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I. INTRODUCTION methods. The review is therefore centered on poly-

atomic molecules. Szwarc (180) dealt in detail with

The main aim of this review is to present an assess-  the methods for obtaining bond dissociation energies in
ment of bond dissociation energies, which have recently  the first major review of the field, and Cottrell (50)
been revised or determined for the first time by kinetic again covered the whole subject in his monograph. It
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will suffice here to deal only with modifications and ex-
pansions of the methods which have been developed
over the past few years.

Sehon and Szwarc (169) brought Szwarc’s earlier
review up to date in 1957. An account of dissociation
energies in small hydrocarbon molecules and their
fragments (121) appeared in 1961, but the ‘best”
values proposed then are substantially in need of revi-
sion. A short book (142) was published in 1962,
and, although it deals with some aspects of bond dis-
sociation energies by kinetic methods, it was written
mainly from the point of view of the thermochemist.
While the present review was being prepared Benson
(23) published a review article entitled “Bond Ener-
gies.”” This is an excellent account of definitions,
background information, experimental methods, and
topies related to bond dissociation energies. It waswrit-
ten, however, from a standpoint entirely different from
that adopted here, and does not set out to discuss the
merits of the various determinations of specific bond dis-
sociation energies, giving mainly collective references.
Nevertheless, it is pleasing to note that the results
tabulated by Benson for bond dissociation energies in
polyatomic molecules are in substantial agreement with
those now being proposed.

As indicated by the title it is not the present purpose
to cover all aspects of the subject. Electron impact
studies on bond dissociation energies in polyatomic
molecules, which on the whole are less reliable than ki-
netic determinations, will only be considered where they
are relevant to kinetic results. No attempt has been
made to present a historical account. In cases where a
value has been in dispute over a period of many years,
discussion is initiated with a recent reference which
summarizes the early data. Most of the values con-
sidered have appeared in the literature between 1958
and September 1965, although some earlier values are
included where they are still thought to be reliable.

II. DerinrrioNs AND CONVENTIONS

The bond dissociation energy or bond strength of a
chemical bond A-B is usually taken to mean the en-
thalpy change of the reaction

A-B=A+B (Eq 1)

in the ideal gas state, and is given by

D(A-B) = AH,° = AH:°(A) + AH:°(B) —
AH°(AB) (Eq2)

Bond dissociation energies in polyatomic molecules
are referred to 298°K (Dyg) since this is a standard
temperature for thermodynamic data. Corrections
to results obtained at other temperatures are usually
small and are sometimes neglected when the accuracy
of the determination is low. For determinations
where the precision is high, such as D(C-H) values in

the lower alkanes, temperature corrections become im-
portant. In these cases it is usually assumed that the
heat capacities of the alkyl radicals are identical with
those of their parent hydrocarbons and the tempera-~
ture correction is then obtained from Kirchoff’s equa-
tion. The heats of formation of gaseous elements are
often listed at 0°K, and these must also be corrected to
298°K for calculations involving polyatomic molecules.
The relations between Dags, intermolecular forces, and
other quantities have been discussed by Benson (23).

The determination of bond strengths and heats of
formations of radicals are complementary problems
since it follows from Eq 2 that D(A-B) can be cal-
culated from the heats of formation of the radicals A
and B and the heat of formation of the compound AB.
This is often the only way of determining a value of
D(A-B) and is particularly useful for bonds involving
atoms (X), 7.e., D(A-X), since the heats of formation
of many atoms are known to 0.1 keal or better, from
spectroscopic studies. A short list of heats of forma-
tion of gaseous atoms used in this review is included
in Table XXIX. The accuracy of bond dissociation
energies calculated from Eq 2 is also dependent upon the
determinations of the heats of formation of the com-
pounds. These have been tabulated for most of the
hydrocarbons (165) and for inorganic compounds and
organic compounds containing less than three carbon
atoms (164, 175). For larger organic molecules a com-
prehensive compilation of data is lacking, although oxy-
gen-containing compounds are considered in a fairly
recent review (84). References are given throughout
this review for heats of formation of compounds not
listed in the above sources. All heats of formation of
compounds mentioned here refer to 298°K in the gas
phase.

If reaction 1 involves 1 mole of reactant then the
usual units of D(A-B) are kilocalories; this is implicit
in all the reactions considered here. Since the review
is concerned with bond dissociation energies from ki-
netic measurements of elementary reactions in the gas
phase, the kinetic units and definitions are also im-
portant. Unimolecular rate constants will be con-
sidered in units of sec—!, bimolecular rate constants in
units of mole™! cc sec™’. The temperature depend-
ence for the rate constant (k) is assumed to obey the
Arrhenius equation

loghk = log A — (E/2.303RT)
where F is the Arrhenius activation energy (kcal) and A
is a constant (same units as k) known as the 4 factor

or in unimolecular reactions as the frequency factor,
Rate constants will be expressed in the form

loghk = log A — (E/9)

where § = 2.303RT in kcal mole~!, as suggested by
Benson and DeMore (27).
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It is important to distinguish between the bond dis-
sociation energy or bond strength of a chemical bond,
as defined above, and the term mean-bond energy (E)
frequently encountered in thermochemistry. The lat-
fer quantity applies to compounds of the general type
AC, and is defined from the equation

ACh, = A 4+ nC

Hence

E(A-C) = -[AH°(A) + nAH(C) —

S

AH«°(AC,)] (Eq 3)

or in other words the average energy per bond required
to dissociate the molecule into its constituent atoms.
Mean-bond energies are often useful for thermochemical
calculations but have no real physical significance. They
usually have considerably different values from bond
dissociation energies, as shown by the example of
methane. Equation 3 gives for methane

E(C-H) = LIAH(C) + 4AH,°(H) — AH(CH)]

and from enthalpy data at 298°K, E(C-H) = 99 keal.
For the stepwise dissociation of methane, on the other
hand, the bond dissociation energies are D(CH;-H) =
104, D(CH,-H) = 104, D(CH-H) = 108, and D(C-H)
= 81 keal (section VAL).

I11I. ExXPERIMENTAL METHODS

A. PYROLYTIC REACTIONS

This method can be applied to unimolecular reactions
involving a simple bond rupture as shown in Eq 1.
The enthalpy change for this reaction is related to the
activation energies (Ei, £ _,) of the forward and reverse
reactions by the equation

AH, = AE + RT = (B, — E-1) + RT

The RT term allows for the change in the number of
moles, but this is approximately offset by the correc-
tion which should be applied to E; to bring it to 298°K,
since pyrolyses are carried out at temperatures well
above 298°K. Hence the equation becomes

AH, =2 E), — E—

The reverse of Eq 1 is a radical-radical combination re-
action for which it is usually assumed that the activa-
tion energy is zero. There is now a considerable body
of direct experimental evidence, from rotating sector
work on the combination of like radicals (111, 138, 139)
and indirect evidence from cross-combinations of un-
like radicals (111), to justify the assumption E_; = 0.
The enthalpy change AH;, which defines D:ys(A-B), is
thus given directly by Ei.

The experimental problem is then to determine ac-

tivation energies of decomposition reactions. Most of
the accepted bond dissociation energies from pyrolyses
have been derived from flow experiments, which over-
come the disadvantage of complicating side reactions
that beset measurements in static systems. The
most widely applied flow system is the toluene-carrier
technique developed by Szwarc (180) and recently
modified by replacing toluene with aniline (55, 56).
The essential feature of the toluene-carrier system
consists of passing the compound under investigation
through a high-temperature furnace in a stream of tolu-
ene. The bond being studied should be considerably
weaker than the weakest bond in toluene, i.e., D(CeH;-
CH.-H) = 85 keal, and in practice a bond strength
of 70 keal is about the maximum which can be deter-
mined. The method will be illustrated by the pyroly-
sis of cumene where the reaction of interest is

CsH;CH(CH;), = CsH,CH(CH;) + CH; (Eq 4)

In the presence of a large excess of toluene the highly
reactive methyl radicals are removed from the system
by the reaction

CH; + C:H:;CH; = CH; + C:H;CH: (Eq 5)

Chain reactions are prevented since the benzyl radi-
cals, which are resonance stabilized and much less reac-
tive than methyl, eventually dimerize outside the re-
action zone

QCsHscHz = (CGHECH2)2 (Eq 6)

A major drawback to the use of toluene, however, is
that at higher temperatures the following reactions oc-
cur

CeHsCHs = CeHsCHg + H
H + CeHaOHs = CsHe '+‘ CH3

The additional source of methyl radicals, and hence
methane via Eq 5, can make studies of the pyrolyses
of compounds containing labile R—-CH; bonds ambigu-
ous. This problem has been overcome by substituting
aniline for toluene. The reaction system for cumene,
decomposed by the aniline-carrier technique, is then
identical with that for toluene with the anilino radical,
CeH;NH, replacing the benzyl radical. The validity of
the proposed mechanism with aniline has been checked
by obtaining identical rate constants with both carrier
gases. Disadvantages of aniline, such as its low vola-
tility and the difficulty of freeing it from dissolved
gases, are not serious.

The detailed application of the aniline-carrier method
can be illustrated by further consideration of the de-
composition of cumene. It is initially required to de-
termine the unimolecular rate constant (k) for reac-
tion 4. This is best done by measuring the amount of
methane formed, which is the exclusive product of the
methyl radicals from the decomposition. The rate
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constant is then calculated from the first-order equa-
tion

41

]C4 = 1111

t a—z
where ¢ is the contact time derived from the flow con-
stants of the apparatus, a is the amount of cumene
passed through the furnace during the run, and z is the
amount of methane determined by analysis. It is also
possible to follow the decomposition by measuring the
amount of dibenzyl (toluene carrier) or hydrazobenzene
(aniline carrier) formed in reaction 6. With the advent
of improved analytical techniques, particularly gas
chromatography, the analysis of dibenzyl has lost
favor to analyzing the product from the reactive radical
produced in the initial decomposition. It is important
that the rate constants be shown to be independent of
contact time, partial pressure of reactant in the carrier
gas, and surface~to-volume ratio of the reaction vessel, to
establish that the reaction is truly unimolecular and
homogeneous. The activation energy is then obtained
from an Arrhenius treatment of the rate constants deter-
mined over the widest range of temperatures possible.
The technique is particularly suitable for studying de-
compositions which give rise to a resonance-stabilized
radical (S) as well as a reactive radical (R). The
bonds in such compounds (S-R) are considerably weak-
ened by the effect of resonance, thereby avoiding the
necessity of a high-temperature study. At the same
time the mechanism is simplified as there is only one
reactive radical.

Recent studies both by the toluene- and aniline-carrier
techniques (108, 109) have shown that the results on the
decompositions of small molecules are sometimes mis-
leading. In the range of pressures available for carrier
experiments, the rates of decomposition of these mole-
cules can be affected by the over-all pressure in the
system, as predicted by the theories of unimolecular
reactions. Accordingly the activation energy observed
experimentally in the pressure fall-off region may be
several keal less than the limiting-pressure activation
energy (E.) which is identified with the bond dissocia-
tion energy. Generally the study of pressure effects
on first-order rate constants is not readily achieved in
toluene- or aniline-carrier experiments, although a re-
cent study (206) of the decomposition of ethyl iodide
has been partially effective in this direction.

As previously mentioned the temperature depend-
ence of the rate constant is assumed to follow the Ar-
rhenius equation

loghk = log A — (E/6)

Clearly the value of the A factor for the decomposition
reaction is of fundamental importance since its prior
knowledge can lead to a value of the activation energy
merely from the measurement of the rate constant at one

temperature. Szwarc (180) placed much emphasis on
the “normal” A factor in a pyrolytic reaction being
close to 10'® sec—!, i.e., of the same order as a vibra-
tional frequency. Indeed at the time the experimental
results largely justified this assumption. An over-
whelming mass of data on unimolecular reactions has
now accumulated in which the A factors are many
powers of ten higher than 10'® sec—!. The question
of “normal” and “high” A factors has been treated
at length by Gowenlock (75). More recently it has
been concluded (27), as a general rule, that bond rupture
to give two large radicals results in an A factor in the
range 105 {0 10'8 sec—!, while decompositions to give
an atom and a radical have A factors of the order of 1014
to 105 sec—'. High A factors are taken to indicate a
“loose” transition state with a large degree of free rota-
tion between the resulting fragments. Steel and Laid-
ler (174) have put forward theoretical arguments to ac-
count for high A factors in unimolecular reactions.
It is now apparent that there is no reason for assuming
a constancy of 4 factor for unimolecular reactions. Ac~
cordingly, there is no justification for Szwarce’s method
of determining relative rate constants for a series of
related decompositions, and hence differences in bond
dissociation energies, on the basis of a constant A
factor. Results obtained by this method and sum-
marized by Trotman-Dickenson (191) are not consid-
ered here. Benson and Buss (25) criticized the early
results on the decomposition of toluene itself by the
flow method on the grounds of an oversimplified mech-
anism, and this has often been accepted as a general
criticism of the pyrolytic method. From the increas-
ing body of self-consistent data accumulated by the
toluene- and aniline-carrier techniques and from the
fact that the pyrolysis of toluene is a particularly dif-
ficult case, it appears that these criticisms are not gen-
erally applicable.

In conclusion it may be said that carrier experiments
can lead to reliable rate data and hence reliable bond
dissociation energies provided (i) the mechanism is
well established, (i) the decomposition is not in the
pressure-sensitive region, and (iii) there are no prior
assumptions concerning the A factor of the decom-
position.

B. METATHETICAL REACTIONS

The same principle applies as for the pyrolytic
method; the enthalpy change of a metathetical reaction
involving a free radical is given by the difference in ac-
tivation energies of the forward and reverse reactions.
Hence for the generalized reactions

R+ RX =RX + R, (Eq 7, =7)
we have

AHy; .7 = Eq — E
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there being no change in the number of moles in the
reaction. From the definition of bond dissociation
energy it follows that

DR+X) - DR-X) = £ — E4

In other words, the difference in strengths between the
bond broken and the bond formed is equal to the differ-
ence in activation energies of the forward and reverse
reactions. If one of the bond dissociation energies is
known, the other can thus be determined from the ac-
tivation energy difference. Kistiakowsky and Van
Artsdalen (118) were the first to exploit this general
method which has subsequently been applied in many
forms. Bond dissociation energies determined by this
procedure are among the most reliable known for
polyatomic molecules. The experiments are much
easier to perform than pyrolytic flow reactions since
they occur at considerably lower temperatures. The
method is particularly suited to determining differences
in bond dissociation energies in a series of related com-
pounds. If in addition to reactions 7 and —7 the
following reactions are considered.

R+RX=RX+Re (Eq 8, —8)

Then for the two pairs of reactions
DR-X) — DR+-X) = (By — E) — (Bs — Ey)

This difference in bond dissociation energies is not sub-
ject to any uncertainty in the value of D(R-X).

There are many ways for measuring the activation
energies of metathetical reactions of the type described
above. In all cases different systems have to be de-
vised for dealing with the forward and reverse reactions.
It is important to realize that equilibrium is never es-
tablished and that these are rate measurements and not
thermodynamic equilibrium studies. To illustrate the
versatility of the general procedure three specific ex-
amples are considered.

1. Determination of D(CHs=I) from Kinetic
Measurements on the System
CH, + HI =CH,+ I,

The reaction between methyl iodide and hydrogen
iodide has recently been reexamined (64) by measur-
ing the rate of iodine formation with a spectropho-
tometer. The above equation represents the over-all
reaction, the stoichiometry of which was checked by
the analysis of methane. The detailed mechanism in-
volves the following atomic and free-radical reactions

L=1I+41 (Eq 9)
I+ CHI = I, 4+ CH; (Eq 10, —10)
CH; + HI = CH, 4+ 1 (Eq 11, —11)

From a steady-state treatment of this scheme the rate
of formation of I, is given by

Ry, = (kwkuKo”*[RIJHI][1.]7)/ (b-1o(lo] + ku[HI])
(Eq 12)

where £ = rate constant, X = equilibrium constant,
and square brackets denote concentration. The rate
of formation of iodine at any given time was obtained
by drawing tangents to the iodine vs. time curves. The
concentrations of iodine, methyl iodide, and hydrogen
iodide were also obtained from these plots and the over-
all stoichiometry of the reactions. Rearranging Eq
12 gives

L] _ kkuKe[RI[E)"  ky

[HI] k_1R1, ke

so that by plotting [I,]/[HI] vs. [RI][1,]"*/R1,, (kuoky:
K% /k_y is obtained from the slope and kyy/k—1o from
the intercept. ki follows from the known value of K.

An alternative procedure for calculating %y, consists
of applying an integrated form of Eq 12.  Although the
resulting equation is insensitive to the data, expan-
sions of the integrated equation fit the data well and
lead to more accurate rate constants than the simple
graphical method outlined above, which involves the
errors associated with measuring tangents. The main
point pertinent to the present purpose is that accurate
values of kj, are obtained over a range of temperatures,
and thus Ey i1s determined from an Arrhenius treat-
ment. For reactions 10 and — 10 the following relation
applies

D(CHs—I) - D(I—I) = Em nd E_m

Ey, was found to be 20.5 keal at about 558°K and was
corrected to 20.2 kecal at 298°K. D(I-I) = 36.1 keal
so that

D(CH:-I) = 36.1 + 20.2 — E_y

The activation energy (E_ 1) for the attack of methyl
radicals on iodine has not been measured but there are
strong indications that it must be very small and ac-
cordingly it has been assumed (72) to be zero to give
D(CH;-1I) = 56.3 keal.

2. Determination of D(C.Hs—H) from Kinetic
Measurements on the System
Br + C;Hes = HBr -+ C:H;

The first accurate kinetic measurements of reaction
13 were described by Andersen and Van Artsdalen (4).
The system has subsequently been investigated by the
competitive bromination technique (60) which has
proved extremely useful in determining D(C-H) values
in alkanes. The general method can be illustrated by
reference to ethane, where mixtures of ethane and
methyl bromide were treated with bromine

Br + C;H¢ = HBr 4+ C:H; (Eq 13, —13)
Br + CH;Br = HBr + CH;Br (Eq 14, —14)



470 J. A. KERR

Csz + Bl‘g CgHsBI‘ + Br
CH.Br + Br; = CH;Br; + Br

For low percentage conversions of the reactants the
following rate expression applies

k13/k14 = CzHaBI‘ [CHsBI‘ ]/CHzBI‘g [CzHe]

where C;HsBr and CH;Br, are the total amounts of
alkyl bromides formed and [C,H¢] and [CH;Br] are
the initial concentrations of reactants. Rate constant
ratios were therefore obtained by analyzing for the
bromides by gas chromatography, and from a knowl-
edge of the initial ratio of reactant concentrations.
The effects of the reverse reactions, —13 and —14, ap-
pear to cancel each other out as the rate constant ratios
were not altered by the addition of relatively large
amounts of hydrogen bromide. A series of determina-
tions over a range of temperatures yielded

log (kls/ku) = 0.135 4 (2.65/0)

and hence Ey, — Ei3 was deduced to be 2.65 keal. The
rate constant for reaction 14 had previously been found
(118) to be

log ki = 13.73 — (16.05/6)

from which it follows that E;; = 13.40 keal.
For reactions 13 and —13 the following relation ap-
plies
D(C:Hs-H) = D(H-Br) + Eiy — E-1
and therefore to obtain D(C.HszH), E-y; remains the
only unknown. This difficulty was removed by Fettis
and Trotman-Dickenson (61) who photolyzed methyl

ethyl ketone in the presence of mixtures of hydrogen
bromide and iodine and followed reactions —13 and

Csz + I2 = CszI + I (Eq 15)

The products ethane and ethyl iodide were analyzed
and the rate constant ratio was obtained from

k _13/k1s = CoHe[I2]/C.Hs;I[HBr]
From the temperature coefficient it was shown that
log (k-1/kis) = 0.228 — (2.29/6)

and by making the reasonable assumption that Ey; =
0 it was deduced that F_;; = 2.29 kecal. Hence it fol-
lows that at the mean experimental temperature of
460°K

Duo(C;Hg-H) = Dyo(H-Br) 4+ 13.40 — 2,29 = 99.0
and
Dyos(CHe~H) = 98.2 keal

This general method has been successfully applied
(60) to the reactions of bromine with methane, ethane,
propane, n- and isobutane, neopentane, and methyl
halides by reacting pairs of these substances with bro-

mine and referring the relative Arrhenius parameters
to the previously known rate constant for the reaction
of bromine with methyl bromide (118).

