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I . INTRODUCTION methods . The review is therefore centered on poly- 
atomic molecules . Szwarc (180) dealt in detail with 
the methods for obtaining bond dissociation energies in 
the first major review of the field. and Cottrell (50) 
again covered the whole subject in his monograph . It 

The main aim of this review is to present an assess- 
ment of bond dissociation energies. which have recently 
been revised or determined for the first time by kinetic 
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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 Sawarc'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 
topics related to bond dissociation energies. It was writ- 
ten, however, from a standpoint entirely dserent 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 me 
included where they are still thought to be reliable. 

11, DEFIXITIONS 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) = AHi" = AHt"(A) + AR,"(B) - 
ARt"(AB) (Eq 2) 

Bond dissociation energies in polyatomic molecules 
are referred to 298°K (Dzss) 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  O"K, and these must also be corrected to 
298°K for calculations involving polyatomic molecules. 
The relations between DzSs, 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 may of determining a value of 
D(A-B) and is particularly useful for bonds involving 
atoms (X), ie., D(A-X),  since the heats of formation 
of many atoms are known to *0.1 kcal 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-I. The temperature depend- 
ence for the rate constant (k) is assumed to obey the 
Arrhenius equation 

logk = logA - (E/2.303RT) 

where E is the Arrhenius activation energy (kcal) and A 
is a constant (same units as IC) known as the A factor 
or in unimolecular reactions as the frequency factor. 
Rate constants will be expressed in the form 

log k = log A - (E/@ 

where 8 = 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- 
ter quantity applies to compounds of the general type 
AC, and is defined from the equation 

AC, = A + nC 

Hence 

AHf"(AC7J I (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 

1 E(C-H) = z[AHr"(C) + 4AHr"(H) - AHf"(CH4) J 

and from enthalpy data a t  298"K, E(C-H) = 99 kcal. 
For the stepwise dissociation of methane, on the other 
hand, the bond dissociation energies are D(CH3-H) = 
104, D(CH,-H) = 104, D(CH-H) = 108, and D(C-H) 
= 81 kcal (section VAI). 

111. EXPERIMEXTAL 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 (E,, E-1) of the forward and reverse 
reactions by the equation 

AH1 = AE + RT = (E1 - 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 E1 to bring i t  to 298"K, 
since pyrolyses are carried out a t  temperatures well 
above 298°K. Hence the equation becomes 

AH1 E1 - E-1 

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 (lll), to justify the assumption E-1 = 0. 
The enthalpy change AH1, which defines Dzg8(A-B), is 
thus given direct!y by El. 

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 Szmarc (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, Le . ,  D(CeH6- 
CH2-H) = 85 kcal, and in practice a bond strength 
of 70 kcal 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 

CaH&H(CH8)2 = CeHjCH(CHa) + CH3 (Eq 4) 

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

CH8 + C6H&Ha = CHI + CsHsCHz (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 

2CsHjCHz = (C&,CHz)z (Eq 6) 

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

Ce&CHs = CsHhCH2 + H 

H f CaH,cHs = CsH6 + CHa 

The additional source of methyl radicals, and hence 
methane via Eq 5,  can make studies of the pyrolyses 
of compounds containing labile R-CHa 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 diaculty 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 (k4) 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 

l a  
k4 = - In - 

f a - - z  

where t 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 x 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 kcal 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 

log ii = log A - (E/e) 

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 1013 sec-l, ie., 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 1013 sec-l. The question 
of “normal” and “high” A factors has been treated 
a t  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 1016 to  10l8 sec-1, while decompositions to give 
an atom and a radical have A factors of the order of 1014 
to 10l6 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 A factor for unimolecular reactions. Ac- 
cordingly, there is no justification for Szwarc’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 (2.5) 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, (ii) 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 t.he difference in ac- 
tivation energjes of the forward and reverse reactions. 
Hence for the generalized reactions 

R + RiX $ RX + RI (Eq 7, -7)  

we have 
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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 

D(R1-X) - D(R-X) = E7 - E-7 

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 djff erence. IGstiakowky 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 + RBX 2 RX + RB (Eq 8, -8) 

Then for the two pairs of reactions 

D(R1-X) - D(R2-X) = (E7 - E-7) - (E8 - E,) 
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(CH3-I) from Kinetic 
Measurements on the System 

C H J  + HI e CHd + I2 

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 

I z S I 1 - I  (Eq 9) 

I + CHsI 1 2  + CHa (Eq 10, -10) 
CHI + HI  e CH, + I (Eq 11, -11) 

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

RI, = (kiokiiKe1/*[RI1 [HI] [Iz]l/*)/(k-io[L] + kn[HI]) 
(Eq 12) 

where k = rate constant, K = equilibrium constant, 
and square brackets denote concentration. The rate 
of formation of iodine a t  any given time was obtained 
by drawing tangents to the iodine us. time cumes. 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 

[ I 2  I - ~i&iiKgl’* [RI I [Iz 1”’ -- kii 

[HI1 - ~ - ~ o R I ~  k-lo 

so that by plotting [Iz]/[HI] vs. [RI] [1211/z/R~z, (klokll .  

K91/2)/k-lo is obtained from the slope and kll/k-lo from 
the intercept. klo follows from the known value of Kg. 

An alternative procedure for calculating klo 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 klo are obtained over a range of temperatures, 
and thus Elo is determined from an Arrhenius treat- 
ment. For reactions 10 and - 10 the following relation 
applies 

D(CH3-I) - D(1-I) = E10 - E-10 

Elo was found to be 20.5 kcal at  about 558°K and was 
corrected to 20.2 kcal a t  298°K. D(1-I) = 36.1 kcal 
so that 

D(CH3-I) = 36.1 + 20.2 - E-10 

The activation energy (E- io) 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(CH3-I) = 56.3 kcal. 

2. Determination of D(CLH6-H) from Kinetic 
Measurements on the Sysikm 
Br + CzHs $ HBr + C Z 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 + C2He s HBr + CBHS (Eq 13, -13) 

Br + CH3Br e HBr + CHzBr (Eq 14, -14) 
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CzHs + Brz = CPHSBr + Br 
CH2Br + Brz = CH2Br2 + Br 

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

k13/k14 = C2H5Br [CH3BrI/C&Br2 [CzHsl 

where C2H5Br and CH2Br2 are the total amounts of 
alkyl bromides formed and [C2Hs] and [CH3Br] 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 (kl3/kl4) = 0.135 + (2.65/e) 
and hence E14 - EI3 was deduced to be 2.65 kcal. The 
rate constant for reaction 14 had previously been found 
(118) to be 

log kI4 = 13.73 - (16.05,~) 
from which it follows that E13 = 13.40 kcal. 

plies 
For reactions 13 and -13 the following relation ap- 

D(C2H5-H) = D(H-Br) + Ela - E-la 
and therefore to obtain D(CzHs-H), E-13 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 

CzHs + Iz = CzHsI + I (Eq 15) 

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

k-l3/k16 = C2H6 [I2l/C2HJ [HBrl 

log (k--13/k15) = 0.228 - (2.29/e) 

From the temperature coefficient i t  was shown that 

and by making the reasonable assumption that E16 = 
0 it was deduced that E-18 = 2.29 kcal. Hence i t  fol- 
lows that at  the mean experimental temperature of 
460°K 

Dleo(CzH6-H) = D460(H-Br) + 13.40 - 2.29 = 99.0 

and 

Dzsg(C2H5-H) = 98.2 kcal 

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). 

Confirmation of D(R-H) Values in Alkanes from 3. 
Kinetics of the System 

NF2 + R H S  NF2H + R 

System 16, - 16 illustrates a third approach for follow- 

ing the kinetics of metathetical reactions of free radicals. 
NF2 radicals are conveniently produced via the equi- 
librium dissociation 

since the N-N bond strength is only 20 kcal. 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 N2F4, or rather an 
equilibrium mixture consisting mainly of NF2, 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 NF2 radicals, which are present> in 
large excess 

NF2 + RH $ NFzH + R (Eq 16, - 16) 

NzFi S 2NFz 

R + NF2 = RNFz 

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 

kld = 1/2[a - ( W I - 1  In { [(a - x)/aI/[(b - 2z)/b1j 
where t = run time, a = initial concentration of al- 
kane, b = initial concentration of NF2 radicals, and 2 
= 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 NF2 always in 
considerable excess. This system has been suecess- 
fully applied (85) to the reactions of NF2 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(NF2-H) is uncertain, the activation energies (E16) 

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 
honiogeneous 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 

(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 ( t )  obtained from the pressure history. The rate 
constant for the decomposition of each halide was then 
calculated from the equation 

k = (l/t) In ci/ct 

where ci and cf 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 k for i-C3H7Br 
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 i-CaH,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 

(CHi)nCHCH(CHs)n = 2(CHa)zCH (Eq 18) 

i-CsHTBr = C3Hs + HBr 

(CHa)zCHCH(CHa)z (CH3)zCHCHCHa + CHa (Eq 19) 

for which the rate constants were found to be 

log kls = 16.1 - (76.o/e) 

log k19 = 16.6 - (si.i/e) 
The activation energies El8 = 76.0 and Elg = 81.1 
kcal can be equated to the bond dissociation energies 
D((CH&CH-CH(CH&) and D((CH3)2CHCH(CH3)- 
CH,), 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 DZSS( (CH,)ZCH-CH(CH~)~) S 77 kcal 
and D298( (CH&CHCH(CH3)-CH3) Ei 82 kcal which 
are in good agreement with values of 78 and 83 kcal, 
respectively, calculated from the heats of formation 
of the radicals. The heat of formation of the C5Hll 
radical was estimated on the basis that D((CH3)2CH- 
CH(CH3)-H) = D((CH&CH-H) = 94.5 kcal. 

Benson and DeMore (27) have noted that problems 
may arise with the competitive shock-tube method, 
owing to fall-off in the rate constants a t  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. 

D. ESTIMATED ERRORS 

The statistical errors in determining activation ener- 
gies, 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 *O.l to *0.5 kcal, while for py- 
rolytic reactions they are somewhat larger, about f 0.5 
to f l  kcal. 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 E = 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 + I 2  = RI + I 
or 

Br + Br + M = Br2 + 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 f 1 kcal 
and at  least to *2 kcal while those from pyrolytic re- 
actions are probably good to A 2  kcal and occasionally 
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il kcal. Benson (23), on the other hand, has stated 
that the pyrolytic method yields bond dissociation 
energies with errors of i 4  kcal or greater. This seems 

out (169), and this applies even more so now, that the 
self-consistency of the pyrolytic data and consistency 
with independent results confirm the general reliability 
of the method. The case of D(C6H6CH2-H) or AHfO- 
(CsHbCH2) illustrates the point. The pyrolysis of 

an unrealistic estimate. It has already been pointed 30 

'6 
2 2 0  ethylbenzene yields AHfO (CaH&H2) = 43.2 kcal while 

the pyrolysis of n-propylbenzene gives 44.5 kcal. The w 

value recommended here from a variety of determina- 
tions is AHro(CeH6CH2) = 45 i 1 kcal. It is highly 
unlikely that such good agreement would be obtained 
if the pyrolytic determinations involved errors of i 4  
kcal. ' O -  

The errors in bond strengths calculated from heats of 
formation of radicals are a special case. The heats of 
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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, a and CI, in the Polanyi relations 
have been calculated from the plots and are listed in 
Table 11. 

TABLE I1 
POLANYI CONSTANTS FOR HYDROGEN ABSTRACTION 

FROM ALKSNES 

Radical 
or atom a c1 

I 0.97 69.0 
NF2 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 0% 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 H T  
yields were then expressed per C-H bond in the mole- 
cule and relative to  an H T  yield of 0.79 from methane. 
When the resulting relative H T  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. VALUES OF BOND 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(CH3-H) 
Until 1961 the accepted value of Dzes(CH~-H) was 

102.5 kcal, mainly supported by work (118) on the 
bromination of methane 

Br + CHa S HBr + CHa (Eq 22, -22) 

Thus 

D(CH3-H) = D(H-Br) + E22 - E-zz 

Kistiakowsky and Van Artsdalen determined Ez2 to be 
17.8 kcal and from an assumed value of E-z2 they de- 
duced D(CH3-H) = 102 kcal. Fettis and Trotman- 
Dickenson (61) subsequently determined E-22 experi- 
mentally, by treating methyl radicals with mixtures of 
HBr and 1-2 and by making the reasonable assumption 
of zero activation energy for reaction - 10 

CHa + IP = C H J  + I 
Hence E-22 was found to be 1.4 kcal, which is 0.7 kcal 
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 IIIB2, and E22 determined to be 18.3 kcal, which 
it was argued was in good agreement with the previous 
result (17.8 kcal) since Kistiakowsky and Van Artsdalen 
had calculated a “collision theory” activation energy, 
as opposed to the more conventional Arrhenius activa- 
tion energy. 

