles in the activated complex has been found
theoretically and experimentally for the simplest of these
reactions 20>21), it has been assumed that for migration of
a hydrogen atom the disproportionating radicals must
approach one another to a distance r*, which is of the
same order as the length of the interatomic bond in the
corresponding hydrocarbon.

§ Rice recently pointed out another possible mechanism for
radical recombination reactions, which consists in the coupling of
combining radicals by means of three-centre Η-atom bonds 88.

The rate constants for the disproportionation of alkyl
radicals have been calculated from Eqn. (10) with the use
of these assumptions. The data necessary for the cal-
culation of the preexponents of these reactions have been
published23'37'39.

The results obtained show that disproportionation reac-
tions have lower steric factors and rate constants than
recombination reactions (Table 1). The reaction between
a hydrogen atom and an ethyl radical, which is one of the
simplest disproportionation reactions, has a steric factor
much less than unity (2.4 Χ 10"2) at room temperature.
Disproportionation reactions in which hydrogen and more
complex radicals participate have lower steric factors.
At higher temperatures (~ 900°K) these values of s become
still lower (Table 1), in accordance with Eqn. (11).

Replacement of a hydrogen atom by a CH3 radical in the
reaction between methyl and ethyl radicals leads to a
reduction of the steric factor by about one order (1.7 x 10~3,
Table 1). As the reacting radicals become more complex
(reactions 6-9, Table 1), the steric factor decreases more
gradually, reaching a limiting value in these reactions of
~ 10"4 (300°K) or ~4x 10"e (900°K).

A similar situation is observed with ethyl radicals (see
reactions 10-13 in Table 1); the steric factor for the
disproportionation of ethyl radicals is 10"4.

We have made supplementary calculations in connection
with the discussion above on the possible mechanism of
disproportionation of ethyl radicals. Different directions
of approach of two ethyl radicals which may dispropor-
tionate by the "head-to-tail" mechanism, and local changes
of up to 20% in bond lengths and angles change the final
result by less than a factor of 1.5. Similar calculations
on the basis of the "head-to-head" mechanism, which is also
accepted for other radical disproportionation reactions,
lead to virtually the same values of the rotational partition
coefficient of the activated complex. Thus, the difference
between these two mechanisms cannot materially affect the
value of the preexponential factors3 7.

For reactions in which more complex radicals partici-
pate (reactions 14-19 in Table 1), the values of the steric
factors scarcely change from one disproportionation reac-
tion to another (s300 = 10~5 and s9 0 0 = 10~7). These may be
considered as limiting values of the steric factors, which
no longer depend on the complexity of the disproportionating
radicals. The reduction in the reactivity of isomeric
radicals (Table 1) appears to be due to the partial screening
of the free valency caused by the branched structure of the
radicals.

The rate constants of disproportionation reactions have
been evaluated (Table 1) from calculated values of the
steric factors and the numbers of binary collisions with the
use of the assumption mentioned above on the values of the
activation energies of these reactions.

When more extensive experimental results have been
obtained, it should be possible to put forward a more
precise mechanism for radical disproportionation reactions
and to examine the energy barrier in these reactions both
qualitatively and quantitatively. At present, because of
the lack of precision of initial and experimental data which
has been pointed out, a more precise calculation of the
rate constants of disproportionation reactions would be
premature.

The ratio of the rate constants for the disproportiona-
tion and recombination of alkyl radicals can be calculated
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from the results that have been obtained. Most of the
experimental results (which have been discussed in detail
by Stepukhovich23 and Ulitskii37) are given in terms of Δ;
experimental and calculated values can therefore be com-
pared. As Table 2 shows, the theoretical ratios of the
rate constants of radical disproportionation and recom-
bination reactions are close to the corresponding experi-
mental values.

A number of attempts have been made to correlate
values of Δ with some characteristics of the processes
under consideration. If such a correlation were estab-
lished, known values of Δ for some reactions could be
used approximately to evaluate the ratios of the rate con-
stants for other reactions.

If, as Ausloos and Steacie assume ββ, the rate constants
for the recombination of different butyl radicals are equal,
values of the ratio Δ will be proportional to the rate con-
stants of the disproportionation reactions (k2). Let
Δ = ak2, the value of a being selected to make ak2 equal
to 5 for s-C4He radicals. The number of hydrogen atoms
which could be eliminated from the radical to form an
alkene product is indicated for comparison in the fourth
column of Table 3. Clearly there is a similarity between
the numbers in the third and fourth columns. This indi-
cates (under conditions such that the rate constants of the
recombination reactions are equal) that the main factor
determining the rate of disproportionation of butyl radicals
is the number of hydrogen atoms that could be eliminated
from the radical to form a stable alkene.