3. Confirmation of D{(R-H) Values in Alkanes from
Kinetics of the System
NF;,+ RH=NF,H + R

System 16, — 16 illustrates a third approach for follow-
NF; + RH=NFH + R (Eq16, —16)

ing the kinetics of metathetical reactions of free radicals.
NF, radicals are conveniently produced via the equi-
librium dissociation

N2F4 = 2NF2

since the N-N bond strength is only 20 keal. Further-
more the concentrations of the radicals are readily cal-
culated from the temperature and pressure in the
system since the equilibrium constant has been ac-
curately measured (104). When N.F,, or rather an
equilibrium mixture consisting mainly of NF;, is mixed
with an alkane at a sufficiently high temperature, the
alkane is consumed at a rate consistent with reaction
16. The resulting alkyl radicals presumably com-
bine with further NF, radicals, which are present in
large excess

R + NF; = RNF:

Unfortunately, the reaction cannot be followed by
measuring the difluoramine products since these com-
pounds are unstable. The measurement of the dis-
appearance of the alkane, however, serves the same
purpose, and this is achieved from a knowledge of the
amount added at the start of an experiment and by
analyzing the amount remaining at the end. The
rate constants can be calculated from the second-order
equation

kit = sla ~ (4/2)]7 In {[(@ = 2)/a)/[(b — 22)/b]}

where { = run time, ¢ = initial concentration of al-
kane, b = initial concentration of NF; radicals, and z
= concentration of alkane consumed. To check that
the mechanism is valid the rate constants must be con-
sistent over wide ranges of concentrations of both reac-
tants, but as previously stated, with the NF; always in
considerable excess. This system has been success-
fully applied (85) to the reactions of NF; radicals with
n~- and isobutane and cyclo- and neopentane. The act-
ivation energies are listed in Table I of section IV. Al-
though the activation energies for the reverse reac-
tions, —16, have not been determined and the value
of D(NFy,—H) is uncertain, the activation energies (Eq)
when plotted against the relevant D(C-H) values in the
alkanes yield a reasonable straight line. This is in ac-
cord with the Polanyi relation and may be taken as
confirmation of the proposed D(C-H) values. This
point is discussed in more detail in section IV.
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C. SHOCK-TUBE REACTIONS

Reactions in shock tubes have sometimes proved
useful in deciding between different values obtained
spectroscopically for dissociation energies in diatomic
molecules. The major advantages of the method are
the high temperatures obtainable and the completely
homogeneous reaction conditions, but against this must
be set the difficulty of measuring the exact reaction
temperature and exact reaction time. Bauer (17),
Gaydon (67), and others have outlined the various
conventional shock-tube techniques in relation to dis-
sociation energies, and further elaboration would not
seem justified here since there are very few dissociation
energies which can be assigned with confidence from
shock-tube studies.

An adaptation of the shock-tube procedure (195,
196) may prove to be more valuable. The method
consists of carrying out comparative or competitive
reactions involving pairs of reactants in a single-pulse
shock tube, where one of the reactions, with previously
established kinetics, serves as an internal thermometer
and timing device. Dehydrohalogenation reactions
were first studied with the decomposition of isopropyl
bromide

i—CgH-,Br = CgHe + HBr (Eq 17)

as the reference reaction. Mixtures of isopropyl bro-
mide and another halide, greatly diluted with argon,
were subjected to a shock-tube reaction and the dwell
times (¢) obtained from the pressure history. The rate
constant for the decomposition of each halide was then
calculated from the equation

k= ({1/t) Ineci/ct

where ¢; and ¢; are the initial and final concentrations of
the halides, respectively, determined by gas chroma-
tographic analysis. Relative Arrhenius parameters
can then be obtained by plotting log & for ¢-C;H;Br
against log k for the other halide, over a range of tem-
peratures. Absolute Arrhenius parameters for the
decomposition of the second halide follow from the
known rate constant for the decomposition of 7-C,H;Br.
The results for a series of dehydrohalogenation reac-
tions are in excellent agreement with previous values
obtained by conventional kinetic methods.

So far, the only radical elimination reaction
studied by the new method has been the decomposition
of 2,3-dimethylbutane, and the results look most
encouraging (198). The reference reaction was the
decyclization of cyclohexene for which the Arrhenius
parameters were measured - relative to the original
standard, the decomposition of isopropyl bromide (197).
The mechanism for the decomposition of 2,3-dimethyl-
butane is fairly complex but there are two initial de-
composition reactions

(CH;);,CHCH(CH;), = 2(CH,).CH (Eq 18)

(CH;).CHCH(CHjs), = (CH,),CHCHCH; + CH; (Eq 19)

for which the rate constants were found to be
16.1 — (76.0/06)
log ks = 16.6 — (81.1/6)

The activation energies Eiz = 76.0 and E;, = 81.1
keal can be equated to the bond dissociation energies
D{(CH,),CH-CH(CH;);) and D((CH;);CHCH(CH,)-
CHs;), respectively, by making corrections to allow for
the change in the number of moles and the mean tem-
perature of the experiments of 1100°K. The values so
obtained are ngs((CHs)zCH—CH(CH:;)z) = 77 kcal
and ngs((CH3)2CHCH(CH3)—CH3) = 82 kecal which
are in good agreement with values of 78 and 83 keal,
respectively, calculated from the heats of formation
of the radicals. The heat of formation of the C:Hjy
radical was estimated on the basis that D((CH;),CH-
CH(CH;)-H) = D{((CH;),CH-H) = 94.5 keal.

Benson and DeMore (27) have noted that problems
may arise with the competitive shock-tube method,
owing to fall-off in the rate constants at higher tem-
peratures, if the two reactions do not have the same
fall-off characteristics. With a proper choice of sys-
tems, however, the method shows considerable promise
in determining bond dissociation energies.

log klg

D. ESTIMATED ERRORS

The statistical errors in determining activation ener-
gles, arising from the limitations of the experimental
measurements, are quite small. For metathetical re-
actions of the type previously described they usually
fall within the range +0.1 to =0.5 keal, while for py-
rolytic reactions they are somewhat larger, about =0.5
to =1 kecal. Unfortunately, these are not the only
source of errors to be considered, as all kinetic deter-
minations of bond dissociation energies are dependent
upon assumed values of some other activation energy or
energies. Thus pyrolytic determinations rely upon an
assumed value of £ = 0 for the reverse radical com-
bination reaction, and, while this is a very reasonable
assumption, it is possible that in certain cases a small
reverse activation energy exists. Likewise for deter-
minations based on metathetical reactions, it is fre-
quently assumed that reactions such as

R+L=RI+I
or
Br+Br+M=Brn+M

have zero activation energies, which may not be ex-
actly true. Errors from assumed activation energies
cannot be calculated. The over-all effect of these
sources of errors is that bond strengths determined from
metathetical reactions are usually accurate to =1 keal
and at least to =2 kecal while those from pyrolytic re-
actions are probably good to 2 keal and occasionally
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TasLe I
Acmivation EneraIes® ForR REactions X + RH=XH 4+ R
R X =1 Ref X = Br Ref X = CH; Ref X = NF; Ref D(R-H)*
CH; 34.1 72, 80 18.3 60 14.5 100 .. 104.0
C.H; 27.9 91 13.4 60 11.9 100 . 98.0
1-C;H, 25.0 144 10.2 60 10.3 100 N AR 94.5
sec-CH, .o e 10.2 60 9.7 100 21.2 85 094.6
t-CeH, 21.4 189 7.5 60 8.2 100 17.5 85 91.0
neo-CsHy .. 14.3 60 A N 26.7 85 99.3
c-CiHu ces A 9.1 73 19.9 85 92.9
* Units: kcal.
+1 keal. Benson (23), on the other hand, has stated P
that the pyrolytic method yields bond dissociation O
energies with errors of %4 kcal or greater. This seems
an unrealistic estimate. It has already been pointed 1ol
out (169), and this applies even more so now, that the S
self-consistency of the pyrolytic data and consistency / o/
with independent results confirm the general reliability 0
of the method. The case of D(C{H,CH,-H) or AH (- / P
(CeH;CH;) illustrates the point. The pyrolysis of 1o G o
ethylbenzene yields AH:°(CsH;CH,) = 43.2 kcal while §a0K o”
the pyrolysis of n-propylbenzene gives 44.5 keal. The w ¥
value recommended here from a variety of determina- - /O
tions is AH;°(CeH;CH,) = 45 = 1 keal. It is highly o o~
unlikely that such good agreement would be obtained / /
if the pyrolytic determinations involved errors of =4 0 /O
keal. o= V%
The errors in bond strengths calculated from heats of 0
formation of radicals are a special case. The heats of o < o
formation of the hydrocarbon radicals are as accurately D(R—H) keal

known as the bond strengths upon which they are
based, since the heats of formation of the hydrocarbon
molecules are known with high precision. This is not
always so for other radicals. Calculated values for
bonds formed between atoms and radicals have smaller
errors than those formed between two radicals since
the heats of formation of atoms are well established,
but both types contain any errors associated with the
heats of formation of the compounds. The errors in the
heats of formation of nitrogen, sulfur, and halogen com-
pounds can be considerable. In consequence the errors
to be attached to calculated bond dissociation energies
are sometimes as high as =6 keal, but it should be re-
membered that for a series of related compounds the
differences in bond dissociation energies will be known
with more certainty than the actual values themselves,
since some of the errors are canceled.

IV. Poranyi ReELaTions

By considering the shapes of the potential energy
curves for the reactions of sodium atoms with alkyl
halides, Evans and Polanyi (58) deduced, for a series

of related reactions, that
E = aAH + C (Eq 20)

where F is the activation energy, AH is the enthalpy
change, and « and C are constants. The implications

Figure 1.—Polanyi plots of E vs. D(R-H) for reactions X +
RH = XH + R: 4, iodine atoms; B, difluoroamino radicals;
C, bromine atoms (E displaced by +4 kecal); D, methyl radicals.

of this equation, usually referred to as the Polanyi re-
lation, have been considered in detail by Trotman-
Dickenson (191), but until recently attempts to verify it
have failed owing to the lack of (i) accurate kinetic data
and (ii) reliable bond dissociation energies. It hasbeen
shown that there is now sufficient information available
on the reactions of methyl radicals with alkanes for a
proper test to be made (192). Similar tests have also
been made for the reactions of bromine atoms (61, 62)
and difluoramino radicals (85) with alkanes, and it is
possible to apply the data for iodine atoms as well.
For each of the reactions in the series

X+ RH=XH+R

(R = CH,;, C,H;, -C;Hy, -C.H,, ete.) the same bond is
being formed irrespective of the change in the alkyl
radical, so that AH can be represented by the strength
of the bond which is being broken, i.e., D(R-H). Equa-
tion 20 then takes the form

E = a(DR-H) — C))

and E is plotted against D(R-H) for each series of reac-
tions asin Figure 1. The relevant data are summarized
in Table I.
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The activation energies for the reactions of di-
fluoroamino radicals with n- and isobutane have been
corrected from the original values (85) to allow for
attack on the primary C-H bonds in these molecules.
The bond dissociation energies listed in the final column
of Table I are the values recommended in this review
and discussed in subsequent sections.

The constants, « and Cj, in the Polanyi relations
have been calculated from the plots and are listed in
Table II.

TasLe II
PorLanyr ConNsTANTS FOR HYDROGEN ABSTRACTION
FROM ALKANES

Radical

or atom @ Cy
I 0.97 69.0
NF; 1.1 76.1
Br 0.86 82.5
CH; 0.49 74.3

The excellent linear plots confirm the Polanyi rela-
tion and strongly support the amended values of the
bond dissociation energies of the alkanes. It must be
emphasized, however, that this type of relation is only
applicable to reactions of radicals or atoms with a series
of closely related compounds. It has been stressed
(27), by taking the example of the reactions of methyl
radicals with a variety of substrates, that there is no
way of relating the activation energies and enthalpy
changes when the substrates are different classes of
compounds.

An interesting correlation of the same general type
as the Polanyi relation has been noted (33, 163) for the
reactions of recoil tritium atoms (T*) with alkanes

T* + RH = HT + R (Eq 21)

The yields of HT from reaction 21 for a series of alkanes
(methane to neopentane) were measured under care-
fully controlled and standardized conditions and taken
as a measure of the extent of reaction 21. These HT
yields were then expressed per C-H bond in the mole-
cule and relative to an HT yield of 0.79 from methane.
When the resulting relative HT yields are plotted
against the appropriate bond dissociation energies in
the alkanes, there is an approximate linear relation.
This probably confirms the general correctness of the
procedure, but the precision of the Polanyi plots, for
say bromine or iodine atom reactions, is lacking. Until
more accurate data can be obtained on the recoil trit-
ium reactions it is doubtful if the method will yield
more than approximate bond dissociation energies.

V. VaLuEes oF BoNbp DissociaTioN ENERGIES

This section contains the bulk of the review and deals
with the experimental results on bond dissociation ener-
gies by kinetic methods. Bond dissociation energies
calculated from heats of formation of radicals, listed

in Table XXX, are also included where these are the
best available values. The selection of calculated
bond dissociation energies is somewhat arbitrary but is
mainly based on current interest.

A. HYDROCARBONS

1. Alkanes
a. D(CH;-H)

Until 1961 the accepted value of D:(CHs—H) was
102.5 keal, mainly supported by work (118) on the
bromination of methane

Br + CH, = HBr + CH; (Eq 22, —22)

Thus
D(CH:;—H) = D(H—BI‘) + E22 - E_22

Kistiakowsky and Van Artsdalen determined Ej; to be
17.8 kecal and from an assumed value of E_y they de-
duced D(CH;-H) = 102 kecal. Fettis and Trotman-
Dickenson (61) subsequently determined E_,; experi-
mentally, by treating methyl radicals with mixtures of
HBr and I, and by making the reasonable assumption
of zero activation energy for reaction —10

CH3 + Iz = cHaI + I

Hence F_s was found to be 1.4 kecal, which is 0.7 keal
less than the value formerly assumed (118). At the
same time (60) reaction 22 was reinvestigated by the
competitive bromination technique described in sec-
tion ITIB2, and Ey determined to be 18.3 keal, which
it was argued was in good agreement with the previous
result (17.8 keal) since Kistiakowsky and Van Artsdalen
had caleulated a “collision theory’” activation energy,
as opposed to the more conventional Arrhenius activa-
tion energy.

From the revised determinations of Ey and E_y, it
was deduced (61) that

D460(CH3‘°H) = D460<H—BI‘) + 16.9 = 104.8 kC&l

at the mean experimental temperature of 460°K, and
hence

D,s(CH;-H) = 103.9 kcal

It should also be noted that part of the difference be-
tween the amended value of D(CH;-H) and the original
value of Kistiakowsky and Van Artsdalen (118) arises
from a revised value of D(H-Br). The revised value of
D(CH;-H) has been criticized (48) on the grounds that
Ey should be corrected to allow for a negative activa-
tion energy of —2 keal for the recombination of bromine
atoms, which would have the effect of lowering D-
(CHy-H) to 103 kecal. While there is evidence for such
a negative activation energy, the actual value may not
be as low as —2 kcal. The value of D(CH,-H) =
103.9 keal is to be preferred with allowance in the es-
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timated errors for the possibility of a negative activa-
tion energy for bromine atom recombination.

Further direct evidence confirming the revised higher
value of D(CH;-H) has been obtained from kinetic
studies of the reactions of HI with CH,I (64) and of I,
with CH, (72, 80). The kinetic results on the system

CHsI 4+ HI = CH: + L,

lead to accurate determinations of the Arrhenius param-
eters for reaction 10, —10

I+ CHJI =1+ CH;

The method was outlined in section IIIB1. The rate
constants, ko, determined by this method are sup-
ported by less extensive results (72, 80) on the system

I, + CH, = CHiI + HI (Eq 23, —23)

By was shown to be 20.5 keal at 560°K and corrected
(72) to 20.2 keal at 298°K, and if E_y is assumed to be
zero this yields

AHm,—m = 20.2 keal
AH:°(CHj;) follows from

AH®y, 10 = AH;°(CHy) + AH°(Ix(g)) —
AH:°(I) — AH:°(CH,l) (Eq 24)

Since the heat of formation of the iodine atom is known
accurately from spectroscopic data, this leaves AH:°-
(CH,I) as the largest uncertainty in Eq 24. Two in-
dependent studies (72, 80) of the equilibrium reactions,
23 and —23, have recently confirmed the value AH°-
(CHI) = 3.28 = 0.16 keal. Thus from Eq 24, AH°-
(CH,) becomes 34.1 keal, and it follows that D(CHz-H)
= 104.1 keal. The errors in both these quantities
have been quoted (72) as £0.5 kcal. A value of Ey =
190.2 kcal has also been reported from a study of reac-
tion 10 in a flow system with HI as the carrier gas (31).
As this appears to be a preliminary publication in which
experimental details are lacking, it seems advisable
to accept the figure of Ey = 20.2 kecal determined
by Flowers and Benson (64).

In addition to this convincing direct evidence for
D(CH;-H) close to 104 kcal, there is also the indirect
evidence of the Polanyi relations described in section
IV. Thevalue D(CH;-H) = 104.0 kecal will be adopted
here. The maximum errors are %1 keal.

b. D(CH,-H) and D(CH-H)

The sum of D(CHy-H) and D(CH-H) can be deter-
mined from thermochemistry and a knowledge of D-
(C-H) and D(CH;-H). The heat of the reaction

CHi(g) = C(e) + 4H(g)

can be calculated from enthalpy data at 298°K, to be
AH e = 397 keal, and it follows that

D(CH;-H) + D(CH,-H) 4+ D(CH-H) 4+ D(C-H) =
397 keal

Taking D(CH;-H) = 104 and D(C-H) = 81 keal this
gives

(D(CH-H) — D(CH-H)) = 212 kcal

A determination of either D(CH,-H) or D(CH-H) will
therefore suffice to fix both quantities.

D(CH,-H) has been determined (19) from the ac-
tivation energy of the reaction

CH; + CH, = C.Hs (Eq 25)

Es; was deduced to be 88 keal by applying unimolecular
rate theory to comparison of the lifetime of the ex-
cited C,Hs from reaction 25, with the lifetime of the
ethane produced by the association of two methyl

radicals. From the thermodynamic cycle
AH
CH, = CH; + H 104
CHz + H = CH3 —D(CHz—H)
CH; + CH; = C;H; —88
CH, + CH, = C,Hs —88

it follows that D(CHy,—H) = 104 keal.

Support for this determination was also obtained in
the same study (19) from the reaction of methylene
with hydrogen. The excited methane resulting from
the reaction

CH, + H, = CH,*
can decompose in two ways

CH,* = CH, + H,

CH* = H + CH;

(Eq 26)
(Eq 27)

and since they could only find evidence for reaction 27,
Bell and Kistiakowsky (19) made the simple assump-
tion that Ey > Ey. From D(CH;-H) = 104 keal it
follows that Ez > 104 kecal, and from the cycle of reac-
tions

AH
CH, = CH,; + H, =104
CH; + H = CH, —104
H, = 2H 104
CH; = CH: + H D(CH-H)

we have D(CH,-H) > 104 keal.

On the basis of D(CH,~H) = 104 kcal and the sum
(D(CH-H) + D(CH-H)) = 212 keal, D(CH-H) be-
comes 108 kecal. It must be emphasized that while
these kinetic values are in substantial agreement with
recent spectroscopic results (93), they are subject to
fairly large errors. Bell and Kistiakowsky (19) sug-
gest =6 keal. Nevertheless they form a useful basis
for discussion and are the only means of obtaining a
kinetic estimate of the heat of formation of the CH,
radical.

¢. D(C.H:-H)

A revised figure for D(Csz_i'I) has been confirmed
by studies analogous to those for D(CHs~H). The bro-
mination of ethane and the reverse reaction have been
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Br + CzHe = HBr + CzHE

studied by Fettis, Knox, and Trotman-Dickenson (60)
and by Fettis and Trotman-Dickenson (61), respec-
tively. The method was described in section IIIB2
and gave

(Eq 28, —28)

Dys(C:Hs-H) = 98.2 keal
The reaction
C,H;I + HI = C,Hy + 12

has been studied (91) by a method similar to that for
the HI-CH,I system (64), and leads to D(C,Hs-1) =

52.9 keal. Thus for the reaction
CH:I = CH; + 1
we have
D(C,HsI) = AH°(C.Hs) + AH:°(I) — AH:°(C.H;I)
and taking AH:°(C.H;I) = —2.1 keal (9) this gives

AH°(C.H;) = 25.3 keal corresponding to D(C.HH)
= 97.7 keal.