From the revised determinations of EZ and E--22, it 
was deduced (61) that 

D460(CH3-H) = D4eo(H-Br) + 16.9 = 104.8 kcal 

a t  the mean experimental temperature of 460”K, and 
hence 

D298(CH3-H) = 103.9 kcal 

It should also be noted that part of the difference be- 
tween the amended value of D(CH3-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(CH3-H) has been criticized (48) on the grounds that 
Ezz should be corrected to allow for a negative activa- 
tion energy of - 2 kea1 for the recombination of bromine 
atoms, which would have the effect of lowering D- 
(CH3-H) to 103 kcal. 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(CH3-H) = 
103.9 kcal 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(CH3-H) has been obtained from kinetic 
studies of the reactions of HI  with CHaI (64) and of I2 
with CH4 (72, 80). The kinetic results on the system 

CHaI + HI CHa + Iz 
lead to  accurate determinations of the Arrhenius param- 
eters for reaction 10, -10 

I + CHsI e Iz + CHa 

The method was outlined in section IIIB1. The rate 
constants, k10, determined by this method are sup- 
ported by less extensive results (72, 80) on the system 

Elo was shown to be 20.5 kcal a t  560°K and corrected 
(72) to 20.2 kcal at 298"K, and if E-lo is assumed to be 
zero this yields 

AHlo,-l0 = 20.2 kcal 

Iz + CH4 e CHsI + HI (Eq 23, -23) 

AHr" (CHI) follows from 

AHO1o,-io = AHr"(CH3) + AHro(Iz(g)) - 
AHto(I) - AHfO(CH31) (Eq 24) 

Since the heat of formation of the iodine atom is known 
accurately from spectroscopic data, this leaves mio- 
(CHJ) 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 AHiO- 
(CHaI) = 3.28 1 0.16 kcal. Thus from Eq 24, Mio- 
(CHI) becomes 34.1 kcal, and it follows that D(CH3-H) 
= 104.1 kcal. The errors in both these quantities 
have been quoted (72) as 10.5 kcal. A value of El0 = 
19.2 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 Elo = 20.2 kcal determined 
by Flowers and Benson (64). 

I n  addition to this convincing direct evidence for 
D(CHI-H) close to 104 kcal, there is also the indirect 
evidence of the Polanyi relations described in section 
IV. The value D(CH3-H) = 104.0 kcal will be adopted 
here. The maximum errors are f 1 kcal. 

b. D(CH2-H) and D(CH-H) 
The sum of D(CH2-H) and D(CH-H) can be deter- 

mined from thermochemistry and a knowledge of D- 
(C-H) and D(CHrH). 

CHdg) = C(g) + 4 H k )  

can be calculated from enthalpy data at 298"K, to be 
A H 2 9 8  = 397 kcal, and it follows that 

The heat of the reaction 

D(CH8-H) + D(CH2-H) + D(CH-H) + D(C-H) = 
397 kcal 

Taking D(CHa-H) = 104 and D(C-H) = 81 kcal this 
gives 

(D(CH2-H) - D(CH-H)) = 212 kcal 

A determination of either D(CH2-H) or D(CH-H) will 
therefore suffice to fix both quantities. 

D(CH2-H) has been det'ermined (19) from the ac- 
tivation energy of the reaction 

CHz + CH4 = CZHB (Eq 25) 

E26 was deduced to be 88 kcal by applying unimolecular 
rate theory to comparison of the lifetime of the ex- 
cited C2H6 from reaction 25, with the lifetime of the 
ethane produced by the association of two methyl 
radicals. From the thermodynamic cycle 

AH 
CH, = CH3 + H 

C H z + H  = CH3 
CHI + CHa = CzHe 

104 
- D(CH2-H) 

- 88 
CHz + CHI = CzHe - 88 

it follows that D(CH,-H) = 104 kcal. 
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 

CHz + Hz = CHI* 

can decompose in two ways 
CH4* = CH2 + Hz (Eq 26) 
CH4* = H + CH3 (Eq 27) 

and since they could only find evidence for reaction 27, 
Bell and Kistiakowsky (19) made the simple assump- 
tion that E26 2 E27. From D(CH3-H) = 104 kcal it 
follows that E26 2 104 kcal, and from the cycle of reac- 
tions 

AH 
CHI = CHz + Hz 2 104 

Hz = 2H 104 
CHa + H = CH4 - 104 

CH3 = C H z + H  D (CHz-H 

we have D(CH2-H) 2 104 kcal. 
On the basis of D(CH2-H) = 104 kcal and the sum 

(D(CH2-H) + D(CH-H)) = 212 kcal, D(CH-H) be- 
comes 108 kcal. 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 1 6  kcal. 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 CH2 
radical. 

C. D(CzH6-H) 

A revised figure for D(C2Hb-H) has been confirmed 
by studies analogous to those for D(CH3-H). The bro- 
mination of ethane and the reverse reaction have been 
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Br + CzHe HBr + CzHj (Eq 25, -25) 

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 

D298(CzH5-H) = 98.2 kcal 

The reaction 
C~I-TSI + HI e C2Hs + 12 

has been studied (91) by a method similar to that for 
the HI-CH31 system (64), and leads to D(C2H6-I) = 
52.0 kcal. Thus for the reaction 

CiHsI = C2Hs + I 
we have 

D(C2H5-I) = AHt"(CzH6) + hHt"(I) - mt"(CzH51) 

and taking AHto(C2H51) = -2.1 kcal (9) this gives 
A.Hro(C2H5) = 25.3 kcal corresponding to D(C2H6-H) 
= 97.7 kcal. 

Trotman-Dickenson (192) has suggested a weighted 
mean value of D(CzH6-H) = 98.0 kcal with errors of 
& l  kcal, and this is supported by the Polanyi rela- 
tions described in section IV. 

d. D((CH3)zCH-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 + C3Hs S HI + i-C3H7 (Eq 29, -29) 

resulting in the value Ezg = 25.0 kcal. Reaction -29 
has not been studied but, by assuming E - 2 9  = 1 kcal, 
D(i-C3H7-H) was calculated (144) to be 94.5 kcal from 
the equation 

D(C3HrH) = D(H-I) + E 2 9  - E-29 

This value had been precisely predicted (61) from 
the results on the bromination of propane 

Br + CaHs S HBr + i-CaH7 (Eq 30, -30) 

where E30 was shown to be 10.2 kcal. Although E-m 
was not measured the value D(i-CaHrH) = 94.5 
kcal was calculated from the Polanyi equation for the 
reactions of bromine with alkanes 

E B ~  = 0.86[D(C-H) - 82.51 

The value D(i-C3HrH) = 94.5 A= 1 kcal is adopted 
here. 

e.  D (CH3CH2CHz-H) 
This bond should be of similar strength to D- 

(C?H5-H), ie., 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~I171 + HI e CaHs + Iz 
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-CsH71 S Iz + n-C3H7 (Eq 31, -31) 

was calculated to be E31 = 18 kcitl, and, if E-31 is as- 
sumed to be zero, this yields D(n-CsHrI) = 54 kcal. 
Hence from AHf"(n-C3H71) = -7.1 kcal (24), m i " -  
(C3H7) is deduced to be 21.4 and D(n-C3HrH) is 
98.3 kcal. Unfortunately, the kinetic data upon 
which E31 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-CaHrH) has probable errors of about * 2 kcal. 

An experimental value of AHto(n-C3H7) has been 
obtained from the pyrolysis of n-butylbenzene, studied 
by the nniline-carrier technique (55). 

CeHsCHzCHzCHzCH3 = CaHsCHz + n-CsH7 (Eq 32) 

The rate constant for this reaction is given by 

log k32 = 14.5 - (67.218) 

and hence D(CeH5CH,-C3H7) = 67.2 kcal. From the 
heat of formation of the benzyl radical, 45 kcal (see 
section VA2), and of n-butylbenzene (-3.3 kcal 
(165)) i t  can be shown that hHt"(n-CaH7) = 18.9 and 
D(n-C3HrH) = 96 kcal. Both results, so far dis- 
cussed, lie within the limits D(n-CaHrH) = 98 f 2 
kcal. 

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 to study. The reaction 

n-CsH7 CH3 + CzHd (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 E 3 3  = 
34.5 kcal by studying the decomposition reaction of 
the radicals produced from the photolysis of azo+ 
propane. I n  conjunction with E-33 = 8.6 kcal for 
the addition of methyl radicals to ethylene (34) this 
yields D(CH3-CH2CH2) = 25.9 kcal and hence from 
the equation 

D(CHsCH2CH2) 

MtO(CH3) + mfo(C2H4) - dHtO(n-CaH7) 

AHto(n-C3H,) is deduced to be 20.4 kcal and D(n- 
CaHrH)  = 97.3 kcaL 
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Further evidence in support of a valuc D(n-C3H7-H) 
E' D(C2H6-H) 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(C2Hs-H), so it seems extremely 
unlikely that D(n-C3HrH) should be less than D- 
(C2H6-H). The value D(n-C3H7-H) = 98 f 2 kcal 
is recommended. 

f .  D((CHS)&-H) 
The situation for this bond dissociation energy is 

identical with that for D (i-CsHrH). 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 E34 = 21.4 kcal 
for the reaction 

I + i-C4Hio e HI + t-C4H9 (Eq 34, -34) 

from a kinetic study of the over-all reaction 
1 2  + i-C4Hm e i-CaHs + 2HI 

The rate of disappearance of Iz was measured with a 
spectrophotometer. Thus assuming E--34 = 1.4 kcal, 
they deduced D(t-C4Hg-H) = 90.9 kcal. A value of 
91.4 kcal had previously been obtained (61) from an 
experimental activation energy, E35 = 7.5 kcal, for 
the reaction 

Br + i-C4H10 = HBr + t-CaHg (Eq 35) 

The weighted mean value (192) of D(tC4Hg-H) = 
and the Polanyi equation. 

91.0 f 1 kcal is adopted here. 

g. D( CH3CH2CH (CH,)-H) 
There is no direct experimental determination of this 

bond strength but D(sec-CeH9-H) = 94.6 kcal has been 
deduced (61) from bromination studies and the Polanyi 
rule. Since the values predicted by the same procedure 
for D(i-CsHrH) and D(t-C4H9-H) have subsequently 
been confirmed, there is every reason for accepting 
D(sec-C4H,-H) = 94.6 f 1 kcal. 

h. D('(CH3) 3CCH2-H) 
Here again the best available value is that deduced 

Br + neo-CsHlt = HBr + neo-CaH11 (Eq 36) 

and the Polanyi equation (61). I t  is interesting to 
note that the value obtained, D(neo-CsHl1-H) = 
99.3 f 1 kcal is significantly higher than D(C:Hs-H). 

i. D(C-C) in Alkanes 

energies are obtained from the equation 

from E36 = 14.3 kcal for the reaction 

The best available values of these bond dissociation 

D(R-RI) = AHr"(R) + AHr"(R1) - aHf"(RRi) 

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 f 2 kcal. 

TABLE I11 
CALCULATED D( c-c) VALUES IN ALKANES 

Bond D,  kcal Bond D ,  kcal 

CHa-CHg 88 CZHS-CZH~ 87 
CHa-CzHs 85 CZH~-CH(CH~)Z 80 

2. Alkenes 

a. D(CHF=CH-H) 
A value of D(C2H3-H) has been deduced from the 

pyrolysis of divinylmercury by the toluenecarrier 
technique (194). The initial decomposition reaction 

(CsHahHg = CzH3 + HgCzH3 (Eq 37) 

CHa-CH( CHI)? S3 (CHa)zCH-CH( CH8)z 78 

is followed by 
HgCzIT3 = Hg + C2H3 (Eq 38) 

so that the reaction could be studied by the rate of 
formation of mercury as well as by the rate of form% 
tion of gaseous products. Reaction 37 was shown 
to be homogeneous and unimolecular with a rate 
const ant of 

log kn = 11.9 - (48.3/0) 

and hence D(C2H3-HgC2H3) was taken to  be 48.3 kcal. 
D(CzH3-H) was then obtained from the relation 

D(CHrHgCH3) - D(C2H3-HgCzH3) = 

2 0  (CHI-H) - 2 0  (C2H3-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(CH3- 
Hg-CHI) = 51.3 kcal (153) and D(CH3-H) = 104.0 
kcal yields D(C2H3-H) = 102.5 kcal, but, as the 
authors note, the uncertainty in this determination 
is considerable and minimum errors of A3 kcal have 
been assigned. 

