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Experimental data on the atomic cracking of propyl radicals and on the deuterization of methyl radicals
are compared with some theoretical calculations. With the aid of some assumptions concerning intra-
molecular energy transfer in the dissociating molecules involved in these and other reactions and concerning
the corresponding activated complexes, data on a number of free radical reactions are correlated.

INTRODUCTION

N an earlier communication! the specific dissociation
constants of some vibrationally excited (“active”)
molecules were estimated from data on the deuterization
of free radicals and on atomic cracking reactions. In the
present paper, theoretical estimates of these dissociation
constants will be made using some equations derived
earlier.? These calculations will be given in some detail
after a comparison of the experimental and theoretical
results.

The atomic cracking of ethyl radicals has been con-
sidered earlier® and assumptions similar to those em-
ployed in that treatment will be made here. For brevity
some familiarity with these assumptions and notation
will be taken for granted.

DISCUSSION OF RESULTS
1. Deuterization of Methyl Radicals

The deuterization of methyl radicals and of deutero-
methyl radicals can be interpreted in terms of the
following reaction sequence,

CH,D;_,+D=CH,D,_,*, (1)
kq

CHnD4—n* = CH»—ID4—n+ H, (2)

M+CH,.D¢ *=M-+CHaDy, 3)

where n=1, 2, or 3 and M is any third body capable of
deactivating the active molecule CH,D,_,*. From the
experimental data k, was estimated to be! ca SX10%A
and 8X 108\ sec™ for =2 and 3, respectively. X is the
efficiency of the deactivating collision (3).

In the following calculations the vibrational degrees
of freedom of the active molecule are assumed to be
“active” and the rotational degrees of freedom, “adia-
batic,” using the terminology of reference 2. This is
essentially equivalent to assuming that all vibrations
can contribute their energy to the breaking bond while
the rotations cannot. If one further assumes the acti-
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vated complex to be “rigid,” then the theoretical value
for %, is found to be 4.4X107 and 1.3X10® sec! for
n=2 and 3, respectively. If, on the other hand, a
“loose’® activated complex is assumed, %, is calculated
to be 2.6X10° and 6.6X10? sec™! for =2 and 3,
respectively.

A comparison of these theoretical estimates with the
data indicates the activated complex to be rigid if one
assumes A=<0.1, or loose if A~1 (A cannot be greater
than unity). We shall return to this question later.

2. Atomic Cracking of Propyl Radicals

Regarding the mechanism of this reaction as given
by (4), (5), and (6), k, was estimated from the data to
be ca 3.6XX 10°\ sec™!.

H+C;H;=C;Hg*, @
k.,

C;Hg*=CH;+-C,H;, 5)

M+C;Hg*=M+C;Hs. 6)

Adopting the previous assumptions of active vibra-
tions and adiabatic rotations %, is found to be about
2X10% and 2X 10® sec™! for a rigid and loose activated

+ complex, respectively. Clearly, the loose complex gives

very poor agreement with the data while if the complex
is rigid, A==20.1.

3. Atomic Cracking of Ethyl Radicals

For comparison with the previous results we recall
that using the same assumptions, the loose complex
gave® very poor agreement with the data while if the
complex is rigid, A=20.7.

4. Effect of Pressure on Recombination of
Methyl Radicals

In this case, too, the previous a.ssuniptions coupled
with a postulated rigid complex were consistent with
the data while the loose complex was not.?

* The degrees of freedom of this activated complex are similar
to those of the active molecule with the exception ria.t a stretching
vibration has become a translational motion in the activated
complex.

& In this complex, the radicals resulting from the decomposition
rotate freely.
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5. Conclusions

While the experimental data are not very accurate—
in some cases an error of a factor of five or ten is possible
—it does appear that data on a variety of topics can be
correlated in an approximate way by assuming a rigid
activated complex, active vibrations, adiabatic rotations
and A~0.1. If the rotations are treated as adiabatic the
data are not consistent with the assumption of a loose
complex. Conservation of angular momentum requires
that the rotations associated with the two largest mo-
ments of inertia of the decomposing molecule will be
adiabatic.? However, if the remaining rotations acted
as energy sinks for the large energy of the active mole-
cule, that is, if they were “active,” the calculated life-
time would be increased, k, decreased, and agreement
with the data possibly obtained. Calculations for this
assumption were made?® for data (3) and (4). As pointed
out in that discussion, a measurement of the steric
factors of the appropriate free-radical-recombination
reactions (in the present case, of CH;+H, 2CH; and
CH;+-C.H;) will throw considerable light on this ques-
tion. The loose complex is associated with a steric factor
of the order of magnitude of unity while the rigid com-
plex, with appreciably smaller steric factors. However,
the available data on this question are, at present,
conflicting.