Trotman-Dickenson (192) has suggested a weighted
mean value of D(C;HsH) = 98.0 keal with errors of
+1 kecal, and this is supported by the Polanyi rela-
tions described in section IV,

d. D((CHs;),CH-H)

The most direct evidence on this bond dissociation
energy comes from results on the reaction between
iodine and propane (144). By a kinetic treatment
similar to that employed in the RI-HI systems ac-
curate rate data was obtained for the reaction

I + C;Hs = HI + +C;Hx (Eq 29, —29)
resulting in the value Ey = 25.0 kcal. Reaction —29
has not been studied but, by assuming F—p = 1 keal,

D(i-CsH—H) was calculated (144) to be 94.5 keal from
the equation

D(C3H7—H) = D(H—I) + E29 - E_29

This value had been precisely predicted (61) from

the results on the bromination of propane

Br + C;Hs = HBr + -C;H;  (Eq 30, —30)

where E3 was shown to be 10.2 kecal. Although E-g

was not measured the value D(-CsH~H) = 94.5

keal was caleulated from the Polanyi equation for the
reactions of bromine with alkanes

Es: = 0.86[D(C-H) — 82.5]

The value D(#-CsH~H) = 94.5 = 1 keal is adopted
here.

e. D(CHgCHzCHz‘H)

This bond should be of similar strength to D-
(C,Hs—H), i.e., about 98 kcal. Direct bromination or
reaction with iodine is not feasible since there is prefer-
ential attack at the secondary C-H bonds.

A value of the heat formation of the n-propyl radical
can be deduced from the kinetics of the reaction

n-C;H:l 4+ HI = CiHs + I

The original results (145) have been reinterpreted
(28, 176) on the basis of the free-radical mechanism
which is now generally accepted for this type of system.
The activation energy for the reaction

I + n-CsH-;I = Iz + ’I’L-C3H7 (Eq 31, —31)

was calculated to be Fy = 18 keal, and, if E—j is as-
sumed to be zero, this yields D(n-C;HI) = 54 keal.
Hence from AH;:°(n-CsH;I) = —7.1 keal (24), AH:°-
(C;H;) is deduced to be 21.4 and D(n-C;Hr~H) is
98.3 kecal. Unfortunately, the kinetic data upon
which Ej is based are not of the same precision as those
for the other RI-HI systems reinvestigated by Benson
and his group. At the same time the heat of formation
of n-propyl iodide is not as well known as that of methyl
or ethyl iodide, and accordingly the deduced value of
D(n-CsH—H) has probable errors of about =2 keal.

An experimental value of AH:°(n-C;Hy) has been
obtained from the pyrolysis of n-butylbenzene, studied
by the aniline-carrier technique (55).

C:H;CH.CH.CH.CH; = CsH;CH; + n-C;H,; (Eq 32)
The rate constant for this reaction is given by
log ks = 14.5 — (67.2/6)
and hence D(CsH;CH,-C;H;) = 67.2 kcal. From the

heat of formation of the benzyl radical, 45 kecal (see
section VA2), and of n-butylbenzene (—3.3 keal
(165)) it can be shown that AH:°(n-C;H;) = 18.9 and
D(n-CH+~H) = 96 kcal. Both results, so far dis-
cussed, lie within the limits D(n-CsHr~H) = 98 = 2
keal.

Even better agreement with this figure is obtained
from the results on the decomposition of the n-propyl
radical, but this is probably largely fortuitous since
radical decompositions are among the most difficult
reactions tostudy. The reaction

n-CsH; = CH; + C.H, (Eq 33, —33)

has been extensively investigated in recent years
(40, 99, 106, 110). Kerr and Calvert (106) have
summarized the previous results and deduced Fs =
34.5 keal by studying the decomposition reaction of
the radicals produced from the photolysis of azo-n-
propane. In conjunction with E-j; = 8.6 keal for
the addition of methyl radicals to ethylene (34) this
yvields D(CHCH,CH,) = 25.9 kcal and hence from
the equation

D(CHs+CH.CH,) =
AH{O(CH:-)) + AHfO(CzHO - AHf°(n-CgH7)

AH:°(n-CyH7) is deduced to be 20.4 kcal and D(n-
C:H-H) = 97.3 keal.
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Further evidence in support of a value D(n-C;HH)
=~ D(C;HsH) can be taken from the fact that the
activation energies for the reactions of methyl radicals
with ethane and the primary C-H in propane are
equal within the experimental errors (100). Results
presented later in this review show that the primary
C-H bond dissociation energy in neopentane is sig-
nificantly higher than D(C.Hs—H), so it seems extremely
unlikely that D(n-CsH~H) should be less than D-
(C.Hs-H). The value D(n-CsH~-H) = 98 = 2 keal
is recommended.

f. D((CHj):C-H)

The situation for this bond dissociation energy is
identical with that for D(i-C;Hr~H). Experiments
on the reaction of iodine atoms with isobutane have
confirmed the earlier prediction from the bromination
study and the Polanyi relation.

Teranishi and Benson (189) found Ej; = 21.4 keal
for the reaction

I+ +CiH;y = HI + t-C4H, (Eq 34, —34)

from a kinetic study of the over-all reaction
Iz + ’L’-C4H10 = 7;-C4Hg + 2HI

The rate of disappearance of I, was measured with a
spectrophotometer. Thus assuming F-3 = 1.4 keal,
they deduced D(-C.HqH) = 90.9 keal. A value of
91.4 kcal had previously been obtained (61) from an
experimental activation energy, Es = 7.5 keal, for
the reaction

Br + -C;Hy, = HBr + t-C/H, (Eq 35)

and the Polanyi equation.

The weighted mean value (192) of D(t-C.HsH) =
91.0 = 1 kealis adopted here.

g. D(CH;CH.CH(CH,)-H)

There is no direct experimental determination of this
bond strength but D(sec-C.H~H) = 94.6 keal has been
deduced (61) from bromination studies and the Polanyi
rule. Since the values predicted by the same procedure
for D(+-C;Hr-H) and D(#-C;HeH) have subsequently
been confirmed, there is every reason for accepting
D(sec-CsH.-H) = 94.6 = 1kecal.

h. D((CHy);CCH,-H)

Here again the best available value is that deduced

from Ez = 14.3 keal for the reaction
Br + neo—Can = HBr + DBO'CsHu (Eq 36)

and the Polanyl equation (61). It is interesting to
note that the value obtained, D(neo-C:H;-H) =
99.3 = 1 kcal is significantly higher than D(C.H;—H).

i. D(C-C) in Alkanes

The best available values of these bond dissociation
energies are obtained from the equation

DR-Ry) = AH:°(R) + AH:°(R:) — AH:°(RR))

The following results were calculated from the heats
of formation of the alkyl radicals listed in Table XXX,
Many more values can be derived in the same way.
The estimated errors are =2 keal.

TasrLe III
CavrcuraTeDp D(C-C) VALUES IN ALKANES
Bond D, keal Bond D, keal
CH;~CH; 88 C.H;—C.H; 87
CHyC:H; 85 C.H;—CH(CHs;). 80
CH;—-CH(CH,), 83 (CH;):CH-CH(CHjs). 78
2. Alkenes

a. D(CH=CH—H)

A value of D(C,H;-H) has been deduced from the
pyrolysis of divinylmercury by the toluene-carrier

technique (194). The initial decomposition reaction
(C:Hs)Hg = C.H; + HgC.H;, (Eq 37)
is followed by
HeC.H; = Hg + C.H; (Eq 38)

80 that the reaction could be studied by the rate of
formation of mercury as well as by the rate of forma-
tion of gaseous products. Reaction 37 was shown
to be homogeneous and unimolecular with a rate
constant of

log ks = 11.9 — (48.3/6)

and hence D(C.H;~HgC.H;) was taken to be 48.3 keal.
D(C,Hs-H) was then obtained from the relation

D(CHa*HgCHs) - D(Csz‘HgC2H3) =
2D(CH;-H) — 2D(C.Hs;-H)

on the assumption that there is no interaction between
the two double bonds in divinylmercury and that the
activation energy for reaction 38 is the same as that
for the analogous reaction in the decomposition of
dimethylmercury. Substituting the values D{(CH;-
Hg-CH;) = 51.3 keal (153) and D(CHs;~H) = 104.0
kecal yields D(C;Hs-H) = 102.5 kecal, but, as the
authors note, the uncertainty in this determination
is considerable and minimum errors of %3 kcal have
been assigned.

Harrison and Lossing (90) have reported D(C.HH)
= 105 = 3 keal, from electron impact measurements,
80 there is reasonable agreement and the value D-
(C;H~H) = 104 = 2 keal would seem to be com-
patible with both determinations.

b. D(CHy—=CHCH,—H)

There is no direct experimental determination in this
case, but a value can be derived from either the reso-
nance energy or the heat of formation of the allyl
radical.

The resonance energy of the allyl radical is defined
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as the difference between the bond dissociation energies
D(CH;CH;CH,—H) and D(CH=CHCH,—H) and
has been determined from a study of the iodine-cata-
lyzed isomerization of 1-butene (54). The over-all
reaction is

I 4 1-butene = I + 2-butene

and by a steady-state treatment of the detailed mech-
anism It has been possible to obtain an activation
energy for the step

1 + CH;CH.CH=CH, = CH;CHCH=CH. 4+ HI (Eq 39)

corresponding to Ej = 124 kecal. Previously the
value Esy = 25.0 keal had been reported (144) for
reaction 29

1 + CH;CH,CH; = CH,;CHCH; 4 HI

which was identified with the activation energy for the
analogous reaction with n-butane, since D (4-C;H—H) ==
D(sec-C{H~H). It follows that the resonance energy
of the methallyl radical is given by i — Ej = 12.6
keal, and this can be taken as the resonance energy of
the allyl radical itself. From the definition of the
resonance energy we have

D(CH~CHCH,—H) =
D(n-CsH—H) — 12.6 = 85 keal

The above value of the resonance energy of the allyl
radical has been confirmed by subsequent results of
Egger and Benson (53).

In principle the heat of formation of the allyl radical
should be obtainable from the pyrolyses of propylene
or 1-butene

CH;CH=CH;
CH,CH,.CH=CH,

H + CH.CH=CH,
CH; + CH,CH=CH.

The pyrolysis of propylene is extremely complex,
however, and yields no reliable information on D-
(C;Hs~H). Early results (168, 182) on the pyrolysis
of 1-butene led to a much lower value of D(CHy,=—
CHCH,—H) than that described above. This dif-
ficulty has recently been resolved by a reinvestiga-
tion of the pyrolysis of 1-butene by the aniline-carrier
technique (109), where it was shown that the first-
order rate constants were measured in the pressure-
sensitive region, and hence the experimental activation
energy was considerably less than the limiting pres-
sure value.

Results on the decomposition of allyl methy! sulfone
by the toluene-carrier technique can also be used to

obtain AH:°(C:H;). Busfield and Ivin (36) have
determined

log ko = 14.1 — (47.7/6)
for the pyrolysis reaction

C:H:S0.CH; = C;H; + SO.CH; (Eq 40)

and thus
AHfO(CsH5) = D(C3H5-802CH3) -
AH:°(SO.CH,) + AH°(C;H;:S0,CHs)

AH°(C;H;S0,CH;) has been shown to be —73.5
keal (37) and AH:°(SO,CH;) can be calculated as
—63.2 keal (see section VD2), so that AH:°(C;Hj)
is 37.4 kecal, corresponding to D(CsH~H) = 84.6 keal,
in excellent agreement with the value deduced from
the resonance energy approach.

Similarly a value can be calculated from the pyroly-
sis of allyl bromide, investigated by the toluene-
carrier technique (181, 190) and found to have an
activation energy of Ey = 47.5 kecal, presumed to
correspond to the reaction

C:;H;Br = C;H; + Br (Eq 41)

Hence from AH:°(C;H;Br) = 12.1 keal (162) it can be
deduced that AH:°(C;H;) = 32.9 kecal, which is ob-
viously a considerable underestimate. Although the
heat of formation of allyl bromide may not be known
with high precision, the most likely source of error is
in the pyrolysis data, probably arising from an over-
simplified mechanism.

In spite of the results from the pyrolysis of allyl
bromide, the value D(C;H:-H) = 85 = 1 kcal would
seem reasonably well established.

3. Cycloalkanes

Bond strengths in cycloalkanes have been deduced
(192) from the activation energies (Eum,) for methyl
attack on the cycloalkanes and the Polanyi relation for
methyl radicals and alkanes

Eyne = 0.49[D(C-H) — 74.3] (Eq 42)
The results are summarized in Table IV.
TasLe IV
REeacrions oF METHYL RapicaLs witH CYCLOALKANES
EMe, D(C-1),
Compound keal Ref keal
Cyclopropane 13.1 73 101
Cyclobutane 10.3 74 95
Cyclopentane 9.3 73 93
Cyeclohexane 9.7 73 94
Cycloheptane 9.1 73 93

It must not be overlooked, however, that these
activation energies may be affected by the strain
energies in the cycloalkanes and their activated com-
plexes with methyl radicals (74, 192). The above
bond dissociation energies are, therefore, only tenta-
tive with minimum errors of =3 kecal.

4. Aromatic Hydrocarbons
a. D(CeHs‘H)

The kinetic results bearing on D(CsH;—H) are some-
what conflicting. An early study (186) of the pyroly-
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sis of phenyl bromide leads to a value of AH:°(CeH;) =
69.6 keal from Fy = 70.9 keal for the reaction

CeHsBI‘ = CeHa + Br

in conjunction with AH:°(CsH:Br) = 25.4 kcal (186).
Hence D(CeH;-H) is given by 101.9 keal. This de-
termination has been criticized (63) because of the
high temperatures employed in the pyrolysis and the
uncertainty in the heat of formation of phenyl bromide.
Certainly, minimum errors of =3 keal should be
attached to it.

Two investigations, leading to D(C¢Hs~H) by the
metathetical approach, were carried out almost simul-
taneously. Duncan and Trotman-Dickenson (52)
produced phenyl radicals by photolyzing acetophenone
and studied the reactions

CsH; + CH, = C¢Hs + CH;
2CeH; = (CeHs):

(Eq 43)

(Eq 44, —44)
(Eq 45)

by analyzing for the benzene and biphenyl. Eu
was found to be 11.1 keal, relative to an assumed value
of Eg = 0. In conjunction with F_u = 9.2 keal
(193), deduced from the photolysis of acetone in the
presence of benzene, this gives

D(C¢HsH) = D(CHsH) — Eu + E_4 = 102.1 keal

Fielding and Pritchard (63) studied reaction 44,
by generating the phenyl radicals from the photolysis
of diphenylmercury, and determined Ky = 7.5 kecal
leading to D(C¢Hs—H) = 105.7 kecal, on the basis of
D(CHyH) = 104.0 kcal. Further evidence for a
higher value was obtained by the same workers from
a study of the reactions

CeHs + CFgH = CsHe + CFs (Eq 46, —46)

for which the following relation applies
D(CH+H) = D(CFs+H) — Ey + E_4

Ey was shown to be 5.2 keal and taking F_4 = 6.3
keal (43), this gives D(C¢Hs~H) = 107 from D(CFH)
= 106 keal (see section VE1). This value is higher
than that calculated by the original authors owing to
the amended value of D(CFs-H).

Obviously there is a considerable diserepancy be-
tween the two estimates of Ey, leading to different
values of D(CeHs~H), and until this is resolved the
correct value of D(C¢Hs—H) will be in doubt. In the
meantime the value D(CeHs~H) = 104 £+ 2 keal is
recommended.

b. D(CeH;CH,-H)
In recent years D(CsH;CH,—H) has been one of the
most controversial values in the literature, but the
situation now seems reasonably clear.

The most recent kinetic results on the pyrolysis of
toluene itself, studied under carefully controlled con-

ditions, have been reported by Price (151) who obtained
for the reaction

CeH;‘,C}Ts = 05H50H2 + H
log ko = 148 — (85.0/0)

Hence from D(CeH;CH~H) = 85.0 keal, AH;°(CeHg~
CH,) = 44.9 kcal.

Egs = 7.2 keal has been determined (5) for the
bromination of toluene and E_g = 5.0 keal for the

Br + CsH;CH; = C¢H;CH: + Br (Eq 48, —48)

(Eq 47)

reverse reaction, from a study of the hydrogen bro-
mide inhibited reaction (5). This determination of E_
was based on an assumed value of zero activation en-
ergy for the reaction of benzyl radicals with molecular
bromine. It has been argued (55) that the activation
energy of the latter reaction is probably nearer 5 keal,
by analogy with the reaction of trichloromethy! radi-
cals with bromine (177). The amended value of
D(CeH;CHy;-H) was thus calculated to be 84.5 keal
(55).

The other determinations of D(CiH;CH»-H) de-
pend upon measurement of AH°(C¢H;CH,). The acti-
vation energy for the pyrolysis of benzyl bromide has

CsH;CH,Br = C:H;CH; + Br (Eq 49)
been confirmed to be Ey = 51 keal by several toluene~
carrier investigations (125, 127, 181). Taking AH°-

(CeH;CH:Br) = 20 kecal, as determined (25) from a
thermodynamie study of the equilibrium

CGHacHa + BI‘z = CsHaCHzBI‘ + HBr
this yields AH:°(CsH;CH,) = 44.3 keal and D(C¢H;-

CH,-H) = 84 kcal.
A further value can be obtained from the toluene-

carrier pyrolysis of benzyl methyl sulfone (36). The
rate constant for the reaction
CeH;CH,S0,.CH; = C:H;CH; + SO.CH; (Eq 50)

was shown to be
log kso = 14.5 — (51.3/6)

Thus, from AH:°(SO.CH;) = —63.2 kcal (see section
VD2) and AH:°(CeH;CH:SO,CH;) = —68.0 kecal
(37), AH:°(CeH;CHo,) is found to be 46.5 keal, leading
to D(CeH;CH.-H) = 86.6 kcal.

Even more convincing evidence in support of these
values of AH:°(CeH;CH;) and D(CsH;CH.-H) has
been put forward from a reinvestigation of the pyrolyses
of ethyl- and n-propylbenzenes by the aniline-carrier

method (55). For the decomposition reactions
CeH;CH,CH; = CH;CH. + CH; (Eq 51)
C¢H;CH,CH,CH; = C¢H:CH, + C.H; (Eq 52)
it was shown that
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TasLe V
Kineric ResvLrs FoR AH(°(CsH:CH,) anp D(CH;CH-H)

AH° (CsHiCHS), D(CeHsCH--H)
Reaction Method keal keal Ref
CH;CH; = C;HCH: + H Flow system . 85 151
Br + CoHsCHs = HBr + CeHscHz Metathetical e 84.6 55

C¢H;CH;Br = C¢H;CH: + Br Toluene-carrier 44.3 25
CsHscI‘IzSOzCHz = CgHsCHz + SOzCHs Toluene-carrier 46.5 36
CeHsCzHa = CeHsCHz + CHs Aniline-carrier 43.2 55
CqH5CaH7 = CeHgsCHz + C2H5 Aniline-carrier 44 .5 55
and CH:CH,Cl = CeHiCH; + Cl (Eq 54)

IOg ke = 14.9 — (686/0)

both considerably different from the values originally
obtained by the toluene-carrier technique (178).
Hence from D(CsH;CH,-CH;) = 70.1 and D(C¢H;-
CH,-C.H;) = 68.6 kecal it follows that AH;°(CeH;-
CH.) = 43.2 or44.5 kcal.

The results so far discussed are summarized in
Table V. These results clearly support values of
D(CeH;CH-H) = 85 and AH;°(CsH;CH,) = 45 keal.

The situation became more complex, however, when
the values AH:°(C:H;CH.Br) = 151 and AH:°-
(CeH;CH,I) = 23.9 kecal were reported (10) from the
heats of hydrogenation of the halides with lithium
aluminum hydride. These figures lead to values of
AH:°(CeH;CH;) = 39.4 and 38.4 kcal, respectively,
from the activation energies of the decomposition of
benzyl bromide (51 kecal) and benzyl iodide (40 kcal).
The difficulty in deciding between the values AH:°-
(CeHsCHz) = 45 or 40 kecal has been emphasized by
Skinner (170).

Fortunately the issue seems to have been resolved
by a recent study of the equilibrium

I, + CeH,CH; = HI + C:H,CH.I

leading to AH:°(CeH;CH,I) = 30.4 kecal (204). In
conjunction with the pyrolysis data on benzyl iodide
this gives AH;°(CeH;CH;) = 45.1 keal. At the same
time AH°(CsH;CH,) = 44.1 kcal was reported (204)
from a kinetic study of the reaction

I+ CH:CH; = CeH,CH; + HI (Eq 53, —53)

for which Fs; = 14.4 keal was deduced. F_;; was as-
sumed to be 1.5 keal

The conclusion must therefore be drawn that
AH:°(C¢H;CH,I) obtained from the reduction ex-
periments with lithium aluminum hydride (10) is
seriously wrong. Similarly AH:°(CsH;CH,Br) reported
in the same paper must also be wrong, and the
previous result of Benson and Buss (25) by the equilib-
rium method is to be preferred.

