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For a series of bimolecular reactions involving hydrogen atom abstraction, pre-exponential factors in the Arrhenius equa-
tion # = 4 exp(—E/RT) have been calculated by means of activated complex theory. The structure and mechanical proper-
ties of the activated complex are unambiguously assigned from a set of empirical rules from the fields of molecular structure
and molecular spectroscopy. Bond distances around the transferred hydrogen atom are evaluated by Pauling’s rule for
fractional bonds, stretching force constants are assigned by means of Badger’s rule, reduced moments of inertia for internal
rotation are evaluated by means of Pitzer’s simple approximate method, bending force constants are assigned by analogy
with hydrogen-bonded molecules, and the reaction cosrdinate is explicitly introduced as the (highly perturbed) antisymmetric
vibrational mode of the atom transferred. With these assignments of structure and force constants, a vibrational analysis
was carried out by Wilson’s FG matrix method; for the larger activated complexes this detailed vibrational analysis was
made only for degrees of freedom close to the transferred hydrogen atom. For 8 cases out of 9 the agreement between calcu-
lated and observed pre-exponential factors is quite satisfactory. For the reaction of bromine with isobutane calculated
and observed pre-exponential factors disagree by a factor of 105. It is argued that this method of assigning properties to the
activated complex is realistic enough to constitute strong theoretical grounds for suspecting that the experimental results

were interpreted by means of an incorrect mechanism.

Introduction.—The general theory of bimolecu-
lar gas phase reactions is presented in several well
known books® To use the theory one needs to
know the structure and mechanical properties of
the activated complex. Semi-empirical rules have
been formulated for constructing potential energy
surfaces from which to estimate the structure, me-
chanical properties and electronic energies for es-
pecially simple activated complexes.? For com-
plexes of many atoms, 4 or more in cases of low
symmetry, this procedure becomes forbiddingly
complicated. For quite complicated complexes
one surrenders the hope of calculating activation
energies and concentrates on the pre-exponential
factor A ink = A exp(—E/RT). Rules have been
proposed? whereby one makes a realistic guess of
the moments of inertia of the activated complex,
and the vibrational frequencies are assumed to be
so high that the vibrational partition functions are
unity. Computations based on this level of ap-
proximation give pre-exponential factors lower than
observed ones by a factor of 10? to 106 for activated
complexes containing 4, 5, or 6 atoms.* This dis-
crepancy is removed if one makes a realistic esti-
mate of vibration frequencies and makes an ade-
quate allowance for the effect of internal rotations.*
In an effort to refine and extend the method pro-
posed in ref. 4 for computation of pre-exponential
factors, we are following a suggestion made by Pro-
fessor Pauling for the calculation of bond distances
in activated complexes. For calibration of the
method we have treated the well-known reactions
H -+ H, and Br 4+ Hs, and the calculations are ex-
tended to cover typical cases of hydrogen atom ab-
stractions from organic molecules by methyl free
radicals and by bromine atoms.

Method of Computation.—In order to calculate
pre-exponential factors A for bimolecular reac-
tions, one needs to know, both for reactants and
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the activated complex, the molecular weight, mo-
ments of inertia for over-all rotation, moments of
inertia for internal rotation, barriers to internal
rotation, all vibration frequencies and electronic de-
generacy. (One also needs the transmission coef-
ficient.) These data can be obtained for the react-
ants from spectroscopy. The problem is thus re-
duced to one of determining the structure and me-
chanics of the activated complex. It is assumed?
that the excitation energy of the reactants has gone
into the potential energy of a single separable reac-
tion codrdinate, so that the rest of the activated
complex is like a normal molecule. Thus, except
for the reaction codrdinate, one may make heavy
use of analogy with ordinary molecules. This anal-
ogy means, in particular, that normal bond dis-
tances and normal force constants are to be ex-
pected.