CALCULATIONS
1. General

Since no degrees of freedom are assumed to be “in-
active,” Eq. (17) of reference 2 may be simplified by
setting

2. NY(E,—E:+E*)D(E;)=N*(E,+E*").

E;<E*

This expression for k, then becomes

E-I-._ Eu ri2
PitPpt X ) P(E,)
E,SE* kT
ko= ) Q)
P\T(1+7/2)hN*(E.+E¥)

where P, is the rotational partition function of the
active molecule and P;* that of the corresponding rota-
tional degrees of freedom of the activated complex. Pr*
is the partition function of those r, say, rotational de-
grees of freedom of the activated complex which
originally were vibrations in the active molecule. From
the definitions of rigid and loose complexes it follows
that =0 for a rigid complex but equals 2 for a nonlinear
loose complex consisting of a radical and an atom, and
equals 4 for one consisting of two radicals.

P(E,) is the number of vibrational states of an
activated complex whose nonfixed vibrational energy
is E,, while E* is the total nonfixed energy of the com-
plex. E, is the bond strength of the breaking bond and
N*(E,+E*) the number of quantum states per unit
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energy of an active molecule whose energy is (E,+ Et).
In the present calculations the rotational degrees of
freedom of the active molecule are assumed to be
adiabaticso that N*isgiven by the following expression,?

(Eot+EYH-E,)!
N*(E,+Et)= , 8
( + ) I‘(s)II.'hv; ( )

where the », are the s vibrational frequencies of the
active molecule,

E,=3 hvi/2,
=1

and T is the gamma-function.

The dissociation constants k, associated with reac-
tions (2) and (5) will now be evaluated with the aid of
Egs. (7) and (8).

2. Deuterization of Methyl Radicals

The rigid and loose activated complexes correspond-
ing to reaction (2) will have® a nonfixed energy, E*,
approximately equal to 3%T and SkT, respectively.
Since this energy is smaller than the vibrational quanta’
of these complexes, E,=0, and the sum in (7) reduces
to its first term. Setting E*=3kT in this equation and
noting that r=0 and Pr*=1 for the rigid complex,

we have
(Pi+/Py)

———— (9a)
hN*(E,+3kT)

For a loose complex E+ equals 5T and r=2 so that in
this case :

v S(Py*t/Py)Pr*

= (9b)
hN*(Eq+5kT)

The moments of inertia of the deuteromethanes
needed for the determination of P, were, with the excep-
tion of CH,D,, taken from data given by Herzberg.?

¢ Defining the dissociation energy of a bond as the energy
required to produce an activated complex from the parent meole-
cule, the difference in the C—H and C— D dissociation energies is,
for the rigid complex, equal to the difference in the zero-point
energies of the corresponding stretching vibrations. Thus, the
C—D dissociation energy exceeds that of a C—H bond by an
amount approximately equal to 450 e¢m™ or 1.3 kcal mole™.
Clearly the activated complexes of reaction (2) have a nonfixed
energy of 1.3 kcal mole™ in addition to the average initial relative
kinetic energy (ca 27 =0.6 kcal mole™? at 300°K) of the initial
deuteromethyl radical and deuterium atom. The net energy of
these complexes is therefore ca 37

In the case of a loose activated complex the difference in the
C—H and C—D dissociation energies is equal to the difference
in zero-point energies of the one stretching and two bending fre-
quencies of the corresponding bonds. This amounts to ca 2.3.
kcal mole™, so that the net nonfixed energy, E*, of the loose acti-"
vated complexes of reaction (2) is about (2.340.6) kcal mole™?
o~5kT at 300°K.

"The corresponding vibration frequencies are inferred from
those of the active molecule if the complex is rigid or from the
isolated free radicals if the complex is loose. .

8 G. Herzberg, Molecular Specira and Molecular Structure (D.
Van Nostrand Company, Inc., New York, 1949), Vol. 2.
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The product of the three principal moments of inertia
of CH:D; which occurs in the classical expression for P,
was estimated to be 4.8X10™% (g cm? molecule1)3.
Using an equation of Wilson and Hirschfelder? the
corresponding products for the rigid activated com-
plexes CHD;s+, CH,D;+, CH;D+ and CH,*+ were found
to be 4.1, 3.0, 2.1, and 1.4X 10~ (g cm? molecule™)3.
In these calculations, the hydrogen atom of the acti-
vated complex was assumed to be at the apex of a pyra-
mid whose height is 2.8A and whose base is the planar
methyl radical. The C—H (and C—D) distance in the
radical was taken to be 1.1A.