The values AH°(C¢H;CH,) = 45 = 1 and D(C¢H;-
CH:-H) = 85 = 1 keal can now be accepted with con-
fidence. One further check would be possible if the
heat of formation of benzyl chloride were known, since
the rate constant for the decomposition

has been determined (184) to be
log ks = 14.83 — (68.0/6)
C. D(C5H5CH2~R)

Bond dissociation energies in compounds where R =
CH,;, C.H;, or n-CsH; have already been referred to in
connection with either AH:°(CeHs:CH,) or AH:°-
(n-C3Hy). The three results, which are listed in
Table VI, were obtained by aniline-carrier pyrolyses

(55). Maximum errors are estimated as =2 keal.
TasLe VI
ExPERIMENTAL VALUES oF D(CeH;CH:-R)
D(CsHsCH-R),
R keal Ref
CH, 70 55
C.Hs 69 55
n-CyHy 67 55

d. D(C¢H;CH(CH;)-CHj;)

This is a good example of how aniline-carrier results
have substantially corrected original toluene-carrier
data. The decomposition reaction is (Eq 4, section
II1A)

CsHsCH(CHS)Z = CgHsCHCHs + CH;
The rate constant was originally found (126) to be
log ks = 13.3 — (61.0/6)

on the basis of an assumed A factor, whereas the re-
vised figure from aniline-carrier experiments (113) is

log ks = 14.3 — (66.0/6)
It follows that D(CeH;CH(CH;)-CH;) can be taken
to be 66 keal. The errors should not exceed £2 keal.

B. NITROGEN-CONTAINING COMPOUNDS
1. Hydrazines
a. D (N Hz—'NHz)

The pyrolysis of hydrazine yields direct information
on D(NH:-NH,) since the decomposition occurs via

the reaction
N:H, = 2NH, (Eq 55)

A reinvestigation of this reaction by the toluene-
carrier technique (108) revealed a considerable pres-
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sure effect upon the rate constants, which the original
investigator (179) failed to detect. At 15 mm pres-
sure the revised rate constant was found to be

10g ks = 11.70 — (54:2/0)

Since the activation energy was obtained in the pres-
sure-sensitive region a correction of 3 keal was made to
obtain E_ = 57 kcal, which was identified with D-
(NH:~NH;). The correction was later amended (113)
to 2 keal which means that D(NH,~NH,) can now be
taken as 56 kcal with estimated errors of =2 keal.

Several shock-tube studies of the decomposition
of hydrazine have been reported, and the most recent
(135) supports a limiting high-pressure rate constant
of

log ks = 13.0 — (54/6)
which is in substantial agreement with the revised
toluene-carrier data.

b. D(CH;NH-NH;) and D{((CH;).N-NH,)
Toluene-carrier studies of the decompositions
CH;NHNH, = CH;NH + NH,
(CH;),NNH, = (CH;)N + NH,

(Eq 56)
(Eq 57)
were reported (108) at the same time as that for the

decomposition of hydrazine described above. The
rate constants were shown to be

log ks = 13.22 — (49.6/6)
and both were independent of pressure. Thus D-
(CH;NH-NH,) = 51.9 kcal and D((CH;);N-NH,) =
49.6 keal, with estimated errors of =1 to %2 keal.
A rate constant of
loghk = 7.8 — (28.7/6)

has been reported (49) for the decomposition of 1,1-
dimethylhydrazine studied in a flow system with helium
as carrier gas. This value is a composite quantity
and cannot be identified with reaction 57.

C. D (CGHONH—NH2>

The aniline-carrier technique has yielded results
(113) on the pyrolysis

CeH;NH-NH; = CH;:NH + NH, (Eq 58)
such that
log kss = 11.8 — (40.0/6)
and hence

D(CeH;NH-NH,) = 40 = 2 keal

d. D(N-N) in Other Hydrazines

The toluene-carrier method failed to provide kinetic
information on the decompositions of 1,2-dimethyl-

and tetramethylhydrazine (108). It appears that the
system is only successful with hydrazines that decom-
pose to yield NH, radicals, which form ammonia by the
abstraction of a hydrogen atom from the carrier gas.
The fate of the methylamino radicals is uncertain, but
it is likely that they undergo heterogeneous reactions.
From the results so far established for the decomposi-
tion of the hydrazines it is possible to calculate the
heats of formation of the radicals NH,, NHCHj;,
and N(CHs)s, and hence, from the heats of formation
of the parent hydrazines, the D(N-N) values which
could not be obtained experimentally. This is a typical
procedure for calculating bond dissociation energies
once heats of formation of the radicals are known.
From D(NH,-NH;) = 56 kcal it follows that

AH:°(NH,) = 1/,[D(NH~NH;) +
AH:°(N,H,)] = 39.3 keal
while from D(CsH;NH-NH,) = 40.0 kcal we have
AH:*(NH,) = D(CsH;NH-NH,) —
AH(CeH;NH) + AH:°(CsH;NHNH,) = 41.3 keal

AH°(CsH;NH) was assumed to be 47.6 keal (see
section VB2), AH:°(C;H;NHNH;) = 48.9 keal (3),
and AH°(N.H)) = 22.5 kcal (94). From the two
determinations a value of AH:°(NH;) = 40 =+ 2 keal
is suggested.

The heats of formation of the two methylamino
radicals can now be obtained from the pyrolysis data
on the hydrazines and the equation

AHfO(RquN) = D(RleN—NHz) -
AH°(NH,) + AH:°(R;R.NNH,)
by making use of the deduced value of AH°(NH,) =

40kcal. The data are summarized in Table VII.
TasLe VII
CALCULATION OF HEATS OF FORMATION OF
METHYLAMINO RADICALS
D(RiR:N- AHf°- AH{®-
NHq), (RiR:NNH>), (R1R2N),

Compound keal keal Ref keal
CH;NHNH, 51.9 22.4 11 34.4
(CH,;),NNH, 49.6 19.7 11 29.3

The bond dissociation energies in the other hydrazines
are now calculated from the equation

D(R;R:N-NR:Rs) = AH:°(R:R:N) +
AH°(R:R:N) — AH:°(R:R:NNR;R,)

The values listed in Table VIII for the methyl hydra-
zines have been deduced in this way (108). The
value for the N-N bond dissociation energy in hydrazo-
benzene has been calculated from AH:°(CsH;NH) =
47.6 keal (see section VB2) and is included for com-
parison. The extremely low value obtained, D-
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TapLe VIII
CarcuraTeED D(N-N) Varues iN HYpraziNEs
AH¢®
D(N-N), (compound),
Compound keal keal Ref
CH,NH-NHCH; 47 21.6 11
(CH;):N-N(CH;). 42 16.6 51
(CH,)N-NHCH, 44 19.2 51
CsH;NH~NHC:H; 22 73 46

(CeH;NH-NHC¢H;) = 22 keal, casts considerable
doubt on the thermochemical data (46).

The estimated errors are about +5 keal in any of
these calculated values, but the errors in the differences
are less since some of the uncertainties cancel out.
These kinetically determined dissociation energies for
N-N bonds in methylhydrazines, form a self-consistent
pattern and show the general trends expected for
methyl substitution, by analogy with C-C or O-O
bonds. Values obtained from electron impact studies
on methylhydrazines (76) confirm this general trend,
but owing to the limitations of the method the detailed
values listed here are to be preferred.

2. Analines
a. D(CeHsNH"CHa) and D(CeHsN(CH;;)“CHg)

Values for these bond dissociation energies have been
obtained from aniline-carrier (56, 113) studies of the
decomposition reactions

C:H;NHCH,
CoHN(CHa).

CsH:NH + CH;,
CsH:NCH; + CH,

(Eq 59)
(Eq 60)

[

The rate constants are
log ke = 12.9 — (57.0/6)

leading to D(CeH;NH-CH;) = 60 and D(CgH;N-
(CHy)-CH;) = 57 kcal with estimated errors of be-
tween =1 and *=2 keal. From the heats of formation
of the methylanilines (66, 203) (AH:°(CH;NHCH;) =
21.6 and AH:°(CeH;N(CHj); = 20.1 keal) the heats
of formation of the anilino and N-methylanilino radi-
cals are computed to be 47.6 and 43.1 keal, respectively.

b. D(CsH;NH-H) and D(CeH:;N(CHjs)-H)

These bond strengths can be calculated (113) from
the heats of formation of the anilino and N-methyl-
anilino radicals, determined above, and the heats of
formation of the compounds. Taking AH:°(CeH;-
NH;) = 19.6 kecal (3) and AH:°(C:H;NHCH;) =
21.6 kecal (66) gives D(CH;:NH-H) = 80 £ 3 and
D(CeH;N(CH;)-H) = 74 =+ 3 keal.

C. D (C aHa—NRg)

Values are readily obtainable (108) where R = H
or CH; from the heats of formation of the amino radi-
cals, as calculated above, and the heat of formation

of the phenyl radical (AH:°(C¢H;) = 72 kcal). The
data are summarized in Table IX. Maximum errors
are estimated at +4 keal.

TasLe IX
CaLcuLATED VALUES oF D(CsH—NR3)
AH°- D-
(compound), (CeHs~NR2),
Bond keal Ref keal
CeH:—-NH; 19.6 3 92
CeH~NHCH; 21.6 66 85
CsHs—N(CHj;), 20.1 203 81
3. Amines

The N-H and N-CH; bond strengths listed in Table
X have been calculated (108) from the previously de-
termined heats of formation of the amino radicals.

Tasrte X

CarLcuraTep BonNp Dissociation ENERGIES IN AMINES
AH°(coupound), D,

Bond keal Ref keal
NH-H —-11.0 164 103
CH,NH-H ~5.1 105 92
(CH;).N-H —4.5 105 86
CH,-NH, -5.1 105 79
CH,-NHCH; ~-4.5 105 73
CH;-N(CHjs): —-5.5 101 69

The estimated errors are between £2 and =3 keal.

The pyrolyses of benzylamine and N-methylbenzyl-
amine have been studied (108) by the toluene-carrier
technique and the values D(CsH;CH,-NH;) = 60 and
D(CeH5CH2—NHCH3) = 58 keal reported (108)
This determination of D(Ce:H;CH.-NH,) leads to a
much lower value for AH:°(NH:) than that recom-
mended here, but the heat of formation of benzylamine
used in the calculation is almost certainly wrong (108).
Unfortunately the heat of formation of N~-methylbenzyl-
amine is unknown, otherwise D(C¢H;CH.-NHCH;) =
58 keal would serve as a check on the heat of formation
of either the benzyl or the methylamino radical.

4. Nitriles
a. D(H-CN) and D(CN-CN)

Results on the decomposition of eyanogen from shock-
tube studies are conflicting. Knight and Rink (120)
investigated the reaction

(CN); = 2CN (Eq 61)

by X-ray densitometer measurements of the density
ratios across the shock wave as a function of shock
velocity. The change in gas density reflects the change
in temperature arising from the dissociation reaction.
Do(CN-CN) was deduced to be 145 % 6 kecal leading
to AH:°(CN) = 109 kecal and D,(H-CN) = 129
keal. In the same study this value of Di(H-CN) was
confirmed by the shock-wave decomposition of HCN.
Reaction 61 has been studied (199) by a second shock-
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tube method, which involved measuring the concentra-
tion of cyano radicals by spectrophotometric analysis.
The value Dy(CN-CN) = 125 =+ 8 kecal was reported,
in considerable disagreeement with the other de-
termination.

Further evidence in support of the high values was
put forward almost simultaneously with the second
shock-tube study. From a mass spectrometric study
(29) of the vapor in equilibrium with graphite and
nitrogen at temperatures of 2200-2500°K it was shown
that AH:°(CN) = 109 = 3 kcal. The weight of evi-
dence certainly appears to favor the higher values,
although these have not been established beyond reason-
able doubt. The wvalues discussed above refer to
0°K but corrections to 298°K hardly seem warranted
at this stage in view of the large uncertainties involved.

b. D(CNCH,-H) and D(CNCHy-CHa)

These quantities are related since there is no direct
kinetic determination of D(CNCH:-H) and it must be
calculated from AH:°(CNCH,) which follows from a
knowledge of D(CNCH.~CH;). Here again the ani-
line-carrier technique has been employed to determine
D(CNCH:-CH;). The decomposition of ethylnitrile
has been shown to occur (95) via the reaction

CH3;CHCN = CH; + CH.CN (Eq 62)

with a rate constant of
log ke = 14.1 — (72.7/6)

This gives D(CNCH,~CH3;) = 72.7 kecal and, from
AH:°(C;H;CN) = 11.5 keal (183), leads to AH:°-
(CNCH,) = 50.2 keal. Likewise from AH:°(CH;CN)
= 21.0 keal (162) it can be deduced that D(CNCH.-H)
= 81.3 keal, and hence the difference (D(CNCH;~H)
— D(CNCH,-CHj)) is 8.6 keal. It has been argued
(95) that this difference should be close to 13 keal,
in comparison with other (D(C-H) — D(C-CHs))
differences, for compounds in which the H atom and
CH; radical are attached to a CH. group. It was
further concluded (95) that the most probable source
of error in these determinations was in the value of

AH:°(C,H,CN) used to -calculate AH:°(CNCH,).
Thus the value
D(CNCH,-H) = D(CNCH,-CH;) 4+ 13 = 86 keal

was recommended as the best available. This gives
AH°(CH,CN) = 55 keal, but is in poor agreement with
the electron impact determination of D(CNCH,-H)
> 79 keal (150). It would seem best to accept D-
(CNCH,-H) = 86 = 3 kcal as a tentative value.

¢. D((CH;):C(CN)-CH;) and
D(C¢H;C(CN)(CH;)-CHs)

Values of D((CH;);C(CN)~CH;) = 70 kcal and D-
(CeH;C(CN)(CH3)-CH;) = 54 keal were reported
from aniline-carrier pyrolyses of the nitriles (95).

As the authors point out, however, the latter value
must be accepted with caution since it was not un-
ambiguously shown that the decomposition occurred
via the reaction

CeH;C(CN)(CH;), = CsH;C(CN)CH; + CH;

6. Azo Compounds

Although the kinetics of the decompositions of
several azo and tetrazene compounds have been in-
vestigated (77), it appears that the activation energies
(E4) cannot be identified with bond dissociation energies
in these molecules. If the decompositions occur by a
two-stage mechanism

RN=NR = R + N.R
N:R = N; + R

(Eq 63)
(Eq 64)

then the first and second bond dissociation energies,
D, = D(RNs-R) and D, = D(Ns-R), are defined as
the enthalpy changes of reactions 63 and 64, respec-
tively. The sum (D; 4+ D) can be calculated from
the enthalpy change for the over-all reaction

RN=NR = 2R + N;

if the heat of formation of the azo compound is known.
In all cases where this information is available it
turns out that E4 is considerably greater than (D, +
D;). Gowenlock, Jones, and Snelling (77) have con-
cluded that these compounds decompose by a “three-
fragment” split.

Upper limits for D; values in several azo compounds
have been reported from electron impact studies (78),
and these confirm that there is no direct relation be-
tween the activation energy (Eq) for the decomposition
and D1.

C. OXYGEN-CONTAINING COMPOUNDS
1. Aldehydes
a. D(HCO-H) and D(CH;CO-H)

There are no direct kinetic determinations of these
quantities. Substantial information on AH:°(CH;CO)
has been accumulated, however, and consequently
indirectly on D(CH;CO-H). Since D(CH,CO-H)
is closely related to D(HCO-H), it is best to consider
both bond dissociation energies under the same heading.

The situation regarding AH:°(CH;CO) has recently
been summarized (107). One kinetic method of
determining AH:°(CH3;CO) depends on measuring the
activation energies of the reactions

CH;CO + M = CH; + CO + M (Eq 65, —65)

In a detailed investigation of reaction 65, by the
photolysis of acetone in the presence of hydrogen io-
dide (146), the limiting high-pressure activation energy
was shown to be Eew) = 15 keal. The original data
(39) on the activation energy of reaction —65 was re-
vised by photolyzing azomethane in admixture with
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carbon monoxide (107) and yielded E-g.) = 5 keal.
From these two results we have

AH65,__65 = D(CHs—‘CO) = Ess - E—GE = 10.6 kcal

allowing for the change in standard states. AH:°-

(CH;CO) is then deduced from
AHg, o = AH:°(CHg) + AH{°(CO) — AH°(CH;CO)

and taking AH:°(CH,) = 34.0 keal gives AH°(CH;CO)
= —3 keal. This is in reasonable agreement with the
value AH:°(CH;CO) =< —5 keal which can be calcu-
lated from results (143) on photoionization mass spec-
trometry of acetyl compounds. The original authors
(143) deduced AH:°(CH;CO) = —6.5 keal, but this is
based on Do(CHs-H) = 101 kcal. A second kinetic de-
termination of AH:°(CH;CO) has been carried out by
O’Neal and Benson (147) who studied the over-all
reaction

CH;COI 4 HI = CH;CHO + L,

By following the rate of formation of iodine spectro-
photometrically they were able to obtain an activa-
tion energy of Eg = 14 keal for the reaction

I + CH;COI = I, + CH;CO (Eq 66, —66)

From the relation
D(CH;CO-I) = DI-I) + Ees — E_g

D(CH;CO-I) was calculated to be 50.7 keal by assum-~
ing E_es = 0. AH:°(CH;CO) can then be calculated
from the relation

D(CH;CO-I) = AH;°(CH5CO) +
AH¢(I) — AH°(CH,COI)

O’Neal and Benson (147) suggest a value of AH:°-
(CH,COI) = —31.4 keal leading to AH:°(CH;CO) =
—6.3 kcal. From these three determinations, Kerr
and Calvert (107) proposed a value of AH:°(CH;CO) =
—4 = 2 keal, and this has recently been endorsed
(72) and will be adopted here.

Earlier attempts (45, 185) to determine AH:°-
(CH,CO) involved the pyrolysis of acetone by the tolu-
ene-carrier technique, according to the reaction

CH;COCH; = CH;CO + CH;

for which an activation energy of about 72 kecal was
reported. If AH:°(CH,CO) is —4 keal, then from
thermochemistry D(CH,CO-CH;) should be nearer
82 keal. It now seems likely that the rate constants
for the pyrolysis of acetone have been measured in the
pressure-dependent region, so that the high-pressure
activation energy may be considerably greater than the
experimental value. Returning to D{CH;CO-H), this
dissociation energy is calculated to be 88 keal from
AH?(CH,CO) = —4 kecal and AH:°(CH;CHO) =
—39.7 keal (84).

By analogy with the acetyl radical, AH:°(HCO)
could be obtained from a kinetic study of the reactions

HCO+ M =H+CO+ M

Unfortunately accurate kinetic data for these reactions
are lacking because the systems developed for studying
the acetyl formation and decomposition reactions are
much more difficult to apply to the formyl reactions.
Since there is no reliable experimental value of AH:°-
(HCO), it must be estimated from an assumed value of
D(HCO-H). Several authors (38, 146, 191) have sug-
gested that D(HCO-H) = D(CH;CO-H) which now
means D(HCO-H) = 88 kecal. A rough check on this
assumption can be made by working back to the results
on D(H-CO). From D(HCO-H) = 88 kcal it follows
that AH°(HCO) =< 8 keal, and hence

D(H-CO) = AH:°(H) + AH:°(CO) —
AH°(HCO) == 18 keal

It was previously shown that D(CH-CO) = 10.6
keal so that (D(H-CO) — D(CH;,—CQ)) is estimated
to be about 8 kecal. Within the experimental errors,
this is the expected difference (191) between D(C-H)
and D(C-CH;) and would indicate the general correct-
ness of the above arguments.

In conclusion the values recommended are AH¢°-
(CH;CO) = —4 = 2 keal, AH°(HCO) = 8 % 2 keal,
D(CH;CO-H) = D(HCO-H) = 88 = 2 kcal. If these
values are accepted, the long-standing controversy
(38, 119) regarding the “high” or “low” value of D-
(H-CO) could seem to be settled in favor of the ‘“low”
value, 7.e., D(H—CO) =< 18 keal.

b. D(CeH;CO-H)

A calculated value is available from AH;:°(CsH;CO).
The pyrolysis of benzyl chloride has been studied (184)
by the toluene-carrier technique.

CsH;COCl = CH;CO + Cl (Eq 67)

The rate constant was reported as
log ke = 154 — (736/0)

so that from D(CeH;CO-Cl) = 73.6 kecal and AH:°-
(CeH;COCL) = —28.9 keal (41), AH:°(CeH;CO) is
calculated to be 15.8 kecal. A similar value can be
deduced from less accurate results on the pyrolysis of
benzoyl bromide (124). D(CeH;CO-H) then becomes
74 keal, taking AH:°(CeH;CHO) = —6 kecal (84).
The errors are estimated as £ 5 keal.