Harrison and Lossing (90) have reported D(C2HBH) 
= 105 f 3 kcal, from electron impact measurements, 
so there is reasonable agreement and the value D- 
(C2H3-H) = 104 i 2 kcal would seem to be com- 
patible with both determinations. 

b. D(CH?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(CH3CHzCH2-H) and D(CH2=CHCH2-H) and 
has been determined from a study of the iodine-cata- 
lyzed isomerization of 1-butene (54). The over-all 
reaction is 

I + 1-butene e 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 

I + CB3CHzCH=CH2 = CH,CHCII=CH2 + HI (Eq 39) 

corresponding to E39 = 12.4 kcal. Previously the 
value EZ9 = 25.0 kcal had been reported (144) for 
reaction 29 

I + CHsCHZCHs = CH~CHCHI + HI  

which was identified with the activation energy for the 
analogous reaction with n-butane, since D(i-C3HrH) E 
D(sec-C4H9-H), It follows that the resonance energy 
of the methallyl radical is given by Ezg - E39 = 12.6 
kcal, and this can be taken as the resonance energy of 
the allyl radical itself. From the definition of the 
resonance energy we have 

D(CHFCHCH~-H) = 

D(n-C3H7-H) - 12.6 G% 85 kcal 

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&H=CHz H + CHzCH=CHz 

CHaCHzCH=CHz = CH3 + CHzCH=CHz 

The pyrolysis of propylene is extremely complex, 
however, and yields no reliable information on D- 
(C3H5-H). Early results (168, 182) on the pyrolysis 
of 1-butene led to a much lower value of D(CH2= 
CHCH2-H) than that described above. This dif- 
ficulty has recently been resolved by a reinvestig% 
tion of the pyrolysis of 1-butene by the aniline-carrier 
technique (log), 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 methyl sulfone 
by the toluene-carrier technique can also be used to 
obtain AHt0(C3H5). Busfield and Ivin (36) have 
determined 

log Jcio = 14.1 - (47.7/8) 

for the pyrolysis reaction 
C3H6SOzCHs = C3Hj + SOzCHa (Es 40) 

and thus 

AHfO(C3Hb) = D(C3Hb-SO2CH3) - 

AHf" (S02CH3) + AHrO (CBH~SO~CH~)  

AHfo(C3HbSO2CH3) has been shown to be -73.5 
kea1 (37) and AHfo(SO2CH3) can be calculated as 
-63.2 kea1 (see section T7D2), so that AHf0(C3H5) 
is 37.4 kcal, corresponding to D(C3Hj-H) = 84.6 kcal, 
in excellent agreement with the value deduced from 
the resonance energy approach. 

Similarly a value can be calculated from the pyroly- 
si5 of allyl bromide, investigated by the toluene- 
carrier technique (181, 190) and found to have an 
activation energy of Ell = 47.5 kcal, presumed to 
correspond to the reaction 

C3H,Br = C3Hs + Br (Eq 41) 

Hence from AHfo(C3HbBr) = 12.1 kcal (162) it can be 
deduced that AHr0(C3HS) = 32.9 kcal, 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(C3H5-13) = 85 1 kcal would 
seem reasonably well established. 

3. Cycloalkanes 
Bond strengths in cycloalkanes have been deduced 

(192) from the activation energies (EYe) for methyl 
attack on the cycloalkanes and the Polanyi relation for 
methyl radicals and alkanes 

E&re = 0.49[D(C-H) - 74.31 (Eq 42) 

The results are summarized in Table IV. 

TABLE IV 
REACTIONS OF METHYL RADICALS WITH CYCLOALKANES 

EM,, D (C-H), 
Compound kea1 Ref kea1 

Cyclopropane 13.1 73 101 
Cy clobutane 10.3 74 95 
Cy clopentane 9.3 73 93 
Cyclohexane 9.7 73 94 
Cy cloheptane 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 tent* 
tive with minimum errors of * 3 kcal. 

4. Aromatic Hydrocarbons 

a. D(C6H5-H) 
The kinetic results bearing on D(C6H6-H) are some- 

An early study (186) of the pyroly- what conflicting. 
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sis of phenyl bromide leads to a value of flf"(CGH5) = 
69.6 kcal from E43 = 70.9 kcal for the reaction 

CsH5Br = CeHs + Br (Eq 43) 

in conjunction with AHfo(C6H5Br) = 25.4 kcal (186). 
Hence D(C&"-H) is given by 101.9 kcal. 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 1 3  kcal should be 
attached to it. 

Two investigations, leading to D(C6H5-H) by the 
metathetical a,pproach, were carried out almost simul- 
taneously. Duncan and Trotman-Dickenson ( 52) 
produced phenyl radicals by photolyzing acetophenone 
and studied the reactions 

C6H6 + CHI + C6H6 + CHa (Eq 44, -44) 

2c6HS = (C~")Z (Eq 45) 

by analyzing for the benzene and biphenyl. E44 
was found to be 11.1 kcal, relative to an assumed value 
of E45 = 0. In  conjunction with E--41 = 9.2 kcal 
(193), deduced from the photolysis of acetone in the 
presence of benzene, this gives 

D(C6H5-H) = D(CHrH) - E44 + EA4 = 102.1 kcal 

Fielding and Pritchard (63) studied reaction 44, 
by generating the phenyl radicals from the photolysis 
of diphenylmercury, and determined E44 = 7.5 kcal 
leading to D(CeH5-H) = 105.7 kcal, on the basis of 
D(CHrH) = 104.0 kcal. Further evidence for a 
higher value was obtained by the same workers from 
a study of the reactions 

CeHs + CFpH CeH6 + CFs (Eq 46, -46) 

for which the following relation applies 

D(C6HrH) = D(CFrH)  - E46 + E46 

EIB was shown to be 5.2 kcal and taking E46 = 6.3 
kcal (43), this gives D(C6Hb-H) = 107 from D(CFrH) 
= 106 kcal (see section VE1). This value is higher 
than that calculated by the original authors owing to 
the amended value of D(CF3-H). 

Obviously there is a considerable discrepancy be- 
tween the two estimates of E44, leading to different 
values of D(CaHrH), and until this is resolved the 
correct value of D(CeH5-H) will be in doubt. In  the 
meantime the value D(CsH5-H) = 104 f 2 kcal is 
recommended. 

b. D(C6H6CHz-H) 
In recent years D(C6H5CH2-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 

C B H ~ C H ~  = CBHKCHZ + H (Eq 47) 

log k4, = 14.8 - (85.0/0) 

Hence from D(C6H5CH2-H) = 85.0 kcal, mro(C6H6- 
CH2) = 44.9 kcal. 

Eqg = 7.2 kcal has been determined ( 5 )  for the 
bromination of toluene and E-48 = 5.0 kcal for the 

Br + CeHsCH3 e C6HsCHz + Br (Eq 48, -48) 

reverse reaction, from a study of the hydrogen bro- 
mide inhibited reaction (5). This determination of E--48 
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 kcal, 
by analogy with the reaction of trichloromethyl radi- 
cals with bromine (177). The amended value of 
D(C6H5CH2-H) was thus calculated to be 84.5 kcal 

The other determinations of D(CeH5CH2-H) de- 
pend upon measurement of AH~O(CGHSCH~). The acti- 
vation energy for the pyrolysis of benzyl bromide has 

CsHKCH2Br = C ~ H ~ C H Z  + Br (Eq 49) 

been confirmed to be E 4 9  = 51 kcal by several toluene 
carrier investigations (125, 127, 181). Taking AHfo- 
(C6H5CH2Br) = 20 kcal, as determined (25) from a 
thermodynamic study of the equilibrium 

(55). 

C6H6CH3 + Brz e CeH6CHZBr + HBr 

this yields AHt0(C6H5CH2) = 44.3 kcal and D(C6H6- 
CH2-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 

C ~ H ~ C H ~ S O Z C H ~  = CeHsCHg + S02CHs (Eq 50) 

was shown to be 

log kSO = 14.5 - (51,3/e) 

Thus, from AHf"(S02CH3) = -63.2 kcal (see section 
VD2) and hHro(C6H~CH&302CH3) = -68.0 kcal 
(37), AHro(C6H5CH2) is found to be 46.5 kcal, leading 
to D(C6H5CH2-H) = 86.6 kcal. 

Even more convincing evidence in support of these 
values of AHt"(C&CHz) and D(C6H6CH2-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 

CeHsCHzCHa = CeHsCHz + CHs (Eq 51) 

C6H5CHzCHzCHa = CeH5CH2 + C ~ H S  (Eq 52) 

it was shown that 

log kll = 14.6 - (7o.i/e) 
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TABLE V 
KINETIC RESULTS FOR AHfo(CsH&H2) AND D( CeH5CH2-H) 

A H P  (CeHbCHz), D(CaHsCH?H) 
Reaction Method kcal kcal 

C8HaCHa = CeH&Hz + H Flow system . . .  85 
Br + CsHsCHs = HBr f CBH~CHZ Metathetical . . .  84.6 
CJ&CHzBr = CsH&H2 + Br Toluene-carrier 44 .3  ... 
C~H~CHZSOZCH~ = C&.CHz + SO&Hs Toluenecarrier 46.5 . . .  
CeH6CzHs CeH6CH2 + CHa Aniline-carrier 43.2 . . .  
ceH~CsH7 = CeHbCHz + CzH6 Aniline-carrier 44.5 . . .  

and 

log k62 = 14.9 - (68.6/8) 

both considerably different from the values originally 
obtained by the toluene-carrier technique (178). 
Hence from D(C6H6CH2-CH3) = 70.1 and D(CeH6- 
CH2-C2H6) = 68.6 kcal it follows that mto(C6H5- 
CH2) = 43.2 or 44.5 kcal. 

The results so far discussed are summarized in 
Table V. These results clearly support values of 
D(C6H5CH2-H) = 85 and AHto(C6H5CH2) = 45 kcal. 

The situation became more complex, however, when 
the values AHto(C6H6CHzBr) = 15.1 and A H t O -  

(C6H5CH21) = 23.9 kcal were reported (10) from the 
heats of hydrogenation of the halides with lithium 
aluminum hydride. These figures lead to values of 
AHto(CsH&H2) = 39.4 and 38.4 kcal, respectively, 
from the activation energies of the decomposition of 
benzyl bromide (51 kcal) and benzyl iodide (40 kcal). 
The difficulty in deciding between the values A H t O -  

(C6H5CH2) = 45 or 40 kcal has been emphasized by 
Skinner (170). 

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

Iz + CBHSCHI HI + CeH6CHzI 

leading to AHto(CBH6CH21) = 30.4 kcal (204). I n  
conjunction with the pyrolysis data on benzyl iodide 
this gives AHro(CeH6CH2) = 45.1 kcel. At the same 
time AHto(C6H6CH2) = 44.1 kcal was reported (204) 
from a kinetic study of the reaction 

I + CaH6CHs e CeH6CH2 + HI (Eq 53, -53) 

for which E63 = 14.4 kcal was deduced. E-63 was as- 
sumed to be 1.5 kcal. 

The conclusion must therefore be drawn that 
Aflro(C6H5CH21) obtained from the reduction ex- 
periments with lithium aluminum hydride (10) is 
seriously wrong. Similarly A H t O  (C6H6CH2Br) 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 AHto(C&15CH2) = 45 f 1 and D(C6H6- 
CH2-H) = 85 f 1 kcal 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 
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Ref 
151 
55 
25 
36 
55 
55 

CBHE,CH~C~ = CeHsCH2 -I- C1 (Eq 54) 

has been determined (184) to be 

log kS4 = 14.83 - (68.o/e) 

C. D(CeH5CHz-R) 
Bond dissociation energies in compounds where R = 

CHI, C2H6, or n-C3H7 have already been referred to in 
connection with either AHto(C6-16CH2) or A H t O -  

(n-C3H7). The t'hree results, which are listed in 
Table VI, were obtained by aniline-carrier pyrolyses 
(55). Maximum errors are estimated as *2 kcal. 

TAEILE VI 
EXPERIMENTAL VALUES OF D( C6HsCHz-R) 

D(CsHsCH?R), 
R kcal Ref 

CHa 70 55 
CZH5 69 55 
n-C3H7 67 55 

d. D (C6HsCH( CH3)-CH3) 
This is a good example of how aniline-carrier results 

have substantially corrected original toluene-carrier 
data. The decomposition reaction is (Eq 4, section 
IIIA) 

C~HSCH(CHI)Z = CsH6CHCHa + CH3 

The rate constant was originally found (126) to be 

log k4 = 13.3 - (si.o/e> 

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

log J C ~  = 14.3 - (66.o/e) 

It follows that D(CeH&H(CH3)--CH3) can be taken 
to be 66 kcal. The errors should not exceed f 2 kcal. 

B. NITROGEN-CONTAINING COMPOUNDS 

1.  Hydrazines 

a. D(NHz-NH2) 
The pyrolysis of hydrazine yields direct information 

on D(NHZ-NH2) since the decomposition occurs via 
the reaction 

NZHI = 2NHz (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 

log k55 = 11.70 - (54.2/e) 

Since the activation energy was obtained in the pres- 
sure-sensitive region a correction of 3 kcal was made to 
obtain E ,  = 57 kcal, which was ident,ified with D- 
(NHz-NH2). The correction was later amended (113) 
to 2 kcal which means that D(NH2-NH2) can now be 
taken as 56 kcal with estimated errors of =k2 kcal. 