Kerr and Trotman-Dickenson have shown70 from
experimental results that values of A(CH3, Alk) are simply
related to the analogous Δ(Αΰε, Alk) for the corresponding
reaction of two identical alkyl radicals. They examined
recombination and disproportionation reactions between the
same and different radicals (CH3, C ^ , iso-CgH,, and
t-C4He). The corresponding values of A(CH3, Alk) and
Δ(Αΰ£, Alk) are shown in Table 4. The second column
of this table shows the number of hydrogen atoms which
can migrate in a disproportionation reaction in which CH3

and Alk radicals participate; thus in a ethyl radical the num-
ber is 3, in an isopropyl radical 6, and in t-C4Hg it is 9
(the number is denoted by the symbol IH I). The fourth
and sixth columns of Table 4 show what are termed reduced
values of the ratios of the rate constants of radical dispro-
portionation and recombination reactions (Δ/1 Η I). A linear
relationship of the following type may be established for
these values:

TABLE 4.

A(CH3,Alk)

IHI
Δ (Alk, Alk)

By means of this equation, known reduced ratios of the
rate constants of reactions between the same radicals may
be used to find analogous values for disproportionation and

TABLE 3. Ratio of the rate constants of dispro-
portionation (*2)

 a n d recombination
(kx) of butyl radicals near 100eC (it
it assumed that kt is the same for all
these reactions69).

Radical

t-C4H,
iso-C4H,
s-C4H,

4.59
0.418
2.27

10.1
0.92
5.0

Ratio of the disproportionation and
recombination rate constants of re-
actions between the same and dif-
ferent alkyl radicals7 0.

Radical

iso-C,H,
t-C4H,

| H |

3
6
9

A(CHa. Alk)

0.06
0.22
0.70

A(CH,. Alk)

| H |

0.02
0.036
0.078

A(Alk. Alk)

0.13
0.65
4.6

A(Alk. Alk)

| H |

o
o

o

recombination reactions between CH3 radicals and other
alkyl radicals. This relationship may be expressed in
the more general form:

!

*

A(Alk'. Alk-) =

| H |

A(Alk', Alk')

| H | c

which links the reduced rate constants of these reactions
between like and unlike radicals (C is a constant which is
equal to 0.95 when Alk = CH3). Too much significance
should not be attached to these linear relationships, since
they are constructed from three experimental points^.
Moreover, the experimental results of Boddy and Robb62

do not show such a correlation.

Obviously, correlations between values of Δ (Alk', Alk")
and Δ (Alk', Alk') must link not only the number of hydrogen
atoms that can migrate in radical disproportionation, but
they must also include other characteristics of radical
recombination and disproportionation. In particular, it
has been found in a number of examples examined that
changes in Δ(Αϋε', Alk") or Δ(ΑΠε', Alk') andSdis - S r e c are
symbathic and a relationship can be established between
them4 0. Moreover, as Table 1 shows, there are no
grounds for assuming that the reactivity of recombining
radicals does not change with a change in their structure
(this conclusion is true only for sufficiently complex radi-
cals). Therefore, the assumption that the rate constants
for the recombination of different radicals are equal is not
always justified, and the assumption that the correlations
depend only on radical disproportionation processes cannot
always be considered valid.

The ratios of the rate constants for the disproportiona-
tion and recombination of alkyl radicals found in different
experiments are close. The calculated values of analogous
ratios of the rate constants agree with the experimental
values (Table 5). Since the calculated and experimental
values of steric factors of radical recombination reactions
are low, and the ratios of the rate constants of reactions
(1) and (2) are close to unity, the steric factors for the
disproportionation of alkyl radicals are also low, and
these determine the kinetics of the reactions.