2. Kelones

The pyrolytic method has failed to yield reliable
information on bond dissociation energies in ketones.
The pyrolysis of acetone was considered in section
VC1, and the pyrolyses of other lower aliphatic ketones
have been shown to be complex processes (57). Sehon
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Taere XI
Kineric Data on AH:°(CH,0)
AH:*(CHyOX), AH(X), Ego, AHg® (CH30),
CH;0X keal Ref keal kcal Ref keal
CH;ONO —-15.6 158 21.6 36.5 83 -0.7
CH;ONO; —28.6 81 8.0 39.5 83 2.9
38.4 81 1.4
CH;00CH; —-30.0 81 36.1 87 3.1
-~31.6 21 36.1 87 2.3
Tasre XII
KineTic Data oN AH:°(C.H;0)
AH°(C:Hi0X), AH(X), Eso, AH(CH0),
C:H:0X keal Ref keal keal Ref keal
C,H;,ONO —-24.2 83 21.6 37.7 83 -8.1
C.H;ONO; —36.8 83 8.0 36.4 83 —-8.4
C:H;00C,H; —47.8 21 e 34.1 87 —-6.7

and Szwarc (169) and Clark and Pritchard (45) have
indicated the difficulties involved in identifying acti-
vation energies for the decompositions of aromatic
ketones with bond dissociation energies, arising from
“three-fragment” splits of these molecules.

a. D(CH,CO-CHy)

The best available value of this bond strength is
derived from the heats of formation of the radicals;
taking AH:°(CH;) = 34.0, AH:;°(CH,CO) = —4,
and AH:°(CH;COCH;) = —51.7 keal (84) gives D-
(CH3;CO-CH;) = 82 keal with estimated errors of
*3 keal.

b. D(CH;COCH:~-H)

An upper limit of D(CH;COCH,-H) = 92 keal has
been obtained (86) from an activation energy of Fe =
19.5 keal for the reaction

NF; + CH,COCH; = NF.H + CH,COCH; (Eq 68)

The method was identical with that described in section
IIIB. The errors involved in this determination are
not likely to exceed =3 keal.

3. Alcohols

In an excellent review, published in 1959, Gray and
Williams (83) dealt at length with the thermochem-
istry and reactivities of alkoxy radicals. Few experi-
mental results have been published since then which
substantially alter the position concerning AH:°(RO)
and D(RO-H) values.

The AH:°(RO) values recommended by Gray and
Williams (83) for the lower aliphatic alkoxy radicals
are mainly based on kinetic determinations. The
method involves the pyrolyses of compounds of the
type ROX

ROX =RO+ X (Eq 69)
where X = OR, NO, or NO; and R = alkyl radical.

Assuming zero activation energy for the reverse reac-
tion it follows that

AHgy = Eg = AH°(RO) 4+ AH(X) — AH:°(ROX)

so that AH:°(RO) is obtained from the activation
energy of the decomposition reaction, provided the
heats of formation of the compound (ROX) and the
radical (X) are known.

a. D(CH;0-H)

The problem here is to ascertain the most accept~
able value of AH:°(CH;0) since there are no direct
determinations of D(CH3;0-H). The data from the
pyrolytic method have been summarized by Gray (81)
and are shown in Table XI.

Gray (81) proposes AH:°(MeO) = 2 kcal and sug-
gests probable errors of =2 keal, both of which are
perfectly reasonable in view of the evidence at hand.
This result is slightly different from the original value
(83) and gives D(CH;0-H) = 102 % 2 keal.

b. D(C;H;0-H)

The relevant pyrolytic data, leading to AH,°
(C.H;0), are summarized in Table XII. Gray and
Williams (83) adopted the value AH:°(C,H;0) =
—8.5 keal giving D(C,H;0-H) = 99 keal, but from the
amended value of D(CH;0-H) it would now seem better
to accept the results from the peroxide decomposition,
i.e., AH(C:H;0) = —6.7 keal and D(C.H;0-H) =
102 kecal. The estimated errors are about =2 keal.

¢. D (n—C3H7O—H)

Here again kinetic evidence has been obtained from
the pyrolyses of the nitrite, nitrate, and peroxide as
shown in Table XIII. In keeping with AH:°(CH;0)
and AH:°(C.H;0) there is a case for accepting AH¢°-
(n~C;H;O) from the peroxide data; hence AH:°(n-
C:;H,0) = —11 = 2 keal and D(n-C;H;0-H) = 103 =
2 keal are adopted here.

d. D(@-CH,0-H)

The kinetic evidence for AH:°((-CHy,0) is based
solely on the pyrolysis of di-t-butyl peroxide and since
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TasLe XIII
Kinetic Dara oN AH°(n-CsH0)
AH:° (CsH:0X), AH*(X), Eeo, AH¢® (n-CsH10),
n-CsH,0X keal Ref keal keal Ref keal

n-C;H.ONO —31.2 83 21.6 37.7 83 -15.1
n-CsH;ONO, —41.6 83 8.0 37.6 83 —12.0
(n-C;H;,0), —57.8 21 . 36.5 88 -10.7
the activation energy for the pyrolysis has recently TasLe XV
been redetermined (16), this necessitates a slight al- CarcuraTep VaLues oF D(R-OH)
teration to AH:°({-C,H,0). Hence from Eg = 37.4 A(g)‘f (‘gg, (ﬁgg)_ (R_%H)'
keal for reaction 69 involving di-t-butyl peroxide, and R keal keal keal Ret keal
from AH:°({-CH 0);) = —85.5 keal (21), AH:°(t- CH, 34.0 9.3 —48.1 84 91
C.H;0) becomes —24.1 = 2 keal and D(:-CsH,0-H) = (-chH{{ 23; 9§ —56-i 8: 91
103 = 2 keal, taking AHC(-CHOH) = —-749 ;o' 0o o TR w0 %

keal (84).
e. D(-C3H,0-H), D(n-C.H,0-H),
D(#-CH,O-H), and D(sec-C;H,O-H)

No new data have been published on theheats of for-
mation of the radicals, which alter the position sum-
marized by Gray and Williams (83); see data in
Table XIV. The bond dissociation energies are
slightly amended by taking revised figures (84) for the
heats of formation of the alcohols.

4. Ethers and Esters

Gray and Williams (83) calculated bond dissociation
energies for a few of these compounds from the heats
of formation of the radicals. These calculations are
now in need of revision owing to the changes in the
values of the heats of formation of the radicals, particu-
larly the alkyl and acyl radicals. The data are given
in Tables XVI and XVII.

5. Perozides

TapLe XIV a. D(CH;O-OCHs)
AH:°(RO) anp D(RO-H) rorR ALIPHATIC ALCOHOLS
AH#(RO),  AHP(ROH),  D(RO-H), o :
ROH Lo e et The kinetics of the reaction
-C;H,OH —15 —65.4 103 (CH;0), = 2CH;0 (Eq 72)
Zgﬁgg :g :gg'g igg have been studied by following the rate of disappear-
sec-C.H,0H —920 —70.1 102 ance of the peroxide with an infrared absorption spec-

f. D(HOCHyH) and D(HOCH(CHj)-H)
Values have been obtained from the bromination
reactions
Br + CH;O0H = CH,OH + HBr (Eq 70, —70)
Br + CH,CH:0H = CH,CHOH + HBr (Eq 71, —71)
Buckley and Whittle (35) determined Ez = 6.2 keal,
while Tarr and Whittle (188) found Fn; = 5.0 keal.
The reverse reactions have not been studied but
the authors made the reasonable assumption that
E_7 = F_; = 2 keal and hence deduced D(HOCH.-H)
= 92 keal and D(HOCH(CH;)-H) = 90 kcal from the
expression

D(HOCH,-H) = D(HBr) + En — 2

The errors are estimated at about %2 kcal but the dif-
ference (D(HOCH,-H) — DMHOCH(CH;)-H)) should
be more accurate than this.

g. D(R-OH)

A few values, calculated from the heats of formation
of the radicals and the alcohols, are listed in Table XV.
The errors are estimated to be about %2 keal.

trometer (87) and lead to the rate constant
log kre = 15.38 — (36.1/6)
Thus D(CH;0-OCHj) can be taken to be 36.1 keal.
The errors are estimated at =1 keal.
b. D(C.H;0-OC.H;)

Three original sets of data (89, 141, 159) on the
pyrolysis of diethyl peroxide have been combined (87)
to yield

log ks = 14.2 — (34.1/6)
for the reaction
(CH,0), = 2CH,0 (Eq 73)
This result is now generally accepted and hence D-
(C:H;0-0C,H;) = 34.1 £ 1 keal.
c. D (n-C3H7O—0-n—CgH7)

The early data (88) on the decomposition of this
peroxide lead to
log k74 =154 — (365/0)
for the reaction

(n-CsH70): = 2n-C;H;0 (Eq 74)
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Tasue XVI
Carcuratep VaLues oF D(RO-Rp)
AH{ (Ri), AH;° (RO), AH{?(RORy) D(RO-Ry),
ROR: keal keal keal Ref keal
CH;OCH; 34.0 2.0 —44.3 84 80
C.H:0C:H; 25.7 —-6.7 —60.4 84 79
i-(CsH,0C;Hy) 17.6 -15 -76.4 83 79
CH;0CH.CH=CH, 38 2.0 —22.3 83 52
TasLe XVII
Carcuratep Varoes oF D(RCO-OR;)
AH{P(RCO), AH{(ORy), AH{°(RCOORy), D(RCO-ORy),
RCOOR: keal keal keal Ref keal
CH;COOCH; —4 2 -99.2 83 a7
CH,COOC:H; —4 —6.7 —106.6 83 96
CH;C00-n-C;H; —4 -11.0 -112.8 83 98
CH,C0O0-¢-C;H; —4 —-15 —115.8 83 97
CH,;C00-n-CH, -4 -17 —118.9 83 98
CH,C00-:-C.H, —4 —18 -121.1 83 99
HCOOCH, 8 2 —83.6 83 94
C.HsCOOCH; 15.8 2 -71.7 83 90
C:H;COOC.H; 15.8 —-6.7 —-79.1 83 88
and this value is still adopted (21, 87). It follows that Tasre XVIII
D(n-CsH:0-0-n-CiH;) = 36.5 kecal with probable Data o D(RCOO-0OOCR) rroM REACTION 76
errors of =1 keal. D(RC(()%:;OCR) ;.
(RCO0): Log An keal Ref
d. (t-C4H0-0-1-CiHy) (CH,C00), 14.3 29.5 160
The precise rate constant for the decomposition (CHsCOO0), 14.4 30.0 161
(n-C;H,CO0). 14.3 29.6 161

(t—C4H90)2 = 2t~C4HgO (Eq 75)

has been in contention for many years. There seems
to have been a clarification of the position, however,
by Batt and Benson (16) who have reinvestigated re-
action 75 by measuring the pressure change in a static
system and by a detailed analysis of the products, in-
volving gas chromatography. The previously reported
scatter in the rate constants was shown to be due to
temperature gradients in the reaction vessels. The
rate constant was found to be

log ks = 15.6 — (37.4/9)

and this is the best available wvalue.
D(-CH,0-0-t-CH,y) = 37.4 % 1 keal.

d. DRCOO-O0OCR)

The pyrolyses of acetyl, propionyl, and butyryl per-
oxides by the toluene-carrier technique have been re-

Accordingly

(RCOO); = 2RCOO (Eq 76)

ported (160, 161) and the activation energies are
usually accepted as the bond dissociation energies,
D(@RCOO-00CR). The results are summarized in
Table XVIII. The errors are estimated at about %2
keal. It was later shown (173) that the activation
energy for the decomposition of isobutryl peroxide in
isooctane solution was 27 keal, and this has been in-
terpreted as showing the occurrence of a *‘three-frag-
ment”’ decomposition, and hence the activation energy

should not be identified with D{;-C;H;CO0O-00C-i-
03H7).

6. Hydroperozides

The bond dissociation energies D(RO-0H) for methy],
ethyl, n-propyl, and ¢-butyl hydroperoxides have been
calculated (21) from the heats of formation of the
alkoxy radicals and the heats of formation of the hy-
droperoxides. Apart from ethyl and ¢-butyl hydro-
peroxides, the heats of formation of the lower alkyl
hydroperoxides have not been measured, owing to
experimental difficulties, but they can be calculated
from the rule of additivity of group properties developed
by Benson and Buss (26) and should be accurate to
about =1 kecal. The data for the calculation of D-
(RO-OH) values are summarized in Table XIX.

Taswe XIX
Carcuratep D(RO-OH) VALuEs
AHC- D-
AH® (RO), (ROOH), (RO-OH),
RO keal keal Ref keal
CH,0 2 —-32.1 21 43
C.H:0 —-6.7 —40.2 21 43
n-C:H;0 —11.0 —45.2 21 44
t-CH;0 —24.1 —58.6 21 44

It should be noted that the final results are slightly
different from those originally calculated (21) owing to
the revised value of AH:°(OH) = 9.3 kcal.



Boxnp DissociatioNn ENERGIES BY KINETIC METHODS 487

Kirk (115) has reported data for the pyrolysis of
methyl hydroperoxide by the toluene-carrier technique,
based on the analysis of dibenzyl, and results are also
available (116) on the pyrolyses of ethyl, isopropyl,
and ¢-butyl hydroperoxides from similar experiments
involving benzene as the carrier gas and based on the
analysis of biphenyl. The Arrhenius parameters for
the homogeneous decompositions of the hydroperoxides
are listed in Table XX.

TasLe XX
ARRHENIUS PARAMETERS FOR DECOMPOSITION
oF HYDROPEROXIDES

ROOH Log A E, keal Ref
CH,00H 11 32 115
C.H;00H 13.4 37.7 116
1-C,H,00H 15.2 40.0 116
i-CH,O0H 13.7 37.8 116

It is obvious that the activation energies are much
too low to be equated to the bond dissociation energies,
D(RO-OH), listed in Table XIX. It seems unlikely
that the measured rates of the decompositions are
seriously in error so it appears (21) that the mecha-
nisms are not as simple as has been assumed.

which in turn are derived from the pyrolyses of the
peroxides

D(RCOO-OOCR) =
2AH°(RCOO) — AH°((RCOO)s)

These calculations are possible since the heats of for-
mation of the acids and the peroxides are known. The
data are given in Table XXI. The errors are esti-
mated to be approximately £4 kecal.

D. SULFUR-CONTAINING COMPOUNDS
1. Sulfides
a. D(HS-H)

A thermochemical value is available from AH:°(HS)
which can be calculated from D(S-H) and AH°(S).
The heat of formation of the gaseous sulfur atom has
been in dispute for many years (50), but recent mass
spectrometric studies on sulfides (47) have confirmed

the value Dqgs(8-S) = 100 keal, which supports the
result AH:°(S) = 65.7 keal (175). From the equation

D(S-H) = AH°(S) + AH:°(H) — AH:°(HS)

TasBLE XXI
CarcuLaTep VaLugs oF D(RCOO-H)
D-
(RCOO-O0OCR), AH°((RCOO)3), AH°(RCOO), AH{°(RCOOH), D(RCOO0-H),
(RCO0): keal keal Ref keal keal Ref keal
(CH;CO00): 29.5 —119 102 —45 —104.5 102 112
(C.H;COO). 30.0 —138 102 — 54 —111.4 102 110
(n-CsH,COO). 29.6 -150 102 —60 -~110.4 102 103
7. Acids and the value Dy(S-H) = 82.3 keal (103) it follows

a. D(CsH;CH,-COOH) and D((CeH;),CH~-COOH)

An experimental value of D(CéH;CH,~COOH) has
been deduced from s toluene-carrier study (14) of the
reaction

C¢H;CH,COOH = C:H;CH: + COOH (Eq 77)
for which the rate constant was found to be
log krr = 12.9 — (55/6)

Hence D(C:H:CH,-COOH) = 55 kecal, with estimated
errors of about =2 kcal. A value of D(C:H;).CH~
COOH) = 52 kecal was obtained by the same authors
(15), but since the mechanism was not clearly estab-
lished this must be regarded as tentative.

b. D®RCOO-H)

Calculated values for acetic, propionic, and n-
butyric acids have been derived (102) from the heats of
formation of the RCOO radicals

D(RCOO-H) = AH;°(RCOO) +
AH?(H) — AH°(RCOOH)

that AH:°(HS) = 35.5 keal. Taking AH:°(H,S) =
—4.8 keal this means that D(HS-H) = 92 keal.

A Kkinetic value of D(HS-H) can also be obtained
via AH{°(HS) since this has been determined from the
pyrolysis of benzyl sulfide. The reaction

C¢H;CH:SH = C¢H;CH: 4+ SH (Eq 78)

has been investigated (167) by the toluene-carrier
technique and found to have a rate constant of

10g k73 = 13.5 — (53/0)

The heat of formation of gaseous benzyl sulfide has
been determined (132) to be 21.9 keal, and hence taking
AH:°(CsH;CH;) = 45 kecal (see section VA4) this
yields AH:°(HS) = 29.9 keal and D(HS-H) = 87
keal. Mackle and McClean (132) calculated AH:°-
(HS) = 34.9 kcal by taking AH°(CeH;CH,) = 40
keal, but as shown in section VA4 this value is incorrect.

In principle AH:°(HS) should also be obtainable
from the pyrolyses of methyl and ethyl sulfides, but
toluene-carrier studies of these decompositions (167)
have proved to be too complex for the determinations
of D(HS-CHj;) and D(HS-C,H;).
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The value D(HS-H) = 85.6 keal was deduced from
a kinetic study of the pyrolysis of dimethyl ether cata-
lyzed by hydrogen sulfide (136). The over-all reac-
tion was followed by pressure measurements and the
kinetics of the reaction
HS=HS+H

unravelled from a steady-state treatment of the pro-
posed mechanism involving over a dozen reactions.
This determination of D(HS-H) would seem to be
too indirect to be reliable.

The value AH:°(HS) < 33.7 keal, corresponding to
D(HS-H) < 90.6 keal, has been reported (148) from
electron impact studies on sulfides.

The present position regarding D(HS-H) is not well
defined. The values to be considered are 92 kcal
from thermochemical calculations based on D(H-S),
87 keal from the kinetics of the pyrolysis of benzyl
sulfide, and 90 kecal from electron impact results.
The range of values is almost covered by 90 %+ 2 keal,
which is adopted here, but the situation is less satis-
factory than this would imply and obviously more
work is required.

b. D(CH;S-H)
The results are again conflicting. The pyrolysis of
methyl benzyl sulfide

CeH,CH:3CH; = CH:CH:, + SCH,

has been studied (32) by the toluene-carrier technique
and found to have a rate constant of

log k79 = 13.48 — (51.5/6)

giving D(C:H;CH,-SCH,;) = 51.5 keal. AH;:°(CeHj-
CH,SCH;) has been shown (131) to be 19.0 keal, and
hence taking AH:°(C¢H;CH.) = 45 kecal it can be
shown that AH:°(CH,S) = 25.5 keal. It follows that
D(CH;S-H) is 83.1 keal from AH:°(CH,SH) = —5.5
keal. Mackle and Mayrick (131) took AH:°(CeHs-
CH,) = 40 kcal and calculated AH:°(CH;S) = 30.5
keal, but, as shown in section VA4, AH;°(C¢H;CH,)
should be taken as 45 keal.

Palmer and Lossing (148) have determined AH°-
(CH;S) < 31.8 and D(CH;S-H) < 89.4 keal from elec-
tron impaect studies, both in serious disagreement with
the kinetic results. Furthermore the electron impact
results indicate a much smaller difference, (D(HS-H) ~—
D(CH;S-H)) than the kinetic results.

It seems unlikely that D(HS-H) should exceed D-
(CHs8-H) by more than 2 kcal and if D(HS-H) is
taken as 90 = 2 keal this means D(CH,S-H) > 88
keal and AH:°(CH;S) > 30.4 keal. It must be em-
phasized, however, that these are only tentative values
and that more experimental work is necessary.

¢. D(C¢H;S-H) and D(CeH:S-CHj)

The pyrolysis of methy! phenyl sulfide has been
studied by the toluene-carrier technique (13)

(Eq 79)

CeH:SCH; = CsH:S 4 CH; (Eq 80)

and found to have a rate constant of
log ksy = 14.48 — (60/6)

from which it follows that D(CeH;S-CH;) = 60 kcal.
The value AH:°(CeH;SCH;) = 23.5 keal has been con-
firmed (131); hence, from AH:°(CH;) = 34.0 keal,
AH°(CeH;S) is calculated to be 49.5 keal. D(CeHs-
S-H) can now be calculated to be 75 keal since AH;°-
(CsH;sSH) is known to be 26.7 keal (133). It must be
pointed out that these values of D(CH;S-CH,),
D(CeH;S-H), and AH:°(CeH;S) are tentative, since the
mechanism of the pyrolysis of methyl phenyl sulfide
was not rigorously established. Calculations of other
D(C¢H;8-R) bond strengths would hardly seem justi-
fied at this stage.