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 k55 = 13.0 - (a/e) 
which is in substantial agreement with the revised 
toluene-carrier data. 

b. D (CH3NH-T\"2) and D( (CH&N-NH2) 
Toluene-carrier studies of the decompositions 

CHaNHNHz = CHaNH + NH2 (Eq 56) 
(CH8)zNNHz = (CH3)zN + NHz (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 k56 = 13.19 - (51.9/e) 

log JC~, = 13.22 - (49.6/e) 

and both were independent of pressure. Thus D- 
(CH3NH--RH2) = 51.9 kcal and D((CH3)zN-NH2) = 
49.6 kcal, with estimated errors of i l  to =k2 kcal. 
A rate constant of 

log IC = 7.8 - (28.7/e) 

has been reported (49) for the decomposition of 1,l- 
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(GjHjNH-NH2) 
The aniline-carrier technique has yielded results 

(113) on the pyrolysis 
CflNbKH-NH2 = CeHsNH + KHz (Eq 58) 

such that 

log kS8 = 11.8 - (40.0p) 

and hence 

D(CaH5NH-NH2) = 40 i 2 kcal 

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 NHL 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 NH2, NHCH3, 
and r\T(CH&, and hence, from the heats of formation 
of the parent hydrazines, the D(X-AT) 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(NHz-NHz) = 56 kcal it follows that 

AHfO(NH2) = '/z[D(NHz-SH2) + 
AHfo(NzH4)] = 39.3 kcal 

while from D(C6H5NH-NHz) = 40.0 kcal we have 

AHt"(NH2) = D(C6HJNH-NHz) - 
AHfo(C6H5NH) + AHfo(C6H5NHNHz) = 41.3 kcal 

AHfo(C6H6NH) was assumed to be 47.6 kcal (see 
section VBZ), AHf0(C6H5NHNHz) = 48.9 kea1 (3), 
and AHro(NzH4) = 22.5 kcal (94). From the two 
determinations a value of AHf"(lV"2) = 40 f 2 kcal 
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 

AHrO(R1RZN) = D(RlR2N-NHz) - 
AHf" ("2) + A H r o  (RiRzNNH2) 

by making use of the deduced value of AHfO(NH2) = 
40 kcal. The data are summarized in Table VII. 

TABLE VI1 
CALCULATION OF HEATS OF FORMATION OF 

METHYLAMINO RADICALS 
D(R1RzN- A H P -  AHfO- 

NHz), (RiRzNNHz), (RIR~N) ,  
Ref kcal 

CHaNHNHz 51.9 22.4 11 34.4 
49.6 19.7 11 29.3 (CHa)a"Hz 

Compound koa1 kcal 

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

D(RiRzN-NR3Rd) = AHtO (RJLN) + 
AHfo(R3R4N) - AHrO (RiR2NNR3R4) 

The values listed in Table VI11 for the methyl h y d m  
zines have been deduced in this way (108). The 
value for the N-N bond dissociation energy in hydrazo- 
benzene has been calculated from AHr"(CeH5NH) = 
47.6 kcal (see section VB2) and is included for com- 
parison. The extremely low value obtained, D- 
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TABLE VI11 
CALCULATED D(N-N) VALUES IN HYDRAZINES 

AHf’ 
D(N-N), (compound), 

Compound kcal kcal Ref 
CHBNH-NHCHa 47 21.6 11 
(CHs)2N-N(CHa)2 42 16.6 51 
(CHa)zN-NHCH3 44 19.2 51 
CeH6NH-NHC6Hj 22 73 46 

(C6H5NH-NHC6H5) = 22 kcal, casts considerable 
doubt on the thermochemical data (46). 

The estimated errors are about f 5  kea1 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 0-0 
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. Anilines 

a. D (C6H5NH-CH3) and D (C6H5K (CH3)-CH3) 
Values for these bond dissociation energies have been 

obtained from aniline-carrier (56, 113) studies of the 
decomposition reactions 

CeHsNHCHa = CeH6NH f CHI (Eq 59) 
CeHbN(CH3)2 = CeHsNCH3 + CH3 (Eq 60) 

The rate constants are 

log k69 = 13.4 - (60.0/0) 

log k60 = 12.9 - (57.0/0) 

leading to D(CBHBNH-CH~) = 60 and D(CsH5N- 
(CH3)-CH3) = 57 kcal with estimated errors of be- 
tween =k1 and A2 kcal. From the heats of formation 
of the methylanilines (66, 203) (AHf0(C6H6NHCH3) = 
21.6 and AHfo(C&,T\’(CH3)z = 20.1 kcal) the heats 
of formation of the anilino and n’-methylanilino radi- 
cals are computed to be 47.6 and 43.1 kcal, respectively. 

b. D(CBH5NH-H) and D(C6HjN(CH3)-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 AHf0(C&- 
NHz) = 19.6 kcal (3) and AHro(C6&”CH3) = 
21.6 kcal (66) gives D(C6H5NH-H) = 80 f 3 and 
D(CeH5N(CH3)-H) = 74 f 3 kcal. 

C. D(C6Hj-NRz) 
Values are readily obtainable (108) where R = H 

or CH3 from the heats of formation of the amino radi- 
cals, as calculated above, and the heat of formation 

of the phenyl radical (mf” (C&)  = 72 kcal). The 
data are summarized in Table IX.  Maximum errors 
are estimated at f 4 kcal. 

TABLE IX 
CALCULATED VALUES OF D( CsH6-NR2) 

AHfO- D- 

Bond koa1 Ref kcal 

CeHs-NH2 19.6 3 92 
C&&-NHCHs 21.6 66 85 
CeHrN(CH3h 20.1 203 81 

(COHK-NRZ), (compound), 

3. Amines 
The N-H and N-CH3 bond strengths listed in Table 

X have been calculated (108) from the previously de- 
termined heats of formation of the amino radicals. 

TABLE X 
CALCULATED BOKD DISSOCIATION ENERGIES I N  AMIXES 

AHfo( coupound) , D, 
Bond koa1 Ref kcal 

N H z H  -11.0 164 103 
CHsNH-H -5 .1  105 92 
(CH3)2N-H -4.5 105 86 
CHa-NH2 -5.1 105 79 
CHs-NHCHs -4.5 105 73 
CH3-N(CH3)2 -5.5 101 69 

The estimated errors are between f 2 and f 3 kcal. 
The pyrolyses of benzylamine and N-methylbenzyl- 

amine have been studied (108) by the toluene-carrier 
technique and the values D(C6H5CHz-KHz) = GO and 
D(C6H5CH2-XHCH3) = 58 kcal reported (108). 
This determination of D(C6H5CHz-KHz) leads to a 
much lower value for AHrO(NH2) 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(C6H5CH2-NHCH3) = 
58 kcal 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 cyanogen from shock- 

Knight and Rink (120) 

(CN)2 = 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 f 6 kcal leading 
to AHfo(CN) = 109 kcal and Do(H-CN) = 129 
kcal. In  the same study this value of Do(H-CN) was 
confirmed by the shock-wave decomposition of HCN. 

Reaction 61 has been studied (199) by a second shock- 

tube studies are conflicting. 
investigated the reaction 
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tube method, which involved measuring the concentm 
tion of cyano radicals by spectrophotometric analysis. 
The value Do(CN-CN) = 125 f 8 kcal 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 AHf"(CN) = 109 f 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 values discussed above refer to 
0°K but corrections to 298°K hardly seem warranted 
a t  this stage in view of the large uncertainties involved. 

b. D(CNCH2-H) and D(CNCH2-CH3) 
These quantities are related since there is no direct 

kinetic determination of D(CNCH2-H) and it must be 
calculated from aHfo(CNCH2) which follows from a 
knowledge of D(CNCH2-CH3). Here again the ani- 
line-carrier technique has been employed to  determine 
D(CNCHZ-CH3). The decomposition of ethylnitrile 
has been shown to occur (95) via the reaction 

CHaCHiCN = CHs + CHzCN (Eq 62) 

with a rate constant of 

log k62 = 14.1 - (72.7/e) 

This gives D(CNCH2-CH3) = 72.7 kcal and, from 
AHfo(C2H&N) = 11.5 kcal (183), leads to A H f O -  

(CNCH2) = 50.2 kcal. Likewise from AHfo(CH3CN) 
= 21.0 kcal(l62) it can be deduced that D(CNCH2-H) 
= 81.3 kcal, and hence the difference (D(CNCH2-H) 
- D(CNCH2--CH3)) is 8.6 kcal. It has been argued 
(95) that this difference should be close to 13 kcal, 
in comparison with other (D(C-H) - D(GCH3)) 
differences, for compounds in which the H atom and 
CHI radical are attached to  a CH2 group. It was 
further concluded (95) that the most probable source 
of error in these determinations was in the value of 
AHro(CzH6CN) used to calculate AHfO(CNCH2). 
Thus the value 

D(CNCH2-H) = D(CNCH2-CH3) + 13 = 86 kcal 

was recommended as the best available. This gives 
AH~O(CH&N) = 55 kcal, but is in poor agreement with 
the electron impact determination of D(CNCH2-H) 
2 79 kcal (150). It would seem best to accept D- 
(CNCHZ-H) = 86 f 3 kcal as a tentative value. 

c. D((CH3)2C(CN)-CH3) and 
D (CsHbC (CN) (CH3)-CH3) 

Values of D((CHa)&(CN)-CH,) = 70 kcal and D- 
(CGH6C(CN) (CH3)-CH3) = 54 kcal 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&(CN)(CHa)z = CBH&(CN)CHa + CHa 

5. 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 
( E d )  cannot be identified with bond dissociation energies 
in these molecules. If the decompositions occur by a 
two-stage mechanism 

RN=NR = R + N z R  (Eq 63) 
NzR = Nz + R (Eq 64) 

then the first and second bond dissociation energies, 
D1 = D(RN2-R) and D2 = D(Nz--R), are defined as 
the enthalpy changes of reactions 63 and 64, respec- 
tively. The sum (Dl + D2) can be calculated from 
the enthalpy change for the over-all reaction 

if the heat of formation of the azo compound is known. 
In  all cases where this information is available it 
turns out that E d  is considerably greater than (Dl i- 
Dz). Gowenlock, Jones, and Snelling (77) have con- 
cluded that these compounds decompose by a "three- 
fragment" split. 

Upper limits for D1 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 ( E d )  for the decomposition 
and D1. 

RN=NR = 2R + Nz 

C. OXYGEN-CONTAINING COMPOUNDS 

1. Aldehydes 

a. D(HC0-H) and D(CH3CO-H) 
There are no direct kinetic determinations of these 

quantities. Substantial information on AHfO(CH3CO) 
has been accumulated, however, and consequently 
indirectly on D(CH3CO-H). Since D(CH3CO-H) 
is closely related to D(HC0-H), it is best to  consider 
both bond dissociation energies under the same heading. 

The situation regarding AHfo (CH3CO) has recently 
been summarized (107). One kinetic method of 
determining A H t O  (CH3CO) depends on measuring the 
activation energies of the reactions 

CHaCO + M CHs + 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 Ea(,) = 15 kcal. 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 
From these two results we have 

= 5 kcal. 

M 6 5 , - 6 5  = D(CH3-CO) = E65 - E--B~ = 10.6 kcal 

allowing for the change in standard states. 
(CH3CO) is then deduced from 

AHro-  

m65,--65 = hHrO(CH3) + AHio(CO) - AHrO(CH3CO) 

and taking AHfo(CH3) = 34.0 kcalgives AHfo(CH3CO) 
= -3 kcal. This is in reasonable agreement with the 
value AHfO(CH3CO) g - 5  kcal which can be calcu- 
lated from results (143) on photoionization mass spec- 
trometry of acetyl compounds. The original authors 
(143) deduced AHf"(CH3CO) = -6.5 kcal, but this is 
based on Do(CH3-H) = 101 kcal. A second kinetic de- 
termination of AHfo(CH3CO) has been carried out by 
O'Neal and Benson (147) who studied the over-all 
reaction 

CHaCOI + HI e CHaCHO + Iz 
By following the rate of formation of iodine spectro- 
photometrically they were able to obtain an activa- 
tion energy of E66 = 14 kea1 for the reaction 

I + CHsCOI S 1 2  + CHaCO (Eq 66, -66) 

From the relation 

D(CH3CO-I) = D(1-I) + E66 - E-66 

D(CH3CO-I) was calculated to be 50.7 kcal by assuni- 
ing E-66 = 0. AHfo(CH3CO) can then be calculated 
from the relation 

D(CHsC0-I) = AHfO(CH3CO) + 
AHrO (I) - AHf'(CH3COI) 

O'Neal and Benson (147) suggest a value of AHfO- 
(CH3COI) = -31.4 kcal leading to aHf"(CH3CO) = 
-6.3 kcal. From these three determinations, Kerr 
and Calvert (107) proposed a value of AHfo(CH3CO) = 
-4 f 2 kcal, and this has recently been endorsed 
(72) and will be adopted here. 