For purposes of kinetics any of the rules or the
tables of normal covalent radii are adequate, and
for single, double or triple bonds we use the conven-
ient tables in Pauling’s ‘“Nature of the Chemical
Bond.””® However, for the H; complex or for a
methyl radical abstracting a hydrogen from an or-
ganic compound, the bonds are more nearly “half-
bonds” than any integral order, and in this treat-
ment these bonds will be formally regarded as
“half-order.” There are various rules for the
length of a bond of any order; themost convenient
of these is Pauling’s rule®

Ry — R = 0.30 log # (1)

where R is the bond radius in A., R, is the radius of
the corresponding single bond, and # is the order of
the bond. Long standing arguments® justify a
linear complex for Hs, and this structure was as-
signed to the C-H-C links in methyl radical reac-
tions and C-H-Br links in the bromine reactions.
By these arguments and rules the detailed geomet-
ric structure of the activated complex was deter-
mined.

From Badger’s rule’ stretching force constants
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were assigned to all bonds in the complex. We know
of no equivalent to Badger’s rule for bending force
constants, so we used analogy with the bending
force constants in the bifluoride ion. The bending
force constant was taken as the bending force con-
stant in the bifluoride ion reduced by the ratio of
bending force constants in CH; and CFs.  Skeletal
internal rotations were regarded as essentially
free; wusually the methyl group internal rota-
tions cancelled out pairwise between numerator and
denominator, that is, between activated complex
and the reactant. The electronic degeneracy of the
complex was assumed to be the same as for the
methyl radical. Transmission coefficients were
taken as unity. Thus by these rules and analogies,
the mechanical properties of the activated complex,
aside from the reaction codrdinate, were assigned.

The reaction codrdinate was treated as previ-
ously.* The reaction cooérdinate for these atom-
transfer reactions can be made to appear very nat-
urally by including an interaction term in the po-
tential energy which reduces the restoring force on
the anti-symmetric vibration to zero. For the H;
complex, the potential energy expression was
taken to be

2V = ko1 + kare® + 2kinre + Rpon® 4+ kpae? (2)

The magnitude of the cross-product term is not an
adjustable parameter; in this case it must have the
value 2ks in order to cause the antisyinmetric
stretching frequency to vanish. If the two stretch-
ing force constants differ, the interaction constant is
2(k1k2) 1,

For reactious 1, 2, 3 and 9 in Table I, a detailed
vibrational analysis (including a reaction cotrdi-
nate such as eq. 2) was made for the entire complex
by the Wilson FG matrix method,® and the vibration
frequencies were used to calculate the pre-exponen-
tial factor.®* For reaction 4, the frequencies were
classified by the method of ref. 4, and most frequen-
cies were assigned from the corresponding type in
ethane and deuteroethane, but the stretching and
bending frequencies including the transferring atom
were calculated by the Wilson FG matrix method
on the assumption that the complex was a five-
atomic molecule. Thus as many frequencies as
possible were cancelled out between reactants and
activated complex, and all frequencies which do not
match-up for cancellation were computed as care-
fully as possible®; this procedure is spoken of here
as an ‘‘approximate vibrational analysis.”” For re-
actions 5, 6, 7, 8 and 10, this approximate vibra-
tional analysis was carried out. For these cases
further approximations were made: all moments of
inertia for both the hydrocarbons and the complex
were computed as if the hydrogens were located at
the nuclei of the carbon atoms to which they are at-
tached. The same approximation was made for
skeletal internal rotations*; methyl group internal
rotations were cancelled out between reactants and
complex.

For the long-chain hydrocarbons calculations
were made for abstraction of secondary hydrogens
only, since the activation energy for abstraction of

(8 Wilson, Decius and Cross, '’Molecular Vibrations,” McGraw-—
Hill Book Co., Inc., New York, N. Y., 1955.
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TaABLE I