2. Sulfones

D(R-SO,CH;) values for R = methyl, allyl, and
phenyl have been reported (36) from toluene-carrier
pyrolyses of the sulfones

RSO;CH; = R + S0.CH; (Eq 81)

At the same time the heats of formation of the sulfones
were obtained (37). Both sets of the data are sum-

marized in Table XXII.
Tasre XXII

KineTric AND THERMOCHEMICAL DATA FOR SULFONES (36, 37)
(By = AH{°-

D(CHsS0-R)), (RSO:.CH3),
Sulfone Log Ast keal keal
CH,S0,CH; 14.3 60.6 89.9
C:H;30,CH;, 14.1 47,7 73.5
Ce¢H;CH.80,CH; 14.5 51.3 68.0

From the pyrolysis of dimethyl sulfone and AH:°-
(CH;) = 34.0 keal, the heat of formation of the radical
CH;S0; is deduced to be —63.2 kcal. Hence from
the pyrolyses of the other two sulfones the heats of
formation of the radicals R can now be derived from the
expression

D(R-S0,CH;) = AH:°(R) +
AH°(CHs80;) — AH:°(RSO,CHj)

Thus AH;°(CsHs) = 37.5 keal (see section VA2) and
AH:°(CeH;CH,) = 46.6 keal (see section VA4). The
agreement between these calculated heats of formation
of the allyl and benzyl radicals and values derived
from other sources can be taken as a good indication
of the reliability of the sulfone pyrolyses.

3. Other Sulfur Compounds

Mackle (130) has reviewed the thermochemistry of
sulfur-containing compounds and has calculated many
bond dissociation energies from the heats of formation
of the sulfide and alkyl sulfide radicals and the heats of
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formation of the parent compounds. Until the heats
of formation of the sulfur-containing radicals are known
with more certainty, however, these calculated bond
dissociation energies remain highly speculative.

E. HALOGEN-CONTAINING COMPOUNDS
1. Fluoro Compounds
a. D(CFyH)
Until recently the value D(CF=H) = 102 kecal
seemed established from the kinetics of the system

CH; + CF:H = CH, + CF; (Eq 82, —82)

Es = 9.8 kcal was determined (156) from the photolysis
of hexadeuterioacetone in the presence of fluoroform,
and in conjunction with the known value of E_g =
10.3 keal it was concluded (156) that

D(CFg—H) = D(CHs—H) + E32 - E_32 =
(D(CHs-H) — 0.5) keal

At the time D(CH;-H) was accepted as 102.5 keal;
hence, D(CFs—H) became 102 keal.

Corbett, Tarr, and Whittle (48) subsequently in-
vestigated the thermal and photochemical bromination
reactions of fluoroform

Br + CF;H = HBr 4 CF;

and deduced Eg; = 23.5 kcal. The activation energy
for the reverse reaction (E_s) was assumed to be 1
keal, and hence

D(CF+-H) = D(H-Br) + 23.5 — 1

which, when corrected to 298°K, gave 109 kcal. The
difficulties in accepting this higher value of D(CF;-H)
have been outlined by Skinner (170). The large
discrepancy between these two sets of results prompted
further work on both systems.

Reaction 82 was reinvestigated (157), again by the
photolysis of hexadeuterioacetone in the presence of
fluoroform. The relevant reactions are Eq 82 and

CD;s + CDsCOCD;s = CDy + CD,COCD; (Eq 84)
2CD3 = C2Ds (Eq 85)

(Eq 83, —83)

For the purposes of hydrogen abstraction reactions,
trideuteriomethy! radicals can be regarded as equiva-
lent to methyl radicals. From the known value (Ej,
— 1/4Es;) = 11.4 keal and their experimental result
(Bgss — Eg) = 1.2 kcal, Pritchard and Thommarson
(157) deduced that Eg = (11.4 4+ 1/,Es — 1.2) keal.
The reaction of trifluoromethyl radicals with methane,
reaction —82, had been studied by photolyzing hexa-
fluoroacetone in the presence of methane (12). The
value (F-sp2 — 1/3:Es) = 10.3 kcal was reported,
where Ej is the activation energy of the reaction

2CF; = C,F, (Eq 86)

This value has been substantially confirmed by a re-
cent reinvestigation of the same system (1). Hence
E—g = (10.3 4+ !/;Eg) keal, and from the relation for
reactions 82 and —82

D(CFs+H) = D(CHH) + Ep — E_s
it follows that
D(CF-H) = D(CH;H) +
(114 + 1/,Fs — 1.2) — (10.3 + /oEg) =
D(CHsH) — 0.1 4+ /3Ess — 1/3Ess

Eg; is usually taken to be zero, but Pritchard and
Thommarson (157) assumed a value of 1 keal for the
activation energy (Fs) of the combination reaction of
CF; radicals, mainly on the basis of the temperature
coefficient of the cross-combination reaction of CHj;
and CF; radicals. More recent results (71) have re-
vealed an anomaly in this cross-combination reaction,
and it now seems that Eg should be taken to be zero.
Hence from the revised value of D(CH;-H) = 104.0
kcal it can be deduced that D(CF;-H) = 103.9 keal.

The bromination of fluoroform was reexamined (187)
by the competitive method (see section II1B2) involving
mixtures of CHy and C,F;H and mixtures of CF;H
and C,F;H. The difference in reactivity between CH,
and CF3;H in bromination reactions is too great to com-
pete them directly, so the problem is to find a suitable
“bridge” compound, such as C.F;H, to compete with
each. It was thus shown that Es; — Eyp = 3.76 keal,
where E»» refers to the reaction (Eq 22, —22)

Br + CH, = HBr + CHs

This result has recently been confirmed (2) by taking
n-C;F-H as another “bridge” compound between
CH, and CF;H in competitive bromination experiments.
The reverse of the bromination reaction of fluoroform,
—8&83, has been studied by photolyzing hexafluoro-
acetone in the presence of hydrogen bromide-iodine
mixtures (202). Assuming zero activation energy
for the reaction

CF3 + Iz = CFxI + I

it was shown that E_g; = 3.0 keal and this is supported
by subsequent results of Amphlett, Coomber, and
Whittle (2). For reactions 83 and 22 the following
relation applies

D(CFs+H) — D(CH+H) =
(Ess — En) — (E_ss — E_x)

and in conjunction with the known value (61) E_p» =
1.4 keal it follows that

D(CFs+H) = D(CHs-H) + 2.2 = 106.2 keal

To check this revised determination, Amphlett,
Coomber, and Whittle (2) have also studied competitive
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chlorination of mixtures of CF:H and C.F;H and mix-
tures of CHy and C.FsH. A bridge compound is again
necessary since CF;H and CH, have much too large
a difference in reactivity toward chlorine atoms to be
directly compared with accuracy. For the reactions

Cl + CF;:H = HCI + CF; (Eq 87, —87)
Cl + CH, = HCl 4 CH; (Eq 88)

it was shown that Egy — Eg = 4.5 keal, and since Hgs
1s known to be 3.9 keal (122) it follows that Fgy = 8.4
keal. D(CFs—H) can now be calculated from the re-
lation

D(CF:{—'H) - D(H—Cl) = Ea'[ - E_s7

since E_g was determined (2) to be 5.1 keal by photo-
lyzing hexafluoroacetone in the presence of HCL
This gives D(CF;-H) = 106.3 keal on correction to
208°K, which agrees extremely well with the revised
value from the bromination work. Amphlett,
Coomber, and Whittle (2) propose 106.2 = 0.5 keal,
and, although this seems an optimistic estimate of the
errors, the weight of evidence now favors this higher
value, and we shall adopt here D(CF;~H) = 106.2 =
1keal.

b. D(CHF.-H) and D(CH,F-H)

Upper limits have been placed on these bond dis-
sociation energies from competitive bromination re-

actions (187). For the reactions
Br + CH.F, = HBr + CHF. (Eq 89, —89)
Br + CH;F = HBr + CH.,F (Eq 90, —90)

activation energies of Eg = 15.3 and Eg = 14.8 keal
were established from which it was deduced that D-
(CHF.-H) < 102.8 and D(CH.F-H) < 103.3 kcal.
It was then reasonably assumed (187) that F_g =
E—4 = 2 keal, leading to D(CHF,-H) = D(CH.F-H)
= 101 keal, but in view of the revised value of D
(CFs~H) = 106, these figures should be assigned sub-
stantial errors, say =4 keal.

C. D(CzFa—H) and D(’I’L-CgFrH)
The reactions involved here are
CD; + RH = CD;H + R (Eq 91, —91)
Pritchard and Thommarson (157) determined Egy =
9.5 keal for CoF;H and Egy = 9.1 keal for n-CsF-H,
in the same study as the redetermination of D(CFs;-H).
Furthermore, the activation energies F-g have been

shown to be 10.6 and 9.5 keal for R = C,F; (152) and
n-CyF7 (69), respectively, on the assumption of zero

activation energy for the recombination of the per--

fluoroalkyl radicals. Applying the relation
D(R—H) = D(CHa—H) + E91 bl E_g]_
the values are deduced to be

D(C:F-H) = 104 4 9.5 — 10.6 = 102.9 keal

D(n-CsFr-H) = 104 + 9.1 — 9.5 = 103.6 kcal

The probable errors are =2 kcal and the recommended
values are D(CoFs-H) = 103 = 2 keal and D(n-
CeF-H) = 104 £ 2 kecal. The value D(C,Fs-H) <
102 keal has been obtained from competitive bromina-
tion studies (187) so the agreement is reasonably good.

d. D(CF+CFj)

Tschuikow-Roux (200, 201) has determined D-
(CFsCF;5) = 93 = 4 keal, by studying the decompo-
sition reaction in a single-pulse shock tube, and he
has summarized other existing data on D{CFzCF;)
and AH;°(CF;). A thermochemical value of D(CFs-
CF;) is available since AH°(CF;) can be calculated
from D(CFy-H) = 1062 kcal (see section VE1).

Taking AH°(CF;H) = —165.1 keal (175) leads to
AH°(CF;) = —111.0 kecal, and hence from AH:°-
(CoFg) = —303 keal (117) it follows that D(CFs-

CF;) = 81 keal. The shock-tube result, D(CF;-CFs)
= 03 kecal, seems rather high in comparison with
D(CH;-CH;) = 88 keal, but as previously noted
(200) the heat of formation of hexafluoroethane may
not be reliable. Until more work is done on these
systems the value D(CFs~CF3) = 86 = 5 keal is recom-
mended.

e. D(R-F)

The best available estimates of the C-F bond dis-
sociation energies in alkyl fluorides are derived from the
heats of formation of the radicals and the parent com-

pounds. The results are summarized in Table XXIIT.
TasLe XXIIT
Cavcuratep D(R-F) VALuEs
AHP(R), AHP(RF), D(R-F)
RF keal keal Ref keal

CH,F 34.0 —-55 23 108
C.HsF 25.7 —61 23 106
n~-C;H;F 21.1 —66 123 106
=CHF 17.6 —68 123 105
CeH,F 72 —26.5 166 117

f. D(NF;-NF,), D(NF,-H),
and D(NF-F)

An accurate value of D(NFo-NF,;) = 199 £ 0.5
kecal has been determined (104) from equilibrium meas-
urements on the system

N.F, = 2NF;

This is one of the few free-radical systems in which the
enthalpy change can be measured directly from equi-
librium constants. The above value has been con-
firmed by mass spectrometric (92) and other studies
(149).

Grzechowiak, Kerr, and Trotman-Dickenson (85)
proposed a value of D(NF,-H) = 72.6 kcal on the basis
of o = 1.0 in the Polanyi relation for the reaction of
difluoroamino radicals with alkanes (section IV).
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It now seems that this is probably a considerable
underestimate. A thermochemical value of D(NF.~H)
is available from AH°(NF.). Thus

AHf°<NF2) = 1/2(D(NF2—NF2) -
AHfO(N2F4)) = 8.9 keal

taking AH:°(N.F,) = 2.0 keal (8). The value of AH:°-
(NF:H) has not been reported, but a reasonable esti-
mate has been interpolated (172) from AH:°(NH;) =
—11 keal and AH°(NF;) = —29.7 keal, leading to
AH:°(NF.H) = —24 kecal. It follows that D{NF—H)
= 85 kcal which is probably the best available esti-
mate, but minimum errors of =5 keal should be as-
signed.

Since AH:°(NF;) is known to be —30 keal (7),
D(NF:~F) has been calculated (92, 114) to be 58 keal
with estimated errors of =5 keal.

2, Chloro Compounds
a. D(CCl-H)

Benson (22) has reexamined the thermodynamics
and kinetics of the system

Br; + CHCl; = HBr + CCLBr (Eq 92, —92)

originally studied by Sullivan and Davidson (177).
The mechanism involves the reactions

Br 4+ CHCl; = HBr + CCl;

CCl; + Br, = CCl;Br + Br

and by taking new entropy data for the species con-
cerned, a more precise value of AHg,—g has been de-
duced, leading to AH:°(CCL;Br) = —8.7 keal.

It was also possible to assign Arrhenius parameters
to the elementary reactions of the mechanism from a
detailed analysis of the kinetic data, on the basis of
reasonable estimates of S°(CClL) and C,°(CCly).
Hence it was shown that AHg,—9; = 8.2 %= 1 keal so
that from the relation

D(CCls-H) — D(H-Br) = AHg;, g3

it follows that D(CCl,-H) = 95.7 = 1 kecal, and thus
AH;°(CCl) = 18.6 = 2 keal from AH:°(CHCly) =
—25.0 keal (175).

(Eq 93, —93)

b. D(CCL-X)

The values listed in Table XXIV have been calcu-
lated from AH:°(CCl;) = 18.6 kecal, as deduced above,
and the heats of formation of the compounds. The
results are slightly different from those originally calcu-~
lated (22) since a revised value of AH;:°(CHCIl;) has
been used to calculate AH;°(CCly).

c. D(R-CI])

DR-CI) values in alkyl chlorides are readily cal-
culated from the heats of formation of the radicals and
the alkyl chlorides. The data are given in Table XXV,
The errors are estimated to be about =2 keal.

TasLe XXIV
CaLcuLATED VALUES oF D(CCl-X)
Estimated
AH¢®, D(CClX), errors,
CCLX keal Ref keal kcal
CCLF —68 175 106 3
CCL —25.9 175 73.4 2
CClL:Br —8.7 22 54.0 2
Taswe XXV
CavrcuraTeDp VALuEs oF D(R-Cl)
AHP(R),  AH:(RCD, D(R—CD),
RC1 keal keal Ref kcal
CH;Cl 34.0 —-20.7 23 84
C.H;Cl 25.7 —26.7 23 81
n-CyH;Cl 21.1 —-31.7 24 82
-C:H,Cl 17.6 —34.6 24 81
t-C:H,Cl 6.8 —42.9 24 79

d. D(C.H;CH:-Cl)

This bond dissociation energy has already been men-
tioned in connection with the determination of AH°-
(CsHsCH;) (see section VA4). D(CH;CH,-Cl) =
68 kcal was determined by the toluene-carrier method
(184), and the errors should not exceed =2 keal.

e. D(C:HCO-CI)

The value D(CeH;CO-Cl) = 73.6 keal, determined
by the toluene-carrier technique (184), was used in
section VC1 to derive AH:°(CsH:;CQO). Since the de-
termination of D(C;H;CO-Cl) involved a high-tempera-
ture study, it should be assigned errors of 3 keal.

3. Bromo Compounds

Szwarc and his co-workers have reported many C-Br
bond dissociation energies, but, since most of them de-
pend upon an assumed 4 factor for the decomposition
reaction, they are not all considered here (see section
IIIA).

a. D(R-Br)

As for the other alkyl halides, the best available
values are probably those calculated from the heats
of formation of the radicals, and listed in Table XXVI.
The errors are estimated to be about £2 keal.

TaBrLe XXVI
CALCULATED VALuEs oF D(R~Br)
AH:°(R), AH{(RB1), D(R-Br),

RBr keal keal Ref keal
CH;Br 34.0 -9.5 23 70
C.:H;Br 25.7 —16.3 24 69
n-C;H;Br 21.1 —21.2 24 69
4~CsH:Br 17.6 —23.5 24 68
-CH,Br 6.8 —29.5 24 63

b. D(CH=~CHCH,—Br)

Although the pyrolysis of allyl bromide has been
extensively studied by the toluene-carrier (181, 190)
and other techniques (129), it is extremely doubtful
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if the activation energy (45-48 keal) can be identified
with D(CyHs—Br). This point was discussed in con-
nection with AH;°(C3;H;) in section VA2,

The pyrolyses of 3-bromopropyne and bromo-
propadiene, which have been reported (190) from
toluene-carrier studies, are also unlikely to yield re-
liable values of the C-Br bond strengths in these
molecules.

¢. D(C¢HzBr)

An experimental value of this bond dissociation
energy has been reported (186) from the toluene-
carrier pyrolysis (Eq 42)

CGHEBT = CsHs + Br

Thus from the rate constant

D(CyH;-Br) was deduced to be 70.9 keal. Asshown in
section VA4, however, the value of AH:°(C¢H;) which
can be derived from this bond dissociation energy seems
rather low and, accordingly, D(CeH—Br) = 71 = 4
keal is recommended.
d. D(CeHs.CHz—BI')
The pyrolyses data on reaction 48
CeHaCHzBI‘ = CeHscHg + Br

reported from several toluene-carrier studies (125,
127, 181) support D(CeH;CH,—Br) = 51 kcal. This
result can be accepted with confidence since it leads
to a value of AH:°(CsH;CHz) consistent with the best

available value (see section VA4). Errors of =+1
keal therefore seem reasonable.

4. Todo Compounds
Pyrolytic determinations of D(R-I) values in alkyl
iodides have not been successful. Benson (20) has
considered the kinetics of the pyrolyses of alkyl iodides
and concludes that fission of the R-I bonds is not a
rate-determining step, so that no information on D-
(R-I) can be gleaned from these systems.

a. D(CH;-I)
The most reliable kinetic determination of this bond
dissociation energy is based on the system
CH;I + HI = CHs + L.
which has been investigated by Flowers and Benson

(64). The method, outlined in section ITIB1, leads
to accurate kinetic data on reaction 10, —10

14+ CHJI = 1.+ CH;

from which it was concluded that AH1,—1 = 20.2 keal
(see also section VA1l). D(CHjz;-I) can then be cal-
culated to be 56.3 keal from

D(CHsI) — D(I-I) = AHi,—10

The uncertainty is about =1 keal.
b. D(C.HsI)
A kinetic study of the system
CHI + HI=C:Hs + I.
again leads to the most reliable value of D(C.HsI).

Hartley and Benson (91) have determined Eq = 16.9
keal for the reaction

I+ CHJI=1I, + CH; (Eq 94, —94)

Hence by assuming E_o = 0, AHg, g becomes 16.9
keal, and from the equation

D(Csz—I) = D(I—I) + AH94, —04
it follows that D(C.Hs-1) = 53.0 = 1 keal.

¢. D(R-I) in Higher Alkyl Iodides

Unfortunately accurate kinetic data on the HI-RI
systems is lacking for alkyl iodides higher in the series
than ethyl iodide. The original data of Ogg (145)
on the system

n-03H7I + HI = CaHs + 12

have been recalculated (28, 176) and Ey = 18 kcal
deduced for reaction 31, —31

I + n—CaH7I = Iz + n-03H7

Assuming E-3 = 0, AHy,.; becomes 18 kecal (see
section VA2), and hence

D(n-C:H-I) = D(I-I) + 18 = 54 keal

Minimum errors of =2 keal must be assigned to this
value. There is good agreement between this result
and that which can be calculated from the heats of
formation of the n-propyl radical and the iodide. Some
other R~I bond strengths listed in Table XXVII can
also be calculated in this way. The estimated errors
are =2 keal.