Earlier attempts (45, 185) to determine AHro- 
(CH3CO) involved the pyrolysis of acetone by the tolu- 
ene-carrier technique, according to the reaction 

CHaCOCHa = CH3CO + CHa 

for which an activation energy of about 72 kcal was 
reported. If AHfo(CH3CO) is -4 kcal, then from 
thermochemistry D(CHBCO-CH3) should be nearer 
82 kcal. 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(CH3CO-H), this 
dissociation energy is calculated to be 88 kcal from 
AHfO(CH3CO) = -4 kcal and MfO(CH3CHO) = 
- 39.7 kcal(84). 

By analogy with the acetyl radical, AHf"(HC0) 
could be obtained from a kinetic study of the reactions 

H C O + M e H + C O + 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 t o  the formyl reactions. 
Since there is no reliable experimental value of AHfO- 
(HCO), it must be estimated from an assumed value of 
D(HC0-H). Several authors (38, 146, 191) have sug- 
gested that D(HC0-H) S D(CH3CO-H) which now 
means D(HC0-H) = 88 kcal. A rough check on this 
assumption can be made by working back to the results 
on D(H-CO). From D(HC0-H) E 88 kcal it follows 
that  AH^" (HCO) E 8 kcal, and hence 

D(H-CO) = AHio(H) + AHro(CO) - 
AHfO(HC0) G 18 kcal 

It was previously shown that D(CHrC0)  = 10.6 
kcal so that (D(H-CO) - D(CH3-CO)) is estimated 
to be about 8 kcal. Within the experimental errors, 
this is the expected difference (191) between D(C-H) 
and D(C-CHI) and would indicate the general correct- 
ness of the above arguments. 

In conclusion the values recommended are A H f O -  

(CH3CO) = -4 f 2 kcal, AHfO(HC0) = 8 i 2 kcal, 
D(CH3CO-H) = D(HC0-H) = 88 f 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, Le.,  D(H-CO) G 18 kcal. 

b. D(CeH5CO-H) 
A calculated value is available from AHro(CeH6CO). 

The pyrolysis of benzyl chloride has been studied (184) 
by the toluene-carrier technique. 

CsHsCOC1 = CsHbCO + C1 0% 67) 

The rate constant was reported as 

log k67 = 15.4 - (73.6/8) 

so that from D(COH&O-C~) = 73.6 kcal and A H f O -  

(C&COCl) = -28.9 kcal (41), mf0(C6H&O) is 
calculated to  be 15.8 kcal. A similar value can be 
deduced from less accurate results on the pyrolysis of 
benzoyl bromide (124). D(C6H5CO-H) then becomes 
74 kcal, taking AHfo(C6H5CHO) = -6 kcal (84). 
The errors are estimated as f 5 kcal. 

2. Ketones 

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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TABLE XI 
KINETIC DATA ON A.Uf"( CHsO) 

AHfo(CHtOX), AHfo (X), E693 A H P  (CHsO), 
CHsOX kcal Ref kcal koa1 Ref kcal 

CHsONOz -28.6 81 8.0 39.5 83 2.9 
38.4 81 1 .4  

CH800CHs -30.0 81 ... 36.1 87 3.1 
-31.6 21 ... 36.1 87 2.3 

CHsONO -15.6 158 21.6 36.5 83 -0.7 

TABLE XI1 
KINETIC DATA ON AHfo( CzHbO) 

AHf" (CmHaOX), 
CzHrOX kcal Ref 

CzH60NO -24.2 83 
CzH60N02 -36.8 83 
CzH600CzHs -47.8 21 

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-f ragmen t" splits of these molecules. 

a. D(CH3CO-CH3) 
The best available value of this bond strength is 

derived from the heats of formation of the radicals; 
taking aHfo(CH3) = 34.0, AHto(CH3CO) = -4, 
and aHto(CH3COCH3) = -51.7 kcal (84) gives D- 
(CH3CO-CH3) = 82 kcal with estimated errors of 
f 3 kcal. 

b. D(CH3COCH2-H) 
An upper limit of D(CH3COCH2-H) = 92 kcal has 

been obtained (86) from an activation energy of EM = 
19.5 kcal for the reaction 

NFz + CHaCOCHa = NFzH + CHzCOCHa (Eq 68) 

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

3. Alcohols 
In  an excellent review, published in 1959, Gray and 

Williams (83) dealt a t  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 aHfO(R0) 
and D(R0-H) values. 

The AHfO(R0) 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 NOz and R = alkyl radical. 
Assuming zero activation energy for the reverse reac- 
tion it follows that 

AHf"(X), E699 AHro(CzHaO), 
kcal kcal Ref kcal 

21.6 37.7 83 -8.1 
8 . 0  36.4 83 -8.4 
. . .  34.1 87 -6.7 

M a g  = Esg = AHfO(R0) + AHf"(X) - AH~O(ROX) 

so that aHfO(R0) 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(CH30-H) 
The problem here is to ascertain the most accept- 

able value of AHf"(CH30) since there are no direct 
determinations of D(CH30-H). The data from the 
pyrolytic method have been summarized by Gray (81) 
and are shown in Table XI. 

Gray (81) proposes aHfO(Me0) = 2 kcal and sug- 
gests probable errors of =k2 kcal, 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(CH3O-H) = 102 f 2 kcal. 

b. D(CzH6O-H) 
The relevant pyrolytic data, leading to AHl' 

(C2H60), are summarized in Table XII. Gray and 
Williams (83) adopted the value Nfo(CzH60)  = 
-8.5 kcal giving D(C2H60-H) = 99 kcal, but from the 
amended value of D(CH30-H) it would now seem better 
to accept the results from the peroxide decomposition, 
i .e.,  aHfo(CzH,O) = -6.7 kcal and D(C2H60-H) = 
102 kcal. The estimated errors are about i 2 kcal. 

C. D(n-C3H?O-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 aHf'(CH30) 
and mto(C2H60) there is a case for accepting AHfo- 
(n-C3H70) from the peroxide data; hence aHfo (n- 
C3H7O) = -11 f 2 kcal and D(n-C3H70-H) = 103 =k 

2 kcal are adopted here. 

d. D(t-CdHg0-H) 
The kinetic evidence for AHto(t-C4HgO) is based 

solely on the pyrolysis of di-t-butyl peroxide and since 
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koa1 Ref 

-31.2 83 
-41.6 83 
-57.8 21 

TABLE XI11 
KINETIC DATA ON AHro(n-C3H70) 

AHro(CsH7OX), AHr'W, E89, AHf0(n-CaH70), 
kcal kcal Ref kcsl 
21.6 37.7 83 -15.1 
8 . 0  37.6 83 -12.0 
. . .  36.5 88 -10.7 

the activation energy for the pyrolysis has recently 
been redetermined (16), this necessitates a slight al- 
teration to AHfo(t-C4HgO). Hence from Eo9 = 37.4 
kcal for reaction 69 involving di-t-butyl peroxide, and 
from AHr0(l-C4HgO)2) = -85.5 kcal (21), AHfo(t- 
C4H90) becomes -24.1 i 2 kcal and D(t-C4H90-H) = 
103 f 2 kcal, taking AHro(t-C4H90H) = -74.9 
kcal (84). 

e. D(i-C3H70-H), D(n-C4HgO-H), 

D(i-C4H90-H), and D(sec-C4HgO-H) 
No new data have been published on the heats 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. 

TABLE XIV 
aHIo(RO) AND D(R0-H) FOR ALIPHATIC ALCOHOLS 

ROH kcal kcal kcal 

i-CaH70H - 15 -65.4 103 
n-C4HsOH - 17 -66.9 102 
~ - C ~ H Q O H  - 18 -67.9 102 
sec-CdHQOH - 20 -70.1 102 

AHf"(RO), AHfo(ROH), D(R0-H), 

f .  D(HOCH2-H) and D(HOCH(CH3)-H) 
Values have been obtained from the bromination 

Br + CHIOH e CH20H + HBr (Eq 70, -70) 
Br + CH3CHzOH e CH3CHOH + HBr (Eq 71, -71) 

Buckley and Whittle (35) determined E 7 0  = 6.2 kcal, 
while Tarr and Whittle (188) found E71 = 5.0 kcal. 
The reverse reactions have not been studied but 
the authors made the reasonable assumption that 
E-.lo = E-T~ = 2 kcal and hence deduced D(HOCH2-H) 
= 92 kcal and D(HOCH(CH3)-H) = 90 kcal from the 
expression 

D(HOCH2--H) = D(HBr) + E 7 0  - 2 

The errors are estimated a t  about f 2  kcal but the dif- 
ference (D(HOCH2-H) - D(HOCH(CH3)-H)) should 
be more accurate than this. 

reactions 

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 f 2 kcal. 

TABLE XV 
CALCULATED VALUES OF D( R-OH) 

AHf' AHfO AH{' D 
(R), (OH), (ROH), @.-OH), 
kcal kcal koa1 Ref kcal R 

CHa 34.0 9 . 3  -48.1 84 91 
CzHs 25.7 9 .3  -56.2 84 91 
i-CaH7 17.6 9.3 -65.4 84 92 
t-CdHQ 6.8 9.3 -74.9 84 91 

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. Peroxides 

a. D(CH30-OCH3) 

The kinetics of the reaction 
(CHIO)~ = 2CH30 (Eq 72) 

have been studied by following the rate of disappear- 
ance of the peroxide with an infrared absorption spec- 
trometer (87) and lead to the rate constant 

log k72 = 15.38 - (36.1/8) 

Thus D(CH30-OCH3) can be taken to be 36.1 kcal. 
The errors are estimated a t  f 1 kcal. 

b. D(CzHbO-OC2Hb) 
Three original sets of data (89, 141, 159) on the 

pyrolysis of diethyl peroxide have been combined (87) 
to yield 

log IC,~  = 14.2 - (34.ip) 

for the reaction 

(C*H,O)z 2CzHbO (Eq 73) 

This result is now generally accepted and hence D- 
(C2HbO-OC2Hb) = 34.1 f 1 kcal. 

c. D(n-C3H70-O-n-C3H7) 
The early data (88) on the decomposition of this 

peroxide lead to 

log k74 = 15.4 - (36.5/0) 

for the reaction 
(Eq 74) 
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RORi 

CHsOCHs 
CzHsOCzHs 
i-( CsH7OCsH7) 
CHsOCHzCH=CHz 

RCOORi 

CHsCOOCHs 
CHsCOOCzHs 
CH~COO-TZ-C~H~ 
CHsCOO-i-CsH7 
CHSCOO+L-C~H~ 
CHsCOO-i-CdHo 
HCOOCH, 
C&.COOCHs 
C&COOCzHs 

TABLE XVI 
CALCULATED VALUES OF D(RO-Rl) 
AHfO (Rd, A&" (RO), AHf'(ROR1) 

kcal koal kcal 

34.0 2 . 0  -44.3 
25.7 -6.7 -60.4 
17.6 - 15 -76.4 
38 2 .0  -22.3 

. .  
koal 
-4  
-4  
-4 
-4 
-4  
-4  

8 
15.8 
15.8 

D(R0-Ri) , 
Ref koal 

84 80 
84 79 
83 79 
83 52 

TABLE XVII 
CALCULATED VALUES OF D( RCO-ORI) 

AHf'(RCOORi), D (RCO-ORi), AHP(RC0). AHfo (ORi), 
koal kod  Ref kcal 

2 
-6 .7  

-11.0 
- 15 - 17 
- 18 

2 
2 

-6 .7  

-99.2 
-106.6 
-112.8 
-115.8 
-118.9 
-121.1 
-83.6 
-71.7 
-79.1 

83 
83 
83 
83 
83 
83 
83 
83 
83 

97 
96 
98 
97 
98 
99 
94 
90 
88 

and this value is still adopted (21,87). It follows that 
D(n-CsH,0-O-n-CaH7) = 36.5 kea1 with probable 
errors of * 1 kcal. 

d. (t-C,H,O-O-t-C,Hg) 
The precise rate constant for the decomposition 

(tCdH~0)z = 2t-CaHoO (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 theproducts, 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 k76 = 15.6 - (37.4/e) 

and this is the best available value. Accordingly 
D(t-C4HgO-O-t-C4Hg) = 37.4 f 1 kcal. 

d. D(RC00-00CR) 
The pyrolyses of acetyl, propionyl, and butyryl per- 

oxides by the toluenecarrier technique have been re- 

(RC00)z = 2RC00  (Eq 76) 

ported (160, 161) and the activation energies are 
usually accepted as the bond dissociation energies, 
D(RCO0-OOCR). The results are summarized in 
Table XVIII. The errors are estimated at  about i 2  
kcal. It was later shown (173) that the activation 
energy for the decomposition of isobutryl peroxide in 
isooctane solution was 27 kcal, and this has been in- 
terpreted as showing the occurrence of a "three-frag- 
ment" decomposition, and hence the activation energy 

TABLE XVIII 
DATA ON D(RC00-00CR) FROM REACTION 76 

(Eia = 
D(RCOGOOCR)), 

(RCO0)r Log Aic koa1 Ref 

(CHaC00)z 14.3 29.5 160 
( c z ~ s c 0 0 ) z  14.4 30.0 161 
(TL-CSH~COO)~ 14.3 29.6 161 

should not be identified with D(i-C3H,C00-00Ci- 
C3H7). 