THEORETICAL AND EXPERIMENTAL PRE-EXPONENTIAL Fac-
TORS FOR BIMOLECULAR REACTIONS WITH ABSTRACTION OF
HyDROGEN ATOMS

logio A
Reaction T, °K. Caled. Obsd, Ref,

() H+ H,— H, + H 1000 13.7 13.7 a
(2) CH; + H,—~CH, + H 455 12.0 11.5-12.5 »
(3) H+ CH{— H, + CH; 455 13.6

CD;H + CH, 455 11.3 11.5 14
(5) CD3 + C,H; —

CDyH + CyH; 455 11.3 11.3 d
(6) CHs + #-CsHig —

CH, + C.H; 455 11.8 11.0-11.5 e
(7) C}Ia + ﬂ-C5H12 -

CH, + C;Hu 455 11.7 11.0 d
(8) CHa + n-CﬁHu -

CH, + CgHys 455 11.7 11.1 d
(9) Br + Ho— HBr + H 523 14.1 13.6-14.2 f

HBr + (CH;):C 393 12.4 17.6 g

@ A. Farkas, Z. physik. Chem., 10B, 419 (1930). A. Far-
kas and L. Farkas, Proc. Roy. Soc. (London), 152A, 124
(1935). M. Van Meersche. Bull. soc. chim. Belg., 60, 99
(1951). *T. G. Marjury and E. W. R. Steacie, Disc.
Faraday Soc., 14, 45 (1953). E. Whittle and E. W. R.
Steacie, J. Chem. Phys., 21, 993 (1953). R. E. Rebbert
and E. W, R. Steacie, Can. J. Chem., 32, 113 (1954).
¢]. R. McNesby and A. S. Gordon, Tms JoURNAL, 76,
4196 (1954). < Reference 9. ¢R. E. Rebbert and E. W.
R. Steacie, J. Chem. Phys., 21, 1723 (1933). M. H.
Steacie and E. W. R. Steacie, Can. J. Chem., 31, 505
(1953). /M. Bodenstein and S. C. Lind, Z. physik. Chem.,
57, 168 (1907); M. Bodenstein and G. Jung, ¢bid., 121, 127
(1926). (. B. Kistiakowsky and E. R. Van Artsdalen,
J. Chem. Phys., 12, 469 (1044). ¢ Reference 10.

primary hydrogens is known® to be about 2 kcal.
higher (a factor of 8 at these tetnperatures) than for
secondary hydrogens. Calculations were made
for the reaction of a methyl radical with one specific
hydrogen atom, and then this result was multiplied
by the total number of secondary hydrogen atoms.
In this way the syminetry numbers were included
in the rotational partition functions of the hydro-
carbons and of the activated complexes in reactions
6, 7 and 8. For the reaction of the bromine atom
with 2-methylpropane, the calculation is based on
abstraction of the tertiary hydrogen atom; it is
known from analysis of products® that this is the
only reaction occurring iu this systein.

Results of the Calculations.—The activated com-
plexes deduced from these rules are given in Fig. 1
together with the structure assumed for the methyl
radical. In this figure small circles represent
hydrogen atoms, medium circles stand for carbon
atoms, large circles are bromine atoms, and the
ovals represent CH; or CHj groups. From: these
structures the monients of inertia and symmetry
numbers were evaluated, and these quantities are
listed in Tables IT and III. By use of Badger’s
rule the stretching force constants given in Table IV
were found. With the data in Tables II-IV the
contribution of each degree of freedom to thie pre-
exponential factor A, was computed, and these

(9) A. F. Trotman-Dickenson, J. R. Birchard and E. W. R. Steacie,
J. Chem. Phys., 19, 163 (1951).

(10) B. H. Tickstein, H. A, Scheraga and E. R. Van Artsdalen. ibid,,
22, 28 (1954).



PRE-EXPONENTIAL FACTORS FOR HYDROGEN ATOM ABSTRACTION REACTIONS 31

PrROPERTIES DEDUCED FOR ACTIVATED COMPLEXES

Vibration freq. (cm. ™)
2930, 1190, 1190

752.7, 752.7, 1441, 1441, 1643, 1643, 2984, 2984,
1322, 2665, 3145

711, 711, 1220, 1102, 1486, 2100, 2900, 2236, 2994,
2225, 2963, 1155, 970, 1260, 1055, 1460, 725, 753, 753

814, 814, 725,° 208, 4694
1200, 1200, 725,° 200, 200¢
Same as (6)¢

Same as (6)¢

1074, 1074, 1325
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TaBLE 11
Moments of inertia I internal rotation
Complex (AM.U. A2 (A.M.U. Az
(1) 1.705
(2), (3) 8.11,8.11, —*°
(4) 9.53, 57.0, 57.0 2.117
(3) 49 .4, 66.0, 115.5 3.175, 6.350°
(6) 151, 112, 263 3.175, 13.8
(7) 118, 244, 362 3.175, 14.1, 14.1
(8) 132, 427, 559 3.175, 14.8, 17.8, 13.9
(9 8.66 .
(10) 240.5, 240.5, —° ..