TasLe XXVII
CALCULATED VALUES oF D(R-I)

AH:°(R), AH:#(RI), D(R-T),
RI keal keal Ref keal
n-CyHiI 21.1 -7.1 24 54
-C;HiI 17.6 -9.9 24 53
t-CHol 6.8 —-17.2 24 50

d. D(CH;CO-I)
A determination has been reported (147) from a
kinetic study of the system
CH,;COI + HI = CH;CHO + I,
The method was discussed in connection with AH:°-
(CH;CO) in section VC1. For the reaction
I 4+ CH;COI =1, + CH;CO  (Eq 95, —95)

Ey was shown to be 14.6 keal, and by making the
usual assumption that the reverse reaction, -—95,
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TasLe XXVIII
KineTic AND THERMOCHEMICAL DATA ON PYROLYSES OF METAL ALKYLS

Compound E4° Log A Ref D,e
Zn(CHs;). 47.2 11.3 154 47
Cd(CHs)e 45.8 11.9 153 46
Hg(CH,), 50.1 13.1 79, 153 50
Hg(C.Hs), 42.5 14.1 42 43
Hg(CsHs): 48.3 11.9 194 48
Ga(CHs)s 59.5 15.5 96 60
In(CHs,)s 47.2 15.7 97 47
ClSn(CHj)s 56.1 13.5 155 56(7)
Sb(CHj;)s 57.0 15.2 155 57(7)
TI(CH,)s 27.4 10.8 98 27
Bi(CHa); 44.0 14.0 155 44

¢ Units: keal. ® Experimental value.

has zero activation energy it follows that AHg;,_os =
14.6 keal and

D(CH;CO-I) = D(I-I) + 14.6 = 50.7 keal

Since this result leads to a slightly low value of AH:°-
(CH3;CO) (see section VC1), it should be assigned
errors of =2 keal.

e. D(CFI)
The pyrolysis reaction
CFl = CF; + 1

has been studied (31) in static and flow systems in the
presence of excess hydrogen iodide. The value D-
(CF,-1) = 53.5 kcal was obtained from Eq = 17.6
keal for the reaction

I+ CFRI=1 + CF; (Eq 96, —96)

and the relation
D(CFs-1) = D-I) + Eo¢ — E_gs

by assuming a value of E_g close to zero. It is difficult
to assess the errors involved in this determination,
as full experimental details are lacking, but since the
method yields a reasonable value for the kinetic param-
eters of the analogous reaction involving CH;I, the
errors should not be greater than =2 keal.

f. D(CeH;CH,-I)

Reference was made to this bond strength in section
VA4 concerning AH;:°(CeHs;CH,). The determina-
tion D(CsH;CH:-I) = 39 kecal reported from toluene-
carrier experiments and corrected to 40.3 kcal by
Benson and Buss (25) has been confirmed by pyrolysis
studies in a flow system with hydrogen iodide as carrier
gas (31) The value D(CH;CH,-I) = 40 =+ 1 keal
(204) is acceptable

F. METAL ALKYLS

The decompositions of these compounds can be com-
plicated by ‘‘three-fragment’ splits, such as ocecur

AH® (D +

AHg® (metal D: +

Dy® Dye (compound)® Ref atom)% D3¢
35° e 13.3 128 31.2 86
22 ce 26.4 128 26.8 68
12 ce 20.8 128 14.7 62
3 20.0 128 14.7 46
35¢% 85 ~-9.1 128 69 180
40(?)® .. ce.

—9.2 1226 63 174

45.8 128 49.5 106

with azo compounds and some ketones (30), and hence
two possible mechanisms have to be considered

RMR

- RM +R
BM Bt type I
RMR = R+ M+ R  typell

An additional step is included in type I mechanisms
involving trivalent metals For type I mechanisms the
activation energy (E4) = D(RM-R) and the A factor
is usually about “normal,” whereas for type II mech-
anisms Fq > (D(RM-R) + D(R-M)) and the 4 factor
is “high.” Obviously a type I mechanism must be
established before the activation energy of the decom-
position can be identified with the bond dissociation
energy, D(RM-R), which is of interest here Most of
the kinetic information on the decompositions of metal
alkyls has been obtained from toluene-carrier experi-
ments. The data are listed in Table XXVIII for the
decompositions of compounds where a type I mech-
anism seems reasonably certain. For trivalent metals
(MR3), D, corresponds to D(R.:M-R), D, to DIRM-R),
and D; to D(R-M) The sum (Dy + Dy 4+ Dj) is
calculated from the expression

(D1 + Ds 4+ Ds) = AH:°(M) +
3AH:°(R) — AH°(MRj)

For divalent metals the corresponding equation for
(Dy + D) applies. The values listed in Table XXVIII

TasLe XXIX

Heats oF FOoRMATION oF SoME GASEOUS AToMs AT 298°K

AH:®, Errors, AHg®, Errors,
Atom keal keal Atom keal keal
H 52.10 0.06 Zn 31.2 0.5
C 170.9 0.45 Ga 69.0
N 113.0 1 Br 26.74 0.07
(6] 59.56 0.03 Cd 26.75 0.2
F 18.86 0.2 Sb 63 2
S 65.65 0.6 I 25.54 0.01
Cl 28.92 0.03 Hg 14.65 0.02

Bi 49.5 1
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TasLe XXX
HEeaTts oF FORMATION OF RaDICcALS AT 298°K

Estimated
errors,

Radical AH:®, keal keal
CH 142 1
CH, 90 4
CH, 34.0 1
C,H; 64 2
C.H; 25.7 1
C:H; 38 1
¢-CsHj 61 3
n-CaH-, 21 2
1-CsHy 17.6 1
¢-CHy 49 3
n-C4Hg 17 2
+=CH, . 14 2
sec-CiH, 12.4 1
t-CoH, 6.8 1
¢-C:H, 22 3
DeO-CsHu 7. 5 1
CeH; 72 2
c~CeHu 12 3
C.H;CH. 45 1
CH:CHCH, 33 2
CN 109 3
CH.CN 55 3
CH.NH 34.3 2
(CH,).N 29.3 2
CH;NH 47.6 2
C:H:NCH; 43.1 2
CHO 8 2
CH;0 2 2
COOH —65? e
CH.0H -8 3
CH;CO —4 2
CH,CO;, —-45 4
CH,CHOH -18 3
C:H;0 -6.7 2
CH,COCH, -12 3
C:H;:CO: -54 4
n-CyH-0 -11 2
+-CsH,0 -15 2
n-03H7002 —60 4
n-C4H90 -17 2
+~CH,0 -~18 2
sec-C4H90 -~20 2
t-C.H0 -24.1 2
C¢H;CO 16 3
CF: -35 10
CF;4 —-111 2
CCl; 18.6 2
NH, 40 2
NF; 8.9 2
HO 9.3 1
HO, 5 2
HS 33? cee
CH,S 30?

CeH:S 50? .
CH,S0; —~63.2 2

for (D; + D) or (D4 + Dy + D;) are revised from the
original data (128) to allow for the new values of
AH°(R), as listed in Table XXX. The values for
D, are calculated from the experimental values of D,

Ref
or

Method of determination section
D(C-H) = 81 : VAl
D(CH-H) = 104 VA1l
Various including D(CH,;-H) = 104.0 VA1l
D(CHy-H) = 104 VA2
Various, including D(C;Hs—H) = 98.0 VAl
Various, including D(C;H-H) = 85 VA2
D(c-c;Ha—H) = 101 VA3
Various, including D(n-C;H~H) = 98 VAl
D(-C;Hr-H) = 94.5 VALl

D(c-CH~H) = 95 VA3
D(n-CHyH) == 98 .
D(i-CHyH) == 98

D(sec-C{Hy-H) = 94.5 VAl
D(t-CHH) = 91.0 VA1l
D(c-CsHe~H) = 93 VA3
D(neo-CsH;;-H) = 99.3 VAl
D(CeHs-H) = 104 VA4
D(C—CgHu"H) = 94 VA3
Various, including D(C¢H;CH-H) = 85 VA4
D(CeH;CH(CH;)-CH;) = 66 VA4
D(CN-CN) = 145 VB4
D(CNCH,-CH,) = 86 VB4
D(CH;NH-NH;) = 51.9 VB1
D((CH;):N~-NH,) = 49.6 VB1
D(CeH:NH-CH;) = 60 VB2
D(CeH;N(CH;)-CH;) = 57 VB2
D(HCO-H) = 88 VCi
Various VC3
D(CHCH~COOH) = 55 VC7
D(HOCH:-H) = 92 VC3
Various VC1
D(CHCO,-0:CCH;) = 29.5 vC7
D(HOCH(CH,)-H) = 90 VC3
Various VC3
D(CH;COCH-H) = 92 vVC2
D(C:H:;CO~0,CC.H;) = 30.0 vC7
Various VC3
Various VC3
D(n-CsH,CO-0.CCsHr) = 29.6 vC7
Various vC3
Various VC3
Various VC3
D(-CHO-OCH,) = 37.4 VC3
D(CeH:CO-Cl) = 73.6 VCi1
Electron impact 134
D(CFs-H) = 106 VE1
D(CCl-H) = 95.7 VE2
Various VB1
D(NF-NF;) = 19.9 VE1
D(O-H) = 102.4 82

D(HO;-H) = 90 65

D(HS-H) = 90 VD1
D(CH;8-H) = 88 VD1
D(CeH:8~CH;) = 60 VD1
D(CH;80,-CH;) = 61 VD1

(corresponding to the activation energy (Es) of the
decomposition) and the sum (D + D.) calculated from
thermochemistry. In a few cases, experimental values
of D, are available which, in the case of a divalent
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Tasie XXXI
Bonp Dissociation ENERGIES IN RADICALS
Do Do
(caled), (exptl),
Bond kcal Eq, keal Ref E 4, keal Ref keal

0C-H 18

OCH~H 22

CHCH-H 42

¢H.CH,-H 39 40 111

CH,CH(CH,)-H 36 35 111

CH,CHCH~H 39 37 111

CH,CH,CH(CH,)-H 36

CH,CH,CHCH-H 40

(CH,).C(CH,)-H 35 31 111

(CH,):CCH-H 42

CH,CH,-CH, 26 34.5 111 8.6 34 26
CH,CH(CH,)-CH, 24 26 111 8.8 140 17
CH,CHCHCH, 27 24 111 8.8 140 15
(CH,),C(CH,)-CH;, 23 32 6

CH,CH-C,H; 21 22 111 6.9 111 15
0C-CH, 12 15 146 5 107 10
OCHCH, 13 13 205

CH.CO-CH;, 31

OC(CH,)~CH, 6 11 137

0C-C:H; 30

0.C-CH; =15

metal, can be compared with the thermochemical
value or, in the case of a trivalent metal, can be used
to calculate Ds.

VI. HEeaTts oF FORMATION OF AToMS AND RADICALS

The heats of formation of atoms at 298°K, which
have been used in this review to calculate bond dis-
sociation energies, are listed in Table XXIX. They
are taken from the JANAF Tables (175) or a recent
review (171).

Bond dissociation energies for diatomic molecules
have been summarized by Benson (23).

Table XXX lists the heats of formation of radicals,
many of which have already been discussed where their
determination is the only method of obtaining a bond
dissociation energy. Also included are the heats of
formation of a few simple radicals, which are some-
times required in thermochemical calculations, but
which have been obtained from spectroscopic, mass
spectrometric, or other nonkinetic methods. Brief
indications are also given of the methods by which
the values were obtained along with references either
to preceding parts of the text or to sources not pre-
viously discussed. Values listed with a query are
tentative. An up-to-date list of heats of formation of
radicals is now published in the “Handbook of Chem-
istry and Physics” (112).

VII. Boxp DissociaTioNn ENERGIES IN RADICALS

From the heats of formation of the radicals, listed
in Table XXX, it is possible to calculate bond strengths
in the radicals, e.g.

D(CH,CH,-H) = AH:°(C.H,) +
AH:°(H) — AH:°(C:H;) = 39 keal

Some of the more interesting examples, calculated in
this way, are listed in Table XXXI. Occasionally
the calculated value can be compared with an experi-
mental value. Again taking the example of D(CH,-
CH,-H), the reaction is

C:H; = CH,+ H (Eq 97, —97)

and hence the experimental value is obtained from the
equation

D(CH,.CHr-H) = AHy,—¢ = Eq — E_qt

if the activation energies of the decomposition (E4)
and the reverse reaction (E-4) are known. The few
available results on E4 and E—4 values are listed in
Table XXXI.

VIII. BEsT AVAILABLE VALUES
oF BoNp DissociaTioN ENERGIES

A summary of the values recommended in this
review is given in Table XXXII. Some bond dis-
sociation energies from nonkinetic sources are also
included where they are of particular interest, and
these are supplemented by a reference and a brief
indication of the method. A similar list is now avail-
able in the “Handbook of Chemistry and Physics”
(112), and since this is revised annually it should prove
to be a valuable source of up-to-date data.
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Bond
CH-H
CH-H
CH;-H
CH~CH-—H
C:Hs-H
CH=CHCH,— H
¢-C;Hs-H
CH;CH,CH.—H
(CH,):CH-H
¢-C.H~H
CH;CH,CH(CH;)-H
(CH,;):C-H
C-C:;H 9—H
(CHs;);:CCH-H
CsHeN
C-CeHu—H
CH:CH,-H
¢-C,Hii-H
H-CN
CNCH-H
HCO-H
HOCH-H
CH;CO-H
HOCH(CH;)-H
CH;COCH~H
CsH;CO-H
CH.F-H
CHF~H
CFs-H
CFe-H
n-03F7—H
CCl-H
NH-H
CH;NH-H
(CH,).N-H
CsH;NH-H
C:H:N(CH,)-H
NF-H
HO-H
CH,0-H
C.H;0-H
n-C:H,0-H
-C;H;0-H
n-C4H90—H
s-CH,0-H
-CH,0-H
t-CH,0-H
HOO-H
CH;CO0-H
C.H;COO-H
n-C;H,COO-H
HS-H
CH;S-H
CHsS-H
BHBH;
BH-CO
CH=CH
CHs=CH.,
CH;—CH;
CH:~C,Hj
CH;-CH(CHys),
C,H~C:H;

BEsT AvAlLABLE VALUES OF BoND DissociaTioN ENERGIES

Dass, keal
108
104
104.0
104

98.0
85
101
98
94.5
95
94.6
91.0
93
99.3
104
94
85
93
129
86
88
92
88
90
92
74
101
101
106
103
104
95.7

J. A. KErr

TasLe XXXII

Estimated
errors,
keal

WRNNONOTNNE Y I d b NN NNDNDN NN O WWWMN DD F B CTWwN NN GWOWOWKF WK F QH M M D)W MMR DR

Bond
C,Hy~-CH(CHj),
(CH;).CH-CH(CHs),
C¢H;CHCH,
CeHsCHrCzHS
C.H;CH(CH;)-CH,
C.H:CH,-CH,CH.CH;,
CN-CN
CNCH:~CH;,
(CH;),C(CN)~CH;,
CeH;C(CN)(CH,;)-CH,
CH,CO~CH,
C.H;CH~COOH
(C:H;):CH-COOH
CFyCF;

CH-NH,
CH,-NHCH,
CHg-N(CHs):
CH-NHC.H;
CH:N(CH;)CeHs
CH~NH,
C:Hs~NHCH,
CeHs~N(CHs).
CeH:CH.-NH.
C:H;CH,-NHCH,
CH;O0H
C,H;—OH
-C:H-OH
t-C.H~OH
CH0-CH;,
CszO—CZHS
CH,0-CH,CH=CH_,
+-C;H;0-C;H,
CH-F

C.H;-F

n-C;H-,—F
~C;Hr-F

C:Hs-F

CCl-F
C:H:8-CH,
CH,.S0--CH;
CH:SOz—CHzCH-"—‘CHa
CH;S0,~CH:C¢H;
CHCl1

C,HyCl
n-C,Hr-Cl
+~-CiH~Cl
t~CH—Cl
C:H:CH,-Cl
C.H:CO-Cl
CCl~-C1
CH;ZD—CH:
(CH;).Ga-CH,
CH:—BI‘

Csz—BI‘
n-CsHr-Br
‘i—CaHrBI‘
t-CgHo—B!’
CsHs—Bl'
CeHsCHrBl‘
CCly-Br
CH,Cd-CH;
(CH;):In-CH;

Digs, keal

Estimated
errors,
keal

WRONF BN NNNNDRDNDNRONWNNRNNNONNFFHRM YW WWNWO TN NNDN S RODNDWWWWROINWYINNDNDNNDNNDN
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TasLe XXXII (Continued)

Estimated
errors,

Bond Dgps, keal keal
CH;(Cl:)Sn—-CH;, 56 ?
(CH;).Sb—CH;, 57 ?
CH,-1 56.3 1
C.Hs-1 53.0 1
n-CsH~1 54 2
3-C;H-1 53 2
t-CHo~1 50 2
CsH;CH,-1 40 1
CH;CO-1 51 2
CFs-1 54 2
CHgHg‘—CHa 50 2
CszHg-“C2H3 48 2
CzHJ‘Ig—Csz 43 2
(CH;).T1-CH;, 27 2
(CH;):Bi-CHj 44 2
NH,-NH, 56 2
NH--NHCH; 52 2
NH--N(CH;): 50 2
CH;NH-NHCH;, 47 5
CH;NH-N(CHj;). 44 5
(CH;).N-N(CH;), 42 5
C:H;NH~-NH; 40 2
CsH;NH-NHCqH; 22 ?
ON-NO: 9.5/ 0.5
0:N-NO. 12.9° 0.5
NF-NF. 19.9 0.5
NFF 58 5

¢ Thermochemical from AH:°(OH) = 9.3.

* Heat of hydrolysis (68).
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(CH;0-H). The author also thanks S. W. Benson,
D. M. Golden, and E. Whittle for access to manuscripts
prior to publication.

IX. REFERENCES

(1) Alcock, W. G., and Whittle, E., Trans. Faraday Soc., 61,
244 (1965).
(2) Amphlett, J. C., Coomber, J. W., and Whittle, E., J.
Phys. Chem., 70, 593 (1966).
(3) Anderson, C. M., and Gilbert, E. C., J. Am. Chem. Soc., 64,
2369 (1942).
(4) Andersen, H. C., and Van Artsdalen, E. R., J. Chem. Phys.,
12, 479 (1944).
(5) Anderson, H. R., Scheraga, H. A., and Van Artsdalen, E.
R., J. Chem. Phys., 21, 1258 (1953).
(6) Anderson, K. H., and Benson, 8. W., J. Chem. Phys., 40,
3747 (1964).
(7) Armstrong, G. T., Marantz, S., and Coyle, C. F., J. Am.
Chem. Soc., 81, 3798 (1959).
(8) Armstrong, G. T., Marantz, S., and Coyle, C. F., National
Bureau of Standards Report, No. 6584, U. S. Govern-
ment Printing Office, Washington, D. C., Oct 1959.
(9) Asheroft, 8. J., Carson, A. 8., Carter, W., and Laye, P. G.,
Trans. Faraday Soc., 61, 225 (1965).
(10) Asheroft, S. J., Carson, A. 8., and Pedley, J. B., Trans.
Faraday Soc., 59, 2713 (1963).
(11) Aston, J. G., Rock, E. J., and Isserow, 8., J. Am. Chem.
Soc., 74, 2484 (1952).
(12) Ayscough, P. B., Polanyi, J. C., and Steacie, E. W. R.,
Can. J. Chem., 33, 743 (1955).

b Electron impact (65).
= 142. ¢ Thermochemical from AH;°(CH;) = 90. / Equilibrium study (18).

Estimated
errors,
Bond Dsgs, keal keal
HO-OH 51e 1
CH;0-OH 43 3
C:H;0-OH 43 3
n-C;H,0-OH 44 3
t-C;H,0-OH 44 3
HCO-0CH; 94 5
CH;0-OCH; 36.1 1
CH;CO~-OCH; 97 5
CH,;CO-0C.H; 96 5
C:H;0-0C.Hj; 34.1 1
CH,;CO-0-n-C;H; 98 5
CH,;C0O-0-3-C;H; 97 5
’IL-CaH7O—003H1 36.5 1
CH;CO-0-n-CH, 98 5
CH;CO-0--CH, 99 5
t-C,H,0-0OCH, 37.4 1
C¢H:CO-OCH, 90 5
CeH;CO-0C.H; 88 5
CH,;CO0O-00CCH; 30 2
C:H;COO-00CC.H; 30 2
n-C;H,CO0-00CC;H; 30 2
O=PF, 130" 5
0=PCl 122* 5
0=PBr, 119* 5
HO-Cl 60° 3
HO-Br 56° 3
HO-I 56° 3

4 Thermochemical from AH:°(CH)
¢ Equilibrium study (70). * Heat of hydrolysis (44).

¢ Electron impact (59).

(13) Back, M. H., and Sehon, A. H., Can. J. Chem., 38, 1076
(1960).

(14) Back, M. H., and Sehon, A. H., Can. J. Chem., 38, 1261
(1960).

(15) Back, M. H., and Sehon, A. H., Can. J. Chem., 38, 1271
(1960).

(16) Batt, L., and Benson, S. W., J. Chem. Phys., 36, 895
(1962).

(17) Bauer, 8. H., Science, 141, 867 (1963).

(18) Beattie, 1., and Bell, 8. W., J. Chem. Soc., 1681 (1957).

(19) Bell, J. A., and Kistiakowsky, G. B., J. Am. Chem. Soc.,
84, 3417 (1962).

(20) Benson, 8. W., J. Chem. Phys., 38, 1945 (1963).

(21) Benson, 8. W., J. Chem. Phys., 40, 1007 (1964).

(22) Benson, 8. W., J. Chem. Phys., 43, 2044 (1965).

(23) Benson, 8. W., J. Chem. Educ., 42, 502 (1965).

(24) Benson, S. W., and Bose, A. N., J. Chem. Phys., 39, 3463
(1963).

(25) Benson, 8. W., and Buss, J. H., J. Phys. Chem., 61, 104
(1957).