6. Hydroperoxides 
The bond dissociation energies D(RO-OH) for methyl, 

ethyl, n-propyl, and tbutyl 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 t-butyl hydro- 
peroxides, the heats of formation of the lower alkyl 
hydroperoxides have not been measured, owing to 
experimental difliculties, 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 i l  ked. The data for the calculation of D- 
(RO-OH) values are summarized in Table XIX. 

TABLE XIX 
CALCULATED D( RO-OH) VALUES 

AHfO- D- 
AHfo(RO), (ROOH), (RO-OH), 

RO kcal koa1 Ref koa1 

CHsO 2 -32.1 21 43 
CzHs0 -6.7 -40.2 21 43 
n-CaH70 -11.0 -45.2 21 44 
t-CdHaO -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 mto(OH) = 9.3 kcal. 
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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 tbutyl 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. 

TABLE XX 
ARRHENIUS PARAMETERS FOR DECOMPOSITION 

OF HYDROPEROXIDES 
ROOH Log A E, koal Ref 

CHaOOH 11 32 115 
CzHsOOH 13.4 37.7 116 
i-CaH,OOH 15.2 40.0 116 
t-CdHe00H 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(R0-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(RC00-00CR) = 

2AHf0(RCOO) - AHf"((RC00)z) 

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 =k4 kcal. 

D. SULFUR-CONTAINING COMPOUNDS 

1. Suljides 

a. D(HS-H) 
A thermochemical value is available from AHro(HS) 

which can be calculated from D(S-H) and AHfo(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 D298(S-S) = 100 kcal, which supports the 
result AHf"(S) = 65.7 kcal (175). From the equation 

D(S-H) = AHf" (S )  + AHio(H) - AHto(HS) 

TABLE XXI 
CALCULATED VALUES OF D( RCOO-H) 

D- 
(RCOO-OOCR), AHf' ((RCOO)n), 

(RCO0)n koal kcsl Ref 

(CHsC00)z 29.5 -119 102 
(CzH&OO)z 30.0 - 138 102 
(n-CsH,COO)z 29.6 - 150 102 

7. Acids 

a. D(CeH5CH2-COOH) and D((CeH5)&H-COOH) 
An experimental value of D(C6H6CHrCOOH) has 

been deduced from a toluenecarrier study (14) of the 
reaction 

CsHsCHzCOOH = CaHsCHz + COOH (Eq 77) 

for which the rate constant was found to be 

log JC,, = 12.9 - (55/e) 

Hence D(C~HF,CH~-COOH) = 55 kcal, with estimated 
errors of about *2 kcal. A value of D(C6Hs)pCH- 
COOH) = 52 kcal was obtained by the same authors 
(15), but since the mechanism was not clearly estab- 
lished this must be regarded as tentative. 

b. D(RCO0-H) 
Calculated values for acetic, propionic, and n- 

butyric acids have been derived (102) from the heats of 
formation of the RCOO radicals 

D(RCO0-H) = AHf"(RCO0) + 
AHt"(H) - AHt"(RC0OH) 

AHf" (RCOO), AHf" (RCOOH), D(RCOO-H), 
kcal kcal Ref koa1 

- 45 -104.5 102 112 
- 54 -111.4 102 110 
- 60 -110.4 102 103 

and the value Dzs8(S-H) = 82.3 kea1 (103) it follows 
that AHfo(HS) = 35.5 kcal. Taking AHtO(H2S) = 
-4.8 kea1 this means that D(HS-H) = 92 kcal. 

A kinetic value of D(HS-H) can also be obtained 
via AHf"(HS) since this has been determined from the 
pyrolysis of benzyl sulfide. The reaction 

CaHsCHzSH = CsH5CHz + SH (Eq 78) 

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

log JC,~ = 13.5 - (53/e) 

The heat of formation of gaseous benzyl sulfide has 
been determined (132) to be 21.9 kcal, and hence taking 
AHto(C6H&H2) = 45 kcal (see section VA4) this 
yields AHfo(HS) = 29.9 kea1 and D(HS-H) = 87 
kcal. Mackle and McClean (132) calculated AHf O- 

(HS) = 34.9 kcal by taking AHfo(CaH5CH~) = 40 
kcal, but as shown in section VA4 this value is incorrect. 

In principle AHfo(HS) should also be obtainable 
from the pyrolyses of methyl and ethyl sulfides, but 
toluene-carrier studies of these decompositions (1 67) 
have proved to  be too complex for the determinations 
of D(HS-CH3) and D(HS-C*Hb). 
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The value D(HS-H) = 85.6 kcal was deduced from 
a kinetic study of the pyrolysis of dimethyl ether cat& 
lyzed by hydrogen sulfide (136). The over-all reac- 
tion was followed by pressure measurements and the 
kinetics of the reaction 

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 AHr"(HS) I 33.7 kcal, corresponding to 
D(HS-H) 5 90.6 kcal, 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 kcal from the kinetics of the pyrolysis of benzyl 
sulfide, and 90 kcal from electron impact results. 
The range of values is almost covered by 90 f 2 kcal, 
which is adopted here, but the situation is less satis- 
factory than this would imply and obviously more 
work is required. 

H2S HS + H 

b. D(CH3S-H) 
The results are again conflicting. The pyrolysis of 

methyl benzyl sulfide 

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

CsH6CHzSCHs = CeH6CHz + SCHs (Eq 79) 

log J C ? ~  = 13.48 - (51.5/e) 
giving D(C~H~CH~-SCHS) = 51.5 kcal. AHro(C6H6- 
CH2SCH3) has been shown (131) to be 19.0 kcal, and 
hence taking AHfo(C6H5CH2) = 45 kcal it can be 
shown that hHf"(CHSS) = 25.5 kcal. It follows that 
D(CH3S-H) is 83.1 kcal from AHfo(CH3SH) = -5.5 
kcal. Mackle and Mayrick (131) took hHr'(c6H1- 
CH2) = 40 kcal and calculated AHf"(CHi3) = 30.5 
kcal, but, as shown in section VA4, AHrO(CsHsCH2) 
should be taken as 45 kcal. 

Palmer and Lossing (148) have determined AHro-  
(CH3S) 5 31.8 and B(CH3S-H) I 89.4 kcal from elec- 
tron impact studies, both in serious disagreement with 
the kinetic results. Furthermore the electron impact 
results indicate a much smaller difference, (D(HS-H) - 
D(CH3S-H)) than the kinetic results. 

It seems unlikely that D(HS-H) should exceed D- 
(CH3S-H) by more than 2 kcal and if D(HS-H) is 
taken as 90 * 2 kcal this meansD(CH3S-H) 2 88 
kcal and AHfo(CH3S) 2 30.4 kcal. It must be em- 
phasized, however, that these are only tentative values 
and that more experimental work is necessary. 

c. D(C6H5S-H) and D(Cd&S-CH3) 
The pyrolysis of methyl phenyl sulfide has been 

studied by the toluene-carrier technique (13) 

C&SCHa = C B H ~  + CHa (Eq 80) 

and found to have a rate constant of 

log kso = 14.48 - (6o/e) 

from which it follows that D(C6H5S-CHa) = 60 kcal. 
The value AHfo(C~H5SCH~) = 23.5 kcal has been con- 
firmed (131); hence, from aHrO(CH8) = 34.0 kcal, 
Mf"(C&S) is calculated to be 49.5 kcal. D(C6H5' 
S-H) can now be calculated to be 75 kcal since 11Hr'- 
(C&SH) is known to be 26.7 kcal (133). It must be 
pointed out that these values of D(CeH5S-CH3), 
D(CaH5S-H), and Mro(C&,S)  are tentative, since the 
mechanism of the pyrolysis of methyl phenyl sulfide 
was not rigorously established. Calculations of other 
D(C6H5%-R) bond strengths would hardly seem justi- 
fied a t  this stage. 

2. Sulfones 
D(R-S02CH3) values for R = methyl, allyl, and 

phenyl have been reported (36) from toluene-carrier 
pyrolyses of the sulfones 

RSOzCHa = R + SOzCHi (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. 

TABLE XXII 
KINETIC AND THERMOCHEMICAL DATA FOR SULFONES (36, 37) 

(Ea = AHfO- 
D(CHsSOrR)), (RSOzCHs), 

Sulfone Log As1 koa1 kcaI 
CHaSOzCHs 14.3 60.6 89.9 
CaH6S02CHa 14.1 47.7 73.5 
C6HrCHzS02CHa 14.5 51.3 68.0 

From the pyrolysis of dimethyl sulfone and Mf0- 
(CH,) = 34.0 kcal, the heat of formation of the radical 
CH3SOz 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-SOzCH3) = AHfo(R) + 
AHfO (CH3S02) - AHfO (RSOzCH3) 

Thus Mr0(C3H5) = 37.5 kcal (see section VA2) and 
AHfo(CsH&H2) = 46.6 kcal (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(CF3-H) 
Until recently the value D(CF3-H) = 102 kcal 

seemed established from the kinetics of the system 

CH3 + CF3H e CH4 + CF3 (Eq 82, -82) 

E 8 2  = 9.8 kcal was determined (156) from the photolysis 
of hexadeuterioacetone in the presence of fluoroform, 
and in conjunction with the known value of E42 = 
10.3 kea1 it was concluded (156) that 

D(CFrH)  = D(CH3-H) + E 8 2  - Ea2 = 

(D(CHrH) - 0.5) kcal 

At the time D(CH3-H) was accepted as 102.5 kcal; 
hence, D(CF3-H) became 102 kcal. 

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

Br + CF3H -S HBr + CF, (Eq 83, -83) 

and deduced E 8 3  = 23.5 kcal. The activation energy 
for the reverse reaction (Ea3) was assumed to be 1 
kcal, and hence 

D(CF3-H) = D(H-Br) + 23.5 - 1 

which, when corrected to 29S°K, gave 109 kcal. The 
difficulties in accepting this higher value of D(CF3-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 

CDs + CD3COCDs = CDd + CDzCOCDs (Eq 84) 

2CD3 = CzDe (Eq 8 5 )  

For the purposes of hydrogen abstraction reactions, 
trideuteriomethyl radicals can be regarded as equiva- 
lent to methyl radicals. From the known value (634 
- ‘/2E85) = 11.4 kcal and their experimental result 
(E84 - E82) = 1.2 kcal, Pritchard and Thommarson 
(157) deduced that E 8 2  = (11.4 + ‘/2& - 1.2) kcal. 
The reaction of trifluoromethyl radicals with methane, 
reaction -82, had been studied by photolyzing hexa- 
fluoroacetone in the presence of methane (12). The 
value (E-82 - ’/2E86) = 10.3 kcal was reported, 
where E86 is the activation energy of the reaction 

2CFa = CzF, (Eq 86) 

This value has been substantially confirmed by a re- 
cent reinvestigation of the same system (1). Hence 
E--82 = (10.3 + ‘/2&6) kcal, and from the relation for 
reactions 82 and - 82 

D(CF3-H) = D(CH3-H) + E82 - Ea2 

it follows that 

D(CFrH)  = D(CH3-H) + 
(11.4 + ‘/2E85 - 1.2) - (10.3 + ‘/qE86) = 

D(CH3-H) - 0.1 -k ‘/&e5 -  EM 
E 8 5  is usually taken to be zero, but Pritchard and 
Thommarson (157) assumed a value of 1 kcal for the 
activation energy (E%) of the combination reaction of 
CF3 radicals, mainly on the basis of the temperature 
coefficient of the cross-combination reaction of CH3 
and CFD radicals. More recent results (71) have re- 
vealed an anomaly in this cross-combination reaction, 
and it now seems that E 8 6  should be taken to be zero. 
Hence from the revised value of D(CH3-H) = 104.0 
kcal it can be deduced that D(CF3-H) = 103.9 kcal. 