158.5, 158.5, 374, 1116, 1116¢

@ One moment of inertia cancels with one in the reactant. ° Only those moments of inertia for internal rotation are in-

cluded which do not cancel identically with an equivalent term in the reactant.
much lower than the corresponding C—~H stretching frequency in the reactant.

¢ This frequency is included because it is
4 These vibration frequencies include only

those for which cancellation cannot be made against an equivalent frequency in the reactant.

factors are listed in Table V. From the factors in
Table V one obtains the calculated preéxponential
factors listed in Table I. The observed pre-expo-
nential factors are listed there for comparison.

TasBLE III
PROPERTIES ASSUMED FOR THE METHYL RADICAL
I: 3.175, 1.907, 1.907; ¢ = 3

Vib. freq., cm. ™! (taken from ammonia)
3336, 950, 3414 (twice), 1627 (twice)

TABLE IV
Force CoNSTANTS FOR HALF-BONDS
Half-bond k, dynes/cm.
C-H 2.55 X 108
H~-H 2.55 X 108
H-Br 2.24 X 108
X-H-~X bend, ergs/radian 0.164 X 1011

TaABLE V

VALUES OF 4, FOR THE VARIOUS DEGREES OF FREEDOM IN
THE DIFFERENT REACTIONS

Reac-

tion A Ar Afie As
1 6.79 X 1072 6.20 3.34
2 5.15 X 1072 0.606 1.954
3 1.325 X 10~% 10.02 1.825
4 4.93 X 10~% 0.0619 6.14 6.24
5 3.24 X 1077 L1131 15.02 21.8
6 2.96 X 10~ .0116 9.83 34.4
7 2.80 X 10~% .00469 11.75 34.4
8 2.67 X 10~% .00424 11.30 34.4
9 3.59 X 10~ 31.5 6.16
10 7.82 X 10~ 4.5 58

Discussion.—In view of the uncertainties and
errors in obtaining the experimental values of pre-
exponential factors, perfect agreement is to be re-
garded as within a factor of two, and satisfactory
agreenient is within a factor of ten. For certain
reactions the spread in experimental values from
one worker to another is a factor of ten or more,
and certain of the other reactions have not been
investigated so intensively. By these standards
there is excellent agreement between observed and
calculated values of the pre-exponential factor for 8
out of the 9 comparisons in Table I. In particular

it should be noted that this very quick and rela-
tively easy computation gives values of the pre-ex-
ponential factor which agree with experiment and
with calculations made by the much more tedious
method of constructing energy surfaces.®

92 RA

ASSUMEQ STRUCTURE G2

OF METHYL RAQICAL 028

Fig. 1.—Structures of the activated complexes: small circles,
H; medium circles, C; large circles, Br; ovals CH, or CH;.

There may be some significance in the high values
for 4 caled. for the long-chain hydrocarbons, butane,
pentane and hexane. If so, it is probably due to
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hindered skeletal internal rotations for these ac-
tivated complexes.

Finally the excellent agreement between theory
and experiment for reaction 9 between Br and H.
and the 100,000 fold discrepancy between calcu-
lated and observed factors for reaction 10

(CH3>3CH + Br——> (CH;);C + HBr

require special comment. We make an unqualified
prediction that the observed value is wrong; in par-
ticular, we believe a reinvestigation of this reaction
over a wide range of reactant pressure, degree of re-
action, and pressure of additives will reveal that
the over-all reaction (CH;);CH + Br: — (CHj)s-
CBr + HBr does not follow the brouination
mechanism assumed for it."