(26) Benson, 8. W., and Buss, J. H., J. Chem. Phys., 29, 546
(1958).

(27) Benson, S. W., and DeMore, W. B., Ann. Rev. Phys. Chem.,
16, 397 (1965).

(28) Benson, S. W., and O’Neal, H. E., J. Chem. Phys., 34, 514
(1961).

(29) Berkowitz, J., J. Chem. Phys., 36, 2533 (1962).

(30) Billinge, B. H. M., and Gowenlock, B. G., Trans. Faraday
Soc., 59, 690 (1963).

(31) Boyd, R. K., Downs, G. W., Gow, J. 8., and Horrex, C.,
J. Phys. Chem., 67, 719 (1963).



498 J. A. KERR

(32) Braye, E. H., Sehon, A, H., and Darwent, B. DeB,, J. Am.
Chem. Soc., 77, 5282 (1955).

(33) Breckenridge, W., Root, J. W., and Rowland, F. 8., J.
Chem. Phys., 39, 2374 (1963).

(34) Brinton, R. K., J. Chem. Phys., 29, 781 (1958).

(35) Buckley, E., and Whittle, E., Trans. Faraday Soc., 58, 536
(1962).

(36) Busfield, W. K., and Ivin, K. J., Trans. Faraday Soc., 57,

: 1044 (1961).

(37) Busfield, W. K., Ivin, K. J., Mackle, H., and O'Hare, P. A.
G., Trans. Faraday Soc., 57, 1064 (1961).

(38) Calvert, J. G., J. Chem. Phys., 29, 954 (1958).

(39) Calvert, J. G., and Gruver, J. T., J. Am. Chem. Soc., 80,
1313 (1958).

(40) Calvert, J. G., and Sleppy, W. C., J. Am. Chem. Soc., 81,
1544 (1959).

(41) Carson, A. 8., Pritchard, H. O., and Skinner, H. A,, J.
Chem. Soc., 656 (1950).

(42) Carter, H. V., Chappell, E. 1., and Warhurst, E., J. Chem.
Soc., 106 (1956).

(43) Charles, 8. W., and Whittle, E., Trans. Faraday Soc., 56,
794 (1960).

(44) Charnley, T., and Skinner, H. A., J. Chem. Soc., 450 (1953).

(45) Clark, D., and Pritchard, H. O., J. Chem. Soc., 2136 (1956).

(46) Cole, L. G., and Gilbert, E. C., J. Am. Chem. Soc., 73, 5423
(1951).

(47) Colin, R., Goldfinger, P., and Jeunehomme, M., Trans.
Faraday Soc., 60, 306 (1964 ).

(48) Corbett, P., Tarr, A. M., and Whittle, E., Trans. Faraday
Soc., 59, 1609 (1963).

(49) Cordes, H. F., J. Phys. Chem., 65, 1473 (1961).

(50) Cottrell, T. L., “The Strengths of Chemical Bonds,”
Butterworths Scientific Publications, London, 1st ed,
1954, 2nd ed, 1958.

(51) Dibeler, V. H., Franklin, J. L., and Reese, R. M., J. Am.
Chem. Soc., 81, 68 (1959).

(52) Duncan, F. J., and Trotman-Dickenson, A. F., J. Chem.
Soc., 4672 (1962).

(53) Egger, K. W., and Benson, 8. W., J. Am. Chem. Soc., 87,
3314 (1965).

(54) Egger, K. W., Golden, D. M., and Benson, 8. W., J. 4m.
Chem. Soc., 86, 5420 (1964).

(55) Esteban, G. L., Kerr, J. A., and Trotman-Dickenson, A.
F., J. Chem. Soc., 3873 (1963).

(56) Esteban, G. L., Kerr, J. A,, and Trotman-Dickenson, A. F.,
J. Chem. Soc., 3879 (1963).

(57) Esteban, G. L., Kerr, J. A., and Trotman-Dickenson, A.
F., unpublisbed results.

(58) Evans, M. G., and Polanyi, M., Trans. Faraday Soc., 34,
11 (1938).

(59) Fehlner, T. P., and Koski, W. 8., J. Am. Chem. Soc., 87,
409 (1965).

(60) Fettis, G. C., Knox, J. H., and Trotman-Dickenson, A. F.,
J. Chem. Soc., 4177 (1960).

(61) Fettis, G. C., and Trotman-Dickenson, A. F., J. Chem.
Soc., 3037 (1961).

(62) Fettis, G. C., and Trotman-Dickenson, A. F., J. Am. Chem.
Soc., 81, 5260 (1959).

(63) Fielding, W., and Pritchard, H. O., J. Phys. Chem., 66, 821

(1962).

(64) Flowers, M. C., and Benson, S. W., J. Chem. Phys., 38, 882
(1963).

(65) Foner, S. N., and Hudson, R. L., J. Chem. Phys., 36, 2681
(1962).

(66) Garner, W. E., and Abernethy, C. L., Proc. Roy. Soc.
(London), A99, 213 (1921).
(67) Gaydon, A. G., and Hurle, I. R., “The Shock Tube in

High-Temperature Chemical Physies,”” Chapman and
Hall, London, 1963.

(68) Gelles, E., Trans. Faraday Soc., 47, 1158 (1951).

(69) Giacometti, G., and Steacie, E. W. R., Can. J. Chem., 36,
1493 (1958).

(70) Giauque, W. F., and Kemp, J. D., J. Chem. Phys., 6, 40
(1938).

(71) Giles, R. D., and Whittle, E., Trans. Faraday Soc. 61,
1425 (1965).

(72) Golden, D. M., Walsh, R., and Benson, 8. W., J. Am. Chem.
Soc., 87, 4053 (1965).

(73) Gordon, A. 8., and Smith, 8. R., J. Phys. Chem., 66, 521
(1962).

(74) Gordon, A. 8., Smith, 8. R., and Drew, C. M., J. Chem.
Phys., 36, 824 (1962).

(75) Gowenlock, B. G., Quart. Rev. (London), 14, 133 (1960).

(76) Gowenlock, B. G., Jones, P. P., and Majer, J. R., Trans.
Faraday Soc., 57, 23 (1961).

(77) Gowenlock, B. G., Jones, P. P., and Snelling, D. R, Can.
J. Chem., 41, 1911 (1963).

(78) Gowenlock, B. G., Majer, J. R., and Snelling, D. R., Trans.
Faraday Soc., 58, 670 (1962).

(79) Gowenlock, B. G., Polanyi, J. C., and Warhurst, E., Proc.
Roy. Soc. (London), A219, 270 (1953).

(80) Goy, C. A,, and Pritchard, H. O., J. Phys. Chem., 69, 3040
(1965).

(81) Gray, P., private communication.

(82) Gray, P., Trans. Faraday Soc., 55, 408 (1959).

(83) Gray, P., and Williams, A., Chem. Rev., 59, 239 (1959).

(84) Green, J. H. 8., Quart. Rev. (London), 15, 125 (1961).

(85) Grzechowiak, J., Kerr, J. A., and Trotman-Dickenson, A.
F., Chem. Commun., 109 (1965).

(86) Grzechowiak, J., Kerr, J. A., and Trotman-Dickenson, A.
F., J. Chem. Soc., 5080 (1965).

(87) Hanst, P. L., and Calvert, J. G., J. Phys. Chem., 63, 104
(1959).

(88) Harris, E. J., Proc. Roy. Soc. (London), A173, 126 (1939).

(89) Harris, E. J., and Egerton, A. C., Proc. Roy. Soc. (London),
A168, 1 (1938).

(90) Harrison, A. G., and Lossing, F. P., J. Am. Chem. Soc., 82,

519 (1960).

(91) Hartley, D. B., and Benson, 8. W., J. Chem. Phys., 39,
132 (1963).

(92) Herron, J. T., and Dibeler, V. H., J. Chem. Phys., 35, 747
(1961).

(93) Herzberg, G., Proc. Roy. Soc. (London), A262, 291 (1961).
(94) Hughes, A. M., Corruccini, R. J., and Gilbert, E. C., J. Am.
Chem. Soc., 61, 2639 (1939).
(95) Hunt, M., Kerr, J. A., and Trotman-Dickenson, A. F,,
J. Chem. Soc., 5074 (1965).
(96) Jacko, M. G., and Price, 8. J. W., Can. J. Chem., 41, 1560
(1963).
(97) Jacko, M. G., and Price, 8. J. W., Can. J. Chem., 42, 1198
(1964).
(98) Jacko, M. G., and Price, 8. J. W., Can. J. Chem., 43, 1961
(1965).
(99) Jackson, W. M., and McNesby, J. R., J. 4m. Chem. Soc.,
83, 4891 (1961).
(100) Jackson, W, M., McNesby, J. R., and Darwent, B. DeB,,
J. Chem. Phys., 37, 1610 (1962).
(101) Jaffe, I., Thesis, University of Maryland.
(102) Jaffe, L., Prosen, E. J., and Szwarc, M., J. Chem. Phys., 27,
416 (1957).
(103) Johns, J. W. C., and Ramsay, D. A., Can. J. Phys., 39, 210
(1961).
(104) Johnson, F. A., and Colburn, C. B., J. Am. Chem. Soc., 83,
3043 (1961).



Boxnp Dissociation ENERGiEs BY KINETIC METHODS 499

(105) Johnson, W. H., Prosen, E. J., and Jaffe, 1., J. Res. Natl.
Bur. Std., A65, 71 (1961).

(106) Kerr, J. A., and Calvert, J. G., J. Am. Chem. Soc., 83, 3391
(1961).

(107) Kerr, J. A, and Calvert, J. G., J. Phys. Chem., 69, 1022
(1965).

(108) Kerr, J. A,, Sekhar, R. C., and Trotman-Dickenson, A. F.,
J. Chem. Soc., 3217 (1963).

(109) Kerr, J. A., Spencer, R., and Trotman-Dickenson, A. F.,
J. Chem. Soc., 6652 (1965).

(110) Kerr, J. A., and Trotman-Dickenson, A. F., Trans. Fara-
day Soc., 55, 572 (1959).

(111) Kerr, J. A., and Trotman-Dickenson, A. F., Progr. Reuc-
tion Kineiics, 1, 113 (1961).

(112) Kerr, J. A., and Trotman-Dickenson, A. F., “Handbook of
Chemistry and Physics,”” Chemical Rubber Co., Cleve-
land, Ohio, 46th ed, 1965, p F-122.

(113) Kerr, J. A., Trotman-Dickenson, A. F., and Wolter, M,,
J. Chem. Soc., 3584 (1964).

(114) Kennedy, A., and Colburn, C. B., J. Chem. Phys., 35, 1892
(1961).

(115) Kirk, A. D., Can. J. Chem., 43, 2236 (1965).

(116) Kirk, A. D., and Knox, J. H., Trans. Faraday Soc., 56, 1296
(1960).

(117) Kirkbride, F. W., and Davidson, ¥. G., Nature, 174, 79
(1954).

(118) Kistiakowsky, G. B., and Van Artsdalen, E. R., J. Chem.
Phys., 12, 469 (1944).

(119) Klein, R., and Schoen, L. J., J. Chem. Phys., 29, 953
(1958).

(120) Knight, H. T., and Rink, J. P., J. Chem. Phys., 35, 199
(1961).

(121) Knox, B. E,, and Palmer, H. B., Chem. Rev., 61, 247 (1961).

(122) Knox, J. H., Trans. Faraday Soc., 58, 275 (1962).

(123) Lacher, J. R., Kianpour, A., Oetting, F., and Park, J. D.,
Trans. Faraday Soc., 52, 1500 (1956).

(124) Ladacki, M., and Szwarc, M., Proc. Roy. Soc. (London),
A219, 341 (1953).

(125) Leigh, C. H., Sehon, A. H., and Szware, M., Proc. Roy.
Soc. (London), A209, 97 (1951).

(126) Leigh, C. H., and Szware, M., J. Chem. Phys., 20, 844
(1952).

(127) Levy, M., Szware, M., and Throssell, J., J. Chem. Phys.,
22, 1904 (1954).

(128) Long, L. H., Pure Appl. Chem., 2, 61 (1961).

(129) Maccoll, A., J. Chem. Soc., 965 (1955).

(130) Mackle, H., Tetrahedron, 19, 1159 (1963).

(131) Mackle, H., and Mayrick, R. G., Trans. Faraday Soc., 38,
33 (1962).

(132) Mackle, H., and McClean, R. T. B., Trans. Faraday Soc.,
58, 895 (1962).

(133) Mackle, H., and O'Hare, P. A. G., Tetrahedron, 19, 961
(1963).

(134) Margrave, J. L., Nature, 197, 376 (1963).

(135) McHale, E. T., Knox, B. E., and Palmer, H. B., “Tenth
Symposium (International) on Combustion,” Combus-
tion Institute, Butterworths Scientific Publications,
London, 1965, p 341.

(136) McKenney, D. J., and Laidler, K. J., Can. J. Chem., 41,
2009 (1963).

(137) McMillan, G. R., J. Am. Chem. Soc., 82, 2422 (1960).

(138) Metcalfe, E. L., J. Chem. Soc., 3560 (1963).

(139) Metcalfe, E. L., and Trotman-Dickenson, A, F., J. Chem.
Soc., 4620 (1962).

(140) Miyoshi, M., and Brinton, R. K., J. Chem. Phys., 36, 3019
(1962).

(141) Moriya, K., Rev. Phys. Chem. Japan, 143 (1946).

(142) Mortimer, C. T., “Reaction Heats and Bond Strengths,”’
Pergamon, New York, N. Y., 1962,

(143) Murad, E., and Inghram, M. G., J. Chem. Phys., 41, 404
(1964).

(144) Nangia, P. S, and Benson, S. W., J. Am. Chem. Soc., 86,
2773 (1964).

(145) Ogg, R. A., J. Am. Chem. Soc., 56, 526 (1934).

(146) O’Neal, H. E.,, and Benson, S. W., J. Chem. Phys., 36,
2196 (1962).

(147) O'Neal, H. E., and Benson, S. W., J. Chem. Phys., 37,
540 (1962).

(148) Palmer, T. F., and Lossing, . P., J. Am. Chem. Soc., 84,
4661 (1962).

(149) Piette, L. H., Johnson, F. A., Booman, K. A., and Col-
burn, C. B., J. Chem. Phys., 35, 1481 (1961).

(150) Pottie, R. F., and Lossing, F. P., J. Am. Chem. Soc., 83,
4737 (1961).

(151) Price, 8. J. W., Can. J. Chem., 40, 1310 (1962).

(152) Price, 8. J. W., and Kutschke, K. O., Can. J. Chem., 38,
2128 (1960).

(153) Price, 8. J. W., and Trotman-Dickenson, A. F., Trans.
Faraday Soc., 53, 939 (1957).

(154) Price, S. J. W., and Trotman-Dickenson, A. F., Trans.
Faraday Soc., 53, 1208 (1957).

(155) Price, 8. J. W., and Trotman-Dickenson, A. F., Trans.
Faraday Soc., 54, 1630 (1958).

(156) Pritchard, G. O., Pritchard, H. O., Schiff, H. I., and
Trotman-Dickenson, A. F., Trans. Faraday Soc., 52,
849 (1956).

(157) Pritchard, G. O., and Thommarson, R. L., J. Phys. Chem.,
68, 568 (1964).

(158) Ray, J. D., and Gershon, A. A., J. Phys. Chem., 66, 1750
(1962).

(159) Rebbert, R. E., and Laidler, XK. J., J. Chem. Phys., 20,
574 (1952).

(160) Rembaum, A., and Szware, M., J. Am. Chem. Soc., 76,
5975 (1954).

(161) Rembaum, A., and Szware, M., J. Chem. Phys., 23, 909
(1955).

(162) Roberts, J. S., and Skinner, H. A., Trans. Faraday Soc.,
45, 339 (1949).

(163) Root, J. W., and Rowland, F. 8., J. Phys. Chem., 68, 1226
(1964).

(164) Rossini, F. D.,, Wagman, D. D., Evans, W. H., Levine,
3., and Jaffe, I., “Selected Values of Chemical Thermo-
dynamic Properties,”” Circular 500, National Bureau of
Standards, U. 8. Government Printing Office, Washing-
ton, D. C., 1952.

(165) Rossini, F. D., Pitzer, K. 8., Arnett, R. L., Braun, R. M.,
and Pimentel, G. C., “Selected Values of Physical and
Thermodynamic Properties of Hydrocarbons and Re-
lated Compounds,”” API Research Project No. 44,
Carnegie Press, Pittsburgh, Pa., 1953.

(166) Scott, D. W., McCullough, J. P., Good, W. D., Messerly,
J. F., Pennington, R. E. Kincheloe, T. C., Hossenlopp,
I. A,, Douslin, D. R., and Waddington, G., J. Am. Chem.
Soc., 78, 5457 (1956).

(167) Sehon, A. H., and Darwent, B. DeB., J. Am. Chem. Soc.,
76, 4306 (1954).

(168) Sehon, A. H., and Szwarc, M., Proc. Roy. Soc. (London),
A202, 263 (1950).

(169) Sehon, A. H., and Szwarc, M., Ann. Rev. Phys. Chem., 8,
439 (1957).

(170) Skinner, H. A., Ann. Rev. Phys. Chem., 15, 462 (1964 .

(171) Skinner, H. A., and Pilcher, G., Quart. Rev. (London), 17,
264 (1963).



500 J. A. Kerr

(172) Skinner, H. A., and Trotman-Dickenson, ‘A. F., private
communications.

(173) Smid, J., and Szwarc, M., J. Chem. Phys., 29, 432 (1958).

(174) Steel, C., and Laidler, K. J., J. Chem. Phys., 34, 1827
(1961).

(175) Stull, D, R., “JANAF Thermochemical Tables,”” Dow
Chemical Co., Midland, Mich., 1963.

(176) Sullivan, J. H., J. Phys. Chem., 65, 722 (1961).

(177) Sullivan, J. H., and Davidson, N., J. Chem. Phys., 19, 143
(1951).

(178) Szware, M., J. Chem. Phys., 17, 431 (1949).

(179) Szware, M., Proc. Roy. Soc. (London), A198, 267 (1949).

(180) Szwarc, M., Chem. Rev., 47, 75 (1950).

(181) Szware, M., Ghosh, B. N., and Sehon, A. H., J. Chem.
Phys., 18, 1142 (1950).

(182) Szware, M., and Sehon, A. H., J. Chem. Phys., 18, 237
(1950).

(183) Szware, M., and Taylor, J. W., Trans. Faraday Soc., 47,
1293 (1951).

(184) Szware, M., and Taylor, J. W., J. Chem. Phys., 22, 270
(1954).

(185) Szware, M., and Taylor, J. W., J. Chem. Phys., 23, 2310
(1955).

(186) Szware, M., and Williams, D., J. Chem. Phys., 20, 1171
(1952).

(187) Tarr, A. M., Coomber, J. W., and Whittle, E., Trans. Fara-
day Soc., 61, 1182 (1965).

(188) Tarr, A. M., and Whittle, E., Trans. Faraday Soc., 60, 2039
(1964).

(189) Teranishi, H., and Benson, 8. W., J. Am. Chem. Soc., 85,
2887 (1963).

(190) Throssell, J. J., J. Phys. Chem., 68, 1533 (1964).

(191) Trotman-Dickenson, A. F., “Gas Kinetics,”” Butterworths
Scientific Publications, London, 1955.

(192) Trotman-Dickenson, A. F., Chem. Ind. (London), 379
(1965).

(193) Trotman-Dickenson, A. F., and Steacie, E. W. R., J.
Chem. Phys., 19, 329 (1951).

(194) Trotman-Dickenson, A. F.; and Verbeke, G. J. O., J.
Chem. Soc., 2580 (1961).

(195) Tsang, W., J. Chem. Phys., 40, 1171 (1964).

(196) Tsang, W., J. Chem. Phys., 41, 2487 (1964),

(197) Tsang, W., J. Chem. Phys., 42, 1805 (1965).

(198) Tsang, W., J. Chem. Phys., 43, 352 (1965).

(199) Tsang, W., Bauer, S. H., and Cowperthwaite, M., J. Chem.
Phys., 36, 1768 (1962).

(200) Tschuikow-Roux, E., J. Phys. Chem., 69, 1075 (1965).

(201) Tschuikow-Roux, E., J. Chem. Phys., 43, 2251 (1965).

(202) Tucker, B. G., and Whittle, E., Trans. Faraday Soc., 61,
866 (1965).

(203) Vriens, G. N., and Hill, A. G., Ind. Eng. Chem., 44, 2732
(1952).

(204) Walsh, R., Golden, D. M., and Benson, 8. W., J. Am.
Chem. Soc., 88, 650 (1966).

(205) Wijnen, M. H. J., J. Am. Chem. Soc., 82, 3034 (1960).

(206) Yang, J.-H., and Conway, D. C., J. Chem. Phys., 43, 1296
(1965).