The rotational partition function of the loose acti-
vated complex, Py*Pg*, was evaluated as follows: The
nonvibrational motion of the radical can be resolved
into a rotation about, and a translation of, its center of
gravity. The relative motion of the centers of the radical
and of the atom may in turn be resolved into radial and
transverse motions. The former corresponds to a trans-
lation along the reaction coordinate, while the latter
may be regarded as the rotation of a diatomic molecule
of reduced mass, p=m,ms/(ma+ms), where m, and m,
are the masses of the radical and of the atom, respec-
tively. Thus, the rotational partition function of the
loose complex is equal to the rotational partition func-
tion of the radical multiplied by that of a diatomic
molecule whose moment of inertia is (2.8)%u. The prod-
ucts of the three moments of inertia of the radicals
which appear in this partition function were estimated
from the previously assumed geometry to be 0.55, 1.2,
2.3, and 4.4X 10718 (g cm? molecule™)? for CH,, CH,D,
CHD,, and CDyg, respectively.

The vibration frequencies, v;, which appear in Eq. (8)
were taken from reference 8.° Finally, there is a sta-
tistical factor equal to the number of alternative C—H
bonds of CH.D,,* which can be broken (namely #).
‘However, this factor appears automatically via the
symmetry numbers in the rotational partition functions
of the activated complex and of the active molecule.
The C—H bond dissociation energy,! E, is 102 kcal
mole™!, With T'=300°K and the previous data, the %,
values given in Table I were estimated.

Reactions (2) and (3) can occur if #=4 though reac-
tion (1) cannot. Nevertheless, the value of &, for this
case is included in Table I for completeness.

3. Atomic Cracking of Propyl Radicals
(A) Rotational Degrees of Freedom

Because of the geometric complexity of the propane
molecule and of the corresponding activated complex,
the various rotational partition functions in the ex-
pression for %, will be estimated in a rather approximate

¢ E. B. Wilson, Jr., Chem. Revs. 27, 17 (1940). J. O. Hirsch-
felder, J. Chem. Phys. 8, 431 (1940).

10 See reference 8, p. 306 ff.

" See E. W. R. Steacie, Alomic and Free Radical Reactions
(Reinhold Publishing Corporation, New York, 1946), p. 79.
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TaBLE I. k, for deuteromethanes (sec™).

n Loose complex Rigid complex
1 8.2x108 1.2X107
2 2.6X10° 4.4X107
3 6.6X10° 1.3X108
4 1.3X 10t 3.2X 108

manner. However, this estimate should be sufficiently
adequate for the present purposes.

The four degrees of freedom of the loose complex
which contribute to Pzt are two rotations of the methyl
group about axes perpendicular to the latter’s symmetry
axis and two of the ethyl group about axes perpendicu-
lar to its own C—C axis. Assuming that the C—H dis-
tance in the radical is equal to 1.1A, the appropriate
moment of inertia of the methyl group was estimated
to be 3.02X10~% g cm? molecule. The correspond-
ing moment of the ethyl group was inferred from that
of ethane to be ca 42.3X10~% g cm? molecule~!. With
this data Pg* for the loose complex was found to be
3.6X 10 at 300°K. As noted earlier Pg* equals unity
for a rigid complex.

A rough measure of the ratio, Py+/P;, may be inferred
in the following way: The three principal moments of
inertia of the activated complex will be somewhat larger
than those of the active molecule. Furthermore, the
rotation of the molecule as a whole has a symmetry
number of 2 while the complex is unsymmetrical. These
rotations therefore contribute to P,;+/P; a factor some-
what greater than 2. The two internal rotations of the
active molecule are hindered while only one is probably
hindered in the complex. The partition function of one
of these degrees of freedom will be the same in the
complex, approximately, as in the active molecule. The
remaining internal rotation, which is restricted in the
molecule but free in the complex, will contribute to
Py*/P, a factor roughly equal to that obtained for an
analogous degree of freedom in ethane?, namely, 2.0
(at 300°K). Thus the ratio P;*/P; will be somewhat
greater than (2X2). A reasonable value appears to be
about 6.

(B) Vibrational Degrees of Freedom

The active molecule, CsHg*, has an energy" of 95
kcal mole™ arising from the formation of the C—H
bond in reaction (4). Since only 83 kcal mole™! is re-
quired to break the C—C bond in propane!! the non-
fixed energy, EY, of the activated complex of (5) is®
approximately 12 kcal mole™.

Since the number of different vibration frequencies of
propane is considerable and E* is quite large, the sum
in Eq. (7) will have numerous terms corresponding to

2 A more correct value might be 12 plus the difference of the
zero-point energies of the activated complexes of (4) and (5). This
zero-point energy difference appears to be less than the experi-
mental error in the difference of the C—H and C—C bond
strengths and will be disregarded.
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all the vibrational energy levels of the activated com-
plex for which E,<E*. In order to make a simpler
though less accurate estimate of this sum, the smaller
vibration frequencies will be treated in a semiclassical
fashion, so that the sum becomes, in part, an integral.
The remaining frequencies will, as before, be considered
in a quantum manner. While the final results of this
calculation still involve a sum, the number of terms
involved is significantly less.