The bromination of fluoroform was reexamined (187) 
by the competitive method (see section IIIB2) involving 
mixtures of CH4 and CzF6H and mixtures of CFSH 
and CzF5H. The difference in reactivity between CHI 
and C K H  in bromination reactions is too great to com- 
pete them directly, so the problem is to find a suitable 
“bridge” compound, such as C2FsH, to compete with 
each. It was thus shown that E 8 3  - E22 = 3.76 kcal, 
where E22 refers to the reaction (Eq 22, -22) 

Br + CHd $ HBr + CH3 

This result has recently been confirmed (2) by taking 
n-C3F7H as another “bridge” compound between 
CHI and CF3H in competitive bromination experiments. 
The reverse of the bromination reaction of fluoroform, 
- 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 = CFaI + I 

it  was shown that Ea3 = 3.0 kcal and this is supported 
by subsequent results of Amphlett, Coomber, and 
Whittle (2). For reactions 83 and 22 the following 
relation applies 

D(CF3-H) - D(CH3-H) = 

(E83 - Ezz) - (Ea3 - E--22) 
and in conjunction with the known value (61) E-22 = 
1.4 kcal it follows that 

D(CF3-H) = D(CH3-H) + 2.2 = 106.2 kcal 

To check this revised determination, Amphlett, 
Coomber, and Whittle (2) have also studied competitive 
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chlorination of mixtures of CF3H and C2F5H and mix- 
tures of CHI and C2FbH. A bridge compound is again 
necessary since CF3H and CHd have much too large 
a difference in reactivity toward chlorine atoms to be 
directly compared with accuracy. For the reactions 

C1 + CFsH $ HCl + CFs (Eq 87, -87) 
C1 + CHd = HCI + CHa (Eq 8s) 

it was shown that E87 - E88 = 4.5 kcal, and since E* 
is known to be 3.9 kcal (122) it follows that Em = 8.4 
kcal. D(CF3-H) can now be calculated from the re- 
lation 

D(CFrH) - D(H-Cl) = E87 - E47 

since E47 was determined (2) to be 5.1 kcal by photo- 
lyzing hexafhoroacetone in the presence of HC1. 
This gives D(CF3-H) = 106.3 kcal on correction to 
298"K, which agrees extremely well with the revised 
value from the bromination work. Amphlett, 
Coomber, and Whittle (2) propose 106.2 f 0.5 kcal, 
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(CF3-H) = 106.2 f 
1 kcal. 

b. D(CHF2-H) and D(CH2F-H) 
Upper limits have been placed on these bond dis- 

sociation energies from competitive bromination re- 
actions (187). For the reactions 

Br + CHZZ HBr + CHFZ (Eq 89, -89) 
Br + CHaF HBr + C H 9  (Eq 90, -90) 

activation energies of E89 = 15.3 and Egg = 14.8 kcal 
were established from which it was deduced that D- 
(CHF2-H) I 102.8 and D(CH2F-H) I 103.3 kcal. 
It was then reasonably assumed (187) that E4e = 
E-90 = 2 kcal, leading to D(CHF2-H) = D(CH2F-H) 

101 kcd, but in view of the revised value of D 
(CF3-H) = 106, these figures should be assigned sub- 
stantial errors, say A4 kcal. 

c. D(C2Fb-H) and D(n-C3FrH) 
The reactions involved here are 

CDa + R H  CDaH + R (Eq 91, -91) 

Pritchard and Thommarson (157) determined En = 
9.5 kcal for CzFsH and E91 = 9.1 kcal for n-CsF,H, 
in the same study as the redetermination of D(CF3-H). 
Furthermore, the activation energies E- 91 have been 
shown to be 10.6 and 9.5 kcal for R = C2F5 (152) and 
n-C3F7 (69), respectively, on the assumption of zero 
activation energy for the recombination of the per-. 
fluoroalkyl radicals. Applying the relation 

D(R-H) = D(CHrH)  + E91 - E-91 

the values are deduced to be 

D(C2F5-H) = 104 + 9.5 - 10.6 = 102.9 kcal 

D(n-CaFrH) = 104 + 9.1 - 9.5 = 103.6 kea1 

The probable errors are f 2 kcal and the recommended 
values are D(C2F5-H) = 103 f 2 kcal and D(n- 
CaFrH) = 104 f 2 kcal. The value D(C2F6-H) 5 
102 kcal has been obtained from competitive bromina- 
tion studies (187) so the agreement is reasonably good. 

d. D(CFrCF3) 
Tschuikow-Roux (200, 201) has determined D- 

(CF3-CF3) E 93 f 4 kcal, by studying the decompo- 
sition reaction in a single-pulse shock tube, and he 
has summarized other existing data on D(CF3-CF3) 
and AHfO(CF3). A thermochemical value of D(CF3- 
CF3) is available since AHrO(CF3) can be calculated 
from D(CF3-H) = 106.2 kcal (see section VE1). 
Taking AHf"(CF3H) = -165.1 kcal (175) leads to 
AHf"(CF3) = -111.0 kcal, and hence from AHf"- 
(C2Fc) = -303 kcal (117) it follows that D(CF3- 
CF3) = 81 kcal. The shock-tube result, D(CF3-CF3) 
= 93 kcal, seems rather high in comparison with 
D(CHa-CH3) = 88 kcal, 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(CF3-CFa) = 86 A 5 kcal 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 XXIII. 

TABLE XXIII 
CALCULATED D( R-F) VALUES 

AHro(R), AHfo(RF), D(R-F) 
RF koa1 koa1 Ref kcal 

CHaF 34.0 - 55 23 108 
CzHsF 25.7 - 61 23 106 
wC~HVF 21.1 - 66 123 106 
i-CaH7F 17.6 - 68 123 105 
CeRsF 72 -26.5 166 117 

f. D(NFZ-NFi), D(NFZ-H), 
and D(NFz-F) 

An accurate value of D(NF2-NF2) = 19.9 i 0.5 
kcal has been determined (104) from equilibrium meas- 
urements on the system 

N2F4 $2NFz 

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(NFz-H) = 72.6 kcal on the basis 
of a = 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(NFz-H) 
is available from AH," (NFZ). Thus 

AHfo(NFp) = '/~(D(NFZ-NFZ) - 
AHfo(NzF4)) = 8.9 kcal 

taking AHfo(NzF4) = 2.0 kcal (8). Thevalue of AHrO- 
(NFzH) has not been reported, but a reasonable esti- 
mate has been interpolated (172) from AHrO(NH3) = 
-11 kea1 and AHfo(NF3) = -29.7 kcal, leading to 
AHfo(NF2H) = -24 kcal. It follows that D(NF2-H) 
= 85 kcal which is probably the best available esti- 
mate, but minimum errors of f 5  kcal should be as- 
signed. 

Since AHfo(NF3) is known to be -30 kcal (7), 
D(NFz-F) has been calculated (92, 114) to be 58 kcal 
with estimated errors of f 5 kcal. 

2. Chloro Compounds 

a. D(CC13-H) 
Benson (22) has reexamined the thermodynamics 

and kinetics of the system 
(Eq 92, -92) 

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

(Eq 93, -93) 

Br2 + CHCl3 e HBr + CCllBr 

Br + CHCL e HBr + CCll 
CC13 + Brz e CChBr + Br 

and by taking new entropy data for the species con- 
cerned, a more precise value of AHgZ,-gZ has been de- 
duced, leading to AHf0(CCl3Br) = -8.7 kcal. 

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 So (CCl,) and C," (Cc13). 
Hence it was shown that AH93,-93 = 8.2 i 1 kcal so 
that from the relation 

D(CClrH) - D(H-Br) = AH93,--93 

it follows that D(CCl3-H) = 95.7 f 1 kcal, and thus 
AHf0(CCl3) = 18.6 f 2 kcal from AHfO(CHC4) = 
- 25.0 kcal(l75). 

b. D(CCl3-X) 
The values listed in Table XXIV have been calcu- 

lated from AHfO(CC13) = 18.6 kcal, 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 AHfo(CHC13) has 
been used to calculate AHfo(CC13). 

C. D(R-Cl) 
D(R-C1) 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 f 2  kcal. 

TABLE XXIV 
CALCULATED VALUES OF D( CC13-X) 

E 8 ti m a t e d 
AHP, D(CC1s-X), errors, 

CCLX koal Ref kcal kcal 
CClaF - 68 175 106 3 
CCL -25.9 175 73.4 2 
CClaBr - 8 . 7  22 54.0 2 

TABLE XXV 
CALCULATED VALUES OF D( R-C1) 

AHf"(R), AHfo (RCl), D(R-Cl), 
RCI k c d  koa1 Ref koa1 

CHaCl 34.0 -20.7 23 84 
CzHsC1 25.7 -26.7 23 81 
n-CsH7Cl 21.1 -31.7 24 82 
i-CaH&I 17.6 -34.6 24 81 
t-CaHpC1 6 . 8  -42.9 24 79 

d. D(C6H6CHrCI) 
This bond dissociation energy has already been men- 

tioned in connection with the determination of AHfO- 
(C6HsCHz) (see section VA4). D(C6HsCHrC1) = 
68 kcal was determined by the toluene-carrier method 
(184), and the errors should not exceed f2 kcal. 

e. D(C&CO-Cl) 
The value D(C~HSCO-C~) = 73.6 kcal, determined 

by the toluenecarrier technique (184), was used in 
section VC1 to derive AHfo(C6HsCO). Since the de- 
termination of D(CjH6CO-Cl) involved a high-tempera- 
ture study, i t  should be assigned errors of f 3 kcal. 

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 A 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 1 2  kcal. 

TABLE XXVI 
CALCULATED VALUES OF D( R-Br) 

AHf"(R), AHr"(RBr), D(R-Br), 
RBr koal koa1 Ref kcal 

CHoBr 34.0 -9 .5  23 70 
CZHSBr 25.7 -16.3 24 69 
n-C3H7Br 21.1 -21.2 24 69 
i-CaHvBr 17.6 -23.5 24 68 
t-C,H8Br 6 . 8  -29.5 24 63 

b. D(CH2=CHCHz-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 kcal) can be identified 
with D(C3H5-Br). This point was discussed in con- 
nection with AH*' (C3H5) 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 valuos of the C-Br bond strengths in these 
molecules. 

c. D(C6H5-Br) 
An experimental value of this bond dissociation 

energy has been reported (186) from the toluene- 
carrier pyrolysis (Eq 42) 

c&Br = C6H5 + Br 

Thus from the rate constant 

log iid2 = 13.3 - (70.9/e) 

D(CeH5-Br) was deduced to be 70.9 kcal. As shown in 
section VA4, however, the value of AHf'(CgH5) which 
can be derived from this bond dissociation energy seems 
rather low and, accordingly, D(C6H5-Br) = 71 f 4 
kcal is recommended. 

d. D ( C6H5CH2-Br) 
The pyrolyses data on reaction 48 

CsH5CH2Br = CeHsCHz + Br 

reported from several toluene-carrier studies (125, 
127, 181) support D(C6H5CH2-Br) = 51 kcal. This 
result can be accepted with confidence since it leads 
to a value of AHto(CsH5CH2) consistent with the best 
available value (see section VA4). Errors of +1 
kcal therefore seem reasonable. 

4. Iodo 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(CH3-I) 
The most reliable kinetic determination of this bond 

dissociation energy is based on the system 
CHaI + HI CH4 + Iz 

which has been investigated by Flowers and Benson 
(64). The method, outlined in section IIIB1, leads 
to accurate kinetic data on reaction 10, -10 

I + CHaI + I 2  + CH3 

from which i t  was concluded that AHlo,-lo = 20.2 kcal 
(see also section VA1). D(CH3-I) can then be cal- 
culated to be 56.3 kcal from 

D(CH3-I) - D(1-I) = A H i o . - i o  

The uncertainty is about f 1 kcal. 

b. D(C2Hb-I) 
A kinetic study of the system 

C ~ H ~ I  + HI G CZH6 + 
again leads to the most reliable value of D(C2H5-I). 
Hartley and Benson (91) have determined E94 = 16.9 
kcal for the reaction 

I + CzH5I e Iz + CzHs (Eq 94, -94) 

Hence by assuming E-g4 = 0, AH94,-~4 becomes 16.9 
kcal, and from the equation 

D(CzHtr-1) = D(I-I) + m94, -94 

it follows that D(C2H5-I) = 53.0 i 1 kcal. 

c. 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-CaH?I + HI e CaHs + 10 

have been recalculated (28, 176) and E31 = 18 kcal 
deduced for reaction 31, -31 

I + n-CaH7I e Iz + n-CaH7 

Assuming E-31 = 0, AHal,-sl becomes 18 kcal (see 
section VA2), and hence 

D(n-C3H.i-I) = D(1-I) + 18 = 54 kcal 

Minimum errors of *2 kcal 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 k 2  kcal. 