Evaluation.—XKinetic data are often so uncertain
that order-of-magnitude estimates of pre-exponen-
tial factors are all that one can obtain from ex-
periment. There are many empirical rules and ap-
proximation methods in the field of molecular
structure and molecular spectroscopy which, though
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not good enough for many purposes in their own
field, are more than adequate for purposes of
kinetics. The rules used here for bond dis-
tances,> for stretching force coustants,® and for
moments of inertia for internal rotation appear to
be cases of this type. However, we kineticists
must await developments for comparable rules for
barriers to internal rotation and for either a Badg-
er’s rule for bending force constants or, more likely,
an adequate empirical classification of bending fre-
quencies. With such rules, kinetic pre-exponential
factors should be calculable within a factor of four
or so, without undue labor, even for complicated re-
actant nolecules. At present these calculations
appear to be valid within, perhaps, a factor of about
40. It might be remnarked that for practical pur-
poses this situation is a considerable iproventent
over the case as stated recently by Trotinan-Dick-
enson'! relative to reaction 10.

(11) A. F. Trotman-Dickenson, *'(5as Kinetics,” Academjc Press,
Inc., New York, N. Y., 1953, p. 194, linc 13.
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Velocity-Diameter Curves, Velocity Transients and Reaction Rates in PETN, RDX,
EDNA and Tetryl!
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RECEIVED JUNE 11, 1956

Velocity-diameter D{d) curves for cap initiuted, low density PET N (Pentaerythratol Tetranitrate), RDX (Cyclotrintethiyl-
ctte trinitramine), EDNA (Ethiylene dinitramine) and Tetryl (Trinitrophenylmethylnitramine) are presented. Analysis
of these curves by thie theories extant of chemical reaction rates in detonation gave total reaction times (r = McR,) ex-
pressed by average 3 values of 8.0 X 1075, 7.5 X 1075, 1.5 X 1074 and 2.5 X 10~ ¢sec./cm. for PETN, RDX, tetryl and
EDXNA, respectively; and ¢ values of 1.0, ~0.1, and ~0.04 for the geometrical model, nozzle theory and curved front theory,
respectively, (K is the average grain radius.) Low-order detonation was observed in both tetryl and EDNA in the
“non-ideal’”’ detonation region and slightly into the “ideal”’ region for charge lengths less than 2 to 5 cm. and diameters less

than 3 to 5 cm.

At the end of this low-order regime detonation changed over abruptly to normal high-order detonation in

all except the sniallest diameter charges of coarse tetryl where the high and low-order detonation curves could not be re-

solved.

Aside fromr their practical value, velocity—di-
ameter or D(d) curves have theoretical value in
providing (by curve fitting) the parameter 7 (total
reaction time), or g, (reaction zone length), occur-
ring in the various theoretical models of reaction

a

rates i detonation, namely, the ‘‘nozzle” theory,?
the “curved front”? theory and the ‘‘geometrical”
model.*  Moreover, conparisons of the theoretical
and observed D(d) curves are helpful in evaluating
these theories. Previous such applications have
been carried out in this Laboratory for TNT,%
DNT,® AN in the pure state and in TNT and Com-
position B,® sodium nitrate in TNT,” and for bar-
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Revs., 45, 69 (1949).
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iun nitrate, lead nitrate, aluminu and other in-
gredients in TNT aud in some cases, Composition
B.

This paper presents velocity—-diameter curves for
low density PETN, RDX, tetryl, and EDNA to-
gether with the reaction rates computed by means
of the three published models of reaction rates in
detonation. Presented also are experimental data
concerning a velocity transient observed to occur in
the early stages of the detonation process in the
small diameter charges of low density, cap initi-
ated tetryl and EDNA. Another factor of impor-
tance in evaluating and applying the curved front
theory aside from the D(d) curves is the steady-
state shape of the detonation wave. Experimental
wave shape results with these and other explosives
were presented by Cook, et al.®

Experimental Methods and Results

The explosives used in this study were of the highest (serv-
ice) available purity and were screened using U. S. stand-
ard Tyler screens. The screen cuts used for PETN were
—35 +48 mesh and —65 ~+100 mesh, —65 ~+100 niesh

(8) M. A. Cook, G. S. Horsley, R. T. Keyes, W. 8. Partridge and
W. O. Ursenbach, J. Appl. Phys., 87, 269 (1936).