With this assumption, E, becomes a continuous
variable and Eq. (7) can be modified by setting

2 (E*—E,)""P(E,)

E.<E*

E+
- f (B+—E,)*P'(E,)dE,, (10)
E,=0

where P/(E,) is the number of vibrational states per
unit energy of an activated complex whose energy is E,.
We next consider a particular set of quantum states for
which the energy of the “quantized vibrations” is =,
while that of the “semiclassical vibrations” is E,—x.
The number of quantum states per unit energy of the
semiclassical vibrations is?

(B +E,—x,)!
(@I Lhw;

where the w; are the frequencies of the g semiclassical
vibrations and

: (11)

Q
E/=3 hwy/2.
=1

When the energy of the quantized vibrations is v, let
there be Q(x,) vibrational states of these degrees of
freedom and therefore we have

(Eo’+Ev — 1) q-lQ(xv)
NI .

P(E)= X2 (12)

xy <E,

after introducing (12) into (10) and interchanging the
order of summation and integration so that the new
limits are 2, < E* and E, from x, to Et, the right-hand

TasLE II.

E* (kcal mole™) L.H.S. of Eq. No. (10)* Eq. (13)®
0 1 7.85
5 11 18.8
8 58 69.8
10 139 188
13 532 670

s This sum had been previously estimated in reference 3,

b For the vibration frequencies of (see reference 3 for references and dis-
cussion) we have chosen: semiclassical vibrations, 827 (2) and 1120 (2) cm ™,
%.:)., q=‘4: quantized vibrations, 1380 (2), 1470 (4), 2927 (2), and 2975

em™,
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Tasre III.
E+
(keal mole™) ka (Eq. (5)) (sec™)
Rigid complex Loose complex
9.85 1.2 10* —
12.85 3.2x10¢ —_
14.0 4.6X10* 3.8x108
side of Eq. (10) becomes
[T(@IIdnwl X Qo)
X SE"'
EQ’
X (Eo'+ Ey— 2,) " Y(E*— E,)"%dE,. (13)
Ev=2xy .

In the present calculations r equals 0 and 4 for the rigid
and loose complex, respectively, and in the latter case
the integral of (13) was evaluated by introducing a new
integration variable, y= (E,/+ E,— ).

The discrepancy between (13) and the left-hand side
of (10) was estimated for the relatively simple rigid
activated complex involved in C;Hg=2CHj. The results
of these calculations are given in Table II. The relatively
close agreement between the two calculations for large
E* suggests that (13) will also provide a reasonable
approximation to the left-hand side of (10) for the pres-
ent calculations on propane.

The vibration frequencies of propane used in the
calculation of N*(E,+ Et) were taken® to be 375, 748,
868, 922, 940, 1053, 1155, 1179, 1278, 1355 (3), 1460 (5),
and 2950 (8) cm™!. The latter three frequencies were
rounded slightly to facilitate some subsequent calcula-
tions. By definition these are the vibration frequencies
of the rigid complex with the exception that the latter
has one C—C stretching frequency while propane has
two, namely 868 and 1053 cm™. The lone C—C fre-
quency of the ethyl group was assumed to be 993 cm™
which is the corresponding frequency in ethane.

The vibration frequencies of the loose activated com-
plex are simply those of the isolated methyl and ethyl
radicals. Those of the methyl group were inferred from
the frequencies of methyl iodide" to be 1252, 1450 (2),
and 2960 (3) cm™! while those of the ethyl group were
inferred from the characteristic group and bond fre-
quencies® to be 1000 (5), 1375 (1), 1450 (3), and 2960
(5) cm™. The remaining vibration of the ethyl radical
is a restricted rotation, whose contribution to %k, was
considered earlier.

In the calculation for the rigid complex, the fre-
quencies 375, 748, 922, 940, 993, 1155, 1179, and 1278
cm™! were taken to be semiclassical and for the loose
complex, 1252 and 1000 (5) cm™ were so adopted.

WK, S. Pitzer, J. Chem. Phys. 12, 310 (1944).

WT, Y. Wu, Vibrational Spectra and Siructure of Polyatomic
Molecules (J. W. Edwards, Ann Arbor, Michigan, 1946). The
second and third frequencies were rounded to facilitate the
calculation of &,.



LIFETIMES OF ACTIVE MOLECULES. I1 359

k. is given as a function of the energy of the complex,
E*, in Table III. Clearly the assumption of a loose
complex is inconsistent with the data (E*=12 kcal
mole™!, k,=3.6)X10°\ sec™?) so that the corresponding
calculations were made for only one value of E*. Be-
cause of a possible error in the present estimates of the
C—H and C—C bond strengths E* may be slightly

different from 12 kcal mole™. The effect on the calcu-
lated value of &, of assuming a somewhat different value
for E* may be inferred from Table III.
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