Since it is concluded that the steric factors for the
recombination and disproportionation of alkyl radicals are
low, these reactions may be classified as fairly slow
bimolecular reactions, and not as rapid bimolecular reac-
tions (as has been done in the literature). At high tem-
peratures (in the cracking of hydrocarbons and other ther-
mal conversions) the steric factors are particularly low
and the kinetics of the processes are determined entirely
by these factors. Therefore, the not too high reaction

1Γ With these relationships Δ(ΑΠς\ Alk") can be calculated from
a knowledge of Δ(ΑΠς', Alk') with an uncertainty covered by a
factor of 3-4. 7 1
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TABLE 5. Calculated and experimental values of Δ = r^·.

Reaction

H+CA
H+C 3 H,
H+C 4H,
CHS+C,H,
CH,+CSH,
CH 3+C 4H,
C H 3 + C 6 H n

Q S H J + C J H ,

QHs+CaH,

C2H,+C5HU

A(»h.or.)

0.29
0.4
0.53
0.08
0.08
0.17
0.17
0.13
0.16
0.16
0.16

A(expt.)

—
—

0.04'8 0.06 7 2 ·"
0.05'* 0.14"
0.15"
0 . 1 "
0.14Μ · ' 3 ·"0.15 7 Λ

—

Reaction

C,H,+C3H7

C,H,+C4H,
CjH7+C sHn
C 4 H , + C 4 H ,

C4Hj+CsHn
C(Hu+C6Hii
2iso-C,H,
2iso-C4H,
2s-C4H,
2t-C4H,

A(the«.)

0.16
0.16
0.16
0.17
0.19
0.2

0.88
0.43
2.1
4.5

A(expt.)

0.125*Ό.ι6780.157"
—
—

0.9·°0.57^-1.04'°0.741'
—

0.2"
0 . 6 " · "
0.418e00.165M

2.2780

4.59"e4.38M3.2'1

rates of radical recombination and disproportionation
reactions under these conditions are determined not only
by the low radical concentrations in the reaction zone but
also by low values of the preexponents.
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1. INTRODUCTION

One of the fundamental tasks in modern science is to
study the structure and properties of polyatomic mole-
cules. In the past two decades, in addition to traditional
chemical methods, an ever-increasing and in many
instances decisive part has begun to be played by various
physical methods, particularly methods based on the study
of the energy levels of polyatomic molecules. These
methods include electronic, vibrational, and rotational
spectroscopy and radiospectroscopic methods. The great
importance of these methods lies primarly in the fact that
they make possible the study of the structure and proper-
ties of molecules and molecular associates in any state of
aggregation without breakdown of the molecules, as usually
takes place when chemical methods are used. At present
the methods most widely used are electronic and parti-
cularly vibrational spectroscopy. This is due both to the
fact that historically they appeared before the radiospectro-
scopic methods and also to the high degree of development
and ubiquity of electronic and vibrational spectroscopy and
the wide range of varied problems which can be solved by
these methods. The rapid development of experimental
techniques and the appearance of automatic spectrophoto-
meters have also been of considerable importance.

Unlike electronic absorption spectra and luminescence
spectra, the overwhelming majority of vibrational spectra
consist of a large number of discrete lines and bands,
whose appearance is related to the presence and interaction
of various atomic groups in the molecule, so that the very
nature of the vibrational spectra gives considerable infor-
mation on the detailed structure of a complex system.

Vibrational spectroscopy, however, is an indirect
method. Experimental measurement of the parameters of
the spectrum alone (the number of bands, their position on
the frequency scale, intensities, etc.) is useless if a
relationship has not been established between the observed
quantities and the structure of the polyatomic molecule,
that is, if the appropriate theory has not been developed.
The need to develop a special theory of vibrational spectra
arose in the nineteen-thirties and -forties as a result of
the accumulation of experimental material on the infrared
absorption spectra (IRS) and Raman spectra (RS) of com-
plex molecules and the resulting desire to interpret these
spectra. At that time a solution to the problem of the
vibrational energy levels (normal vibrations) of polyatomic
molecules had been roughly outlined; the problem involved
primarily the development of a theory to explain the general
features characteristic of the vibrational spectra of homo-
logous series, to relate the vibrational spectra to the
internal structure of molecules, and to carry out the
necessary numerical calculations. This theory could be
only semi-empirical, since direct quantum-mechanical
methods were here quite inadequate.

A decisive step in this direction was taken by Elf-
yashevich1-e, who proposed a general method for formu-
lating equations for the vibrations of polyatomic molecules
in a special system of coordinates, which he called the
natural system. An analogous method was developed
independently by Wilson7"10. The introduction of natural
coordinates made it possible to apply to the theory of vibra-