TABLE XXVII 
CALCULATED VALUES OF D( R-I) 

AHfo(R), AHr' @I) ,  D W - I ) ,  
RI  kea1 koa1 Ref kea1 

n-C8HJ 21.1 -7.1 24 54 
.L'-C&?I 17.6 -9.9 24 53 
t-CaHeI 6 .8  -17.2 24 50 

d. D(CH3CO-I) 
A determination has been reported (147) from a 

kinetic study of the system 
CHaCOI + HI e CHaCHO + IP 

The method was discussed in connection with AHrO- 
(CH3CO) in section VC1. For the reaction 

I + CHaCOI $ Iz + CHaCO (Eq 95, -95) 

Es5 was shown to be 14.6 kcal, and by making the 
usual assumption that the reverse reaction, - 95, 
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E d 4  

47.2 
45.8 
50.1 
42.5 
48.3 
59.5 
47.2 
56.1 
57.0 
27.4 
44.0 

TABLE XXVIII 
KINETIC AND THERMOCHEMICAL DATA ON PYROLYSES OF METAL ALKYLS 

Log A 

11.3 
11.9 
13.1 
14.1 
11.9 
15.5 
15.7 
13.5 
15.2 
10.8 
14.0 

a Units: kcal. Experimental value. 

Ref 
154 
153 
79,153 
42 

194 
96 
97 

155 
155 
98 

155 

Dla 

47 
46 
50 
43 
48 
60 
47 
56(?) 
57(?)  
27 
44 

has zero activation energy it follows that AHgj,--96 = 
14.6 kcal and 

D(CH3CO-I) = D(1-I) + 14.6 = 50.7 kcal 

Since this result leads to a slightly low value of AHrO- 
(CH3CO) (see section VCl), it  should be assigned 
errors of * 2 kcal. 

e. D(CF3-I) 
The pyrolysis reaction 

CFaI = CF3 + I 
has been studied (31) in static and flow systems in the 
presence of excess hydrogen iodide. The value D- 
(CFa-I) = 53.5 kcal was obtained from E 9 6  = 17.6 
kcal for the reaction 

I + CFaI e Iz + CF3 (Eq96, -96) 

and the relation 

D(CF3-I) D(1-I) + Eg8 - E--96 

by assuming a value of E--96 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 CHJ, the 
errors should not be greater than 2 kcal. 

f .  D(CCHjCH2-I) 
Reference was made to this bond strength in section 

VA4 concerning AHr" (C&CH,). The determina- 
tion D(CsHbCH2-I) = 39 kcal 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(C6H5CH,-I) = 40 f 1 kcal 
(204) is acceptable 

F. METAL ALKYLS 

The decompositions of these compounds can be com- 
plicated by "three-fragment" splits, such as occur 

DP 
35b 
22 
12 
3 

35* 
. . .  

. . .  

. . .  

. . .  

. . .  

. . .  

AHr' 
AHf' (metal 

Da'" (compound)' Ref atom)' 

. . .  13.3 128 31.2 

. . .  26.4 128 26.8 

. . .  20.8 3.28 14.7 

. . .  20.0 128 14.7 

85 -9 .1  128 69 
40(?)b . . .  . . .  . . .  

. . .  -9.2 128 63 

. . .  45.8 128 49.5 

. . .  . . .  . . .  . . .  

. . .  . . .  . . .  . . .  

493 

(Di + 
Da + 
Dd"  

86 
68 
62 
46 

180 
. . .  

. . .  

. . .  
174 

106 
. . .  

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

1 type 1 RMR = RM + R 
RM = R + M  

RMR = R + M + R type I1 

An additional step is included in type I mechanisms 
involving trivalent metals For type I mechanisms the 
activation energy (Ed)  = D(R1.I-R) and the A factor 
is usually about "normal," whereas for type I1 mech- 
anisms Ed > (D(RM-R) + D(R-R(T)) and the A 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 
(n'1R3), D1 corresponds to D(R2M-R), D2 to D(RM-R), 
and D3 to D(R-M) The sum (Dl + Dz + D3) is 
calculated from the expression 

(01 + Dz + 0 3 )  = AHrO(1I) + 
3AHr0(R) - AHrO(MR3) 

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

TABLE XXIX 
HEATS OF FORMATION OF SOME GASEOKS ATOMS AT 298'K 

Atom kcal kcal .&tom kea1 koa1 
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 
0 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 
c1 28.92 0.03 Hg 14.65 0.02 

A H P ,  . Errors, A H f ,  Errors, 

Bi 49.5 1 
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TABLE XXX 
HEATS OF FORMATION OF  RADICAL^ AT 298OK 

A H p ,  kea1 

142 
90 
34.0 
64 
25.7 
38 
61 
21 
17.6 
49 
17 
14 
12.4 
6 .8  

22 
7.5 

72 

45 
33 

109 
55 
34.3 
29.3 
47.6 
43.1 
8 
2 

- 651 
-8 
-4 

- 18 
- 12 - 54 
-11 
- 15 
- 60 - 17 - 18 - 20 
-24.1 

16 - 35 
-111 

18.6 
40 
8.9 
9 .3  
5 

331 
301 
501 

12 

- 4B 

-6.7 

-63.2 

Estimated 
errors, 

koa1 

1 
4 
1 
2 
1 
1 
3 
2 
1 
3 
2 
2 
1 
1 
3 
1 
2 
3 
1 
2 
3 
3 
2 
2 
2 
2 
2 
2 

3 
2 
4 
3 
2 
3 
4 
2 
2 
4 
2 
2 
2 
2 
3 

10 
2 
2 
2 
2 
1 
2 

. . .  

. . .  

. . .  

. . .  
2 

for (Dl + D2) or (Dl + DZ + D3) are revised from the 
original data (128) to allow for the new values of 
AHto(R), as listed in Table XXX. The values for 
DZ are calculated from the experimental values of Dl 

Method of determination 

D(C-H) = 81 
D(CH-H) = 104 
Various including D(CHa-H) = 104.0 
D(C2Ha-H) = 104 
Various, including D(CzH6-H) = 98.0 
Various, including D( CsH6-H) = 85 

Various, including D(n-CaHrH) = 98 
D(c-CaHs-H) = 101 

D(i-CaHrH) = 94.5 
D(c-C,HrH) = 95 
D(n-CIHs-H) S 98 
D(i-C,Hb-H) S 98 
D(sec-C4H9-H) = 94.5 
D(t-CdHo-H) = 91.0 
D(c-CsHrH) = 93 

D(CeH6-H) = 104 
D(c-CsH11-H) = 94 

D( CeHsCH(CHa)-CHs) = 66 
D( CN-CN) = 145 
D(CNCHz-CHa) = 86 
D(CHsNH-NHz) = 51.9 
D((CHa)zN-NHz) = 49.6 
D(CgHsNH-CHs) = 60 
D( CeHsN( CHa)-CHa) = 57 

D(neo-CsHlI-H) = 99.3 

Various, including D( CeHaCHrH) = 85 

D(HCO-H) = 88 
Various 
D(CeH5CHrCOOH) 55 
D(H0CHrH)  = 92 

D( CHaCOr0,CCHs) = 29.5 
D(HOCH(CH3)-H) = 90 

D(CHsC0CHrH) = 92 
D( C~HICOZ-O~CC~HS) = 30.0 

Various 

Various 

Various 
Various 

Various 
Various 
Various 

D( n-CsH7COrOzCCsH7) = 29.6 

D(t-C4HoO-OC4Ho) = 37.4 
D(CeH&O-CI) = 73.6 

D(CFs-H) = 106 
D(CC1s-H) = 95.7 
Various 
D(NFrNFz) 19.9 
D(O-H) = 102.4 
D(H0z-H) = 90 
D(HS-H) = 90 
D(CHaS-H) = 88 
D(CeHsS-CHs) = 60 
D(CHsSOrCH8) = 61 

Electron impact 

Ref 

section 

VA1 
VA1 
VA1 
VAS 
VA1 
VA2 
VA3 
VA1 
VA1 
VA3 

or 

... 

. . .  
VA1 
VA1 
VA3 
VA1 
VA4 
VA3 
VA4 
VA4 
vB4 
VB4 
VB1 
vB1 
VB2 
vB2 
vc1 
vc3 
v c 7  
v c 3  
vc1 
v c 7  
vc3 
v c 3  
v c 2  
v c 7  
v c 3  
vc3 
v c 7  
v c 3  
v c 3  
v c 3  
v c 3  
vc1 
134 
VE1 
vE2 
VB1 
vE1 
82 
65 
VD1 
VD1 
VD1 
VD 1 

(corresponding to the activation energy (Ed) of the 
decomposition) and the sum (Dl + D2) calculated from 
thermochemistry. I n  a few cases, experimental values 
of DZ are available which, in the case of a divalent 
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TABLE XXXI 
BOND DISSOCIATION ENERGIES IN RADICALS 

Bond 

OC-H 
O C H ~ H  
CHCH-H 
C H ~ C H ~ H  
CHaCH(CHz)-H 
CHaCHCHrH 
CHaCHzCH( CH*)-H 
C H ~ C H ~ C H C H ~ H  
( CH,)&( CH+H 
(CH&CCH~H 

C H ~ C H C H ~ C H ,  

CHzCH+Ha 
CHaCH( CHz)-CHa 

(CHa)zC(CHz)-CHa 
CHzCHrC2Hs 
OGCHa 
O C H ~ C H ,  
CH~CO-CH, 
OC( CHa)z-CHa 
OC-CsHb 
O~C-CHI 

DZSS 
(calod), 

koa1 
18 
22 
42 
39 
36 
39 
36 
40 
35 
42 
26 
24 
27 
23 
21 
12 
13 
31 

6 
30 

- 15 

Ed. k c d  

40 
35 
37 

31 

34.5 
26 
24 
32 
22 
15 
13 

11 

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

VI. HEATS 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” (1 12). 

VII. BOND DISSOCIATION ENERQIES 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. 

Ref E d ,  kcal 

111 
111 
111 

111 

111 8 . 6  
111 8 . 8  
111 8 . 8  

111 6 . 9  
146 5 
205 

6 

137 

Ref 

34 
140 
140 

111 
107 

26 
17 
15 

15 
10 

D(CH2CHz-H) = AHfO(CzH4) + 
AHto(H) - AHf”(CzH6) = 39 kcal 

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(CH2- 
CH2-H), the reaction is 

and hence the experimental value is obtained from the 
equation 

C2Hs = C ~ H I  + H (Eq 97, -97) 

D(CHzCHrH) = AH97.47 = Eg, - E47 

if the activation energies of the decomposition ( E d )  

and the reverse reaction (E-d) are known. The few 
available results on E d  and E - d  values are listed in 
Table XXXI. 

VIII. BEST AVAILABLE VALUES 
OF BOND 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. 

Trotman-Dickenson for his critical comments on the 
ACKNOWLEDGMENTS.-The author is grateful to A. F. 
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Bond 

CH-H 
CHaH 
CHa-H 
CHFCH-H 
CzHs-H 
CHFCHCHF H 
c-CgH6-H 
CHsCHzCHz-H 
(CHz)2CH-H 
c-CaHrH 
CHaCHzCH( CHs)-H 
(CHa)aC-H 
C-CJIo-H 
(CHa)aCCHrH 
CaHsN 
C-CsHir-H 
CaHaCHrH 
c-C,Hn-H 
H-CN 
CNCHrH 

HOCHzH 
CHoCO-H 
HOCH( CHa)-H 
CHaCOCHz-H 
C~HSCO-H 
CHzF-H 
CHFzH 
CFa-H 
CzF6-H 
n-C,FrH 
CCla-H 
NHz-H 
CHgNH-H 
(CHa1zN-H 
CaH6NH-H 
CaHsN( CHa)-H 
N F z H  

CHaO-H 
CzHsO-H 
n-C:H?O-H 
i-C~HIO-H 
n-cdH~0-H 
s-C~H~O-H 
i-C~HQO-H 
t-CdHo0-H 

CHsCOO-H 
CzHaC0O-H 
n-CaHTCOO-H 
HS-H 
CH$-H 
CbHsS-H 
BHsBHi 
BHa-CO 
C H S H  
CHFCHB 
CHa-CHI 
CHa-CzHs 
CHa-CH(CH& 
CzHr CaHs 

HCO-H 

HO-H 

HOO-H 

TABLE XXXII 
BEST AVAILABLE VALUES OF BOND DISSOCIATION ENERGIES 

Dzsa, kcal 
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 

103 
92 
86 
80 
74 
85 

119" 
102 
102 
103 
103 
102 
102 
102 
103 
906 

112 
110 
103 
90 
88 
75 
375 
23" 

230d 
167" 
88 
85 
83 
87 

Estimated 
errors, 

koal 
6 
6 
1 
2 
1 
1 
3 
2 
1 
3 
1 
1 
3 
1 
2 
3 
1 
3 
3 
3 
2 
2 
2 
2 
3 
5 
4 
4 
1 
2 
2 
1 
2 
3 
3 
3 
3 
5 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
4 
4 
4 
2 
? 
? 
4 
2 
2 
5 
2 
2 
2 
2 

Dzos, koal 
80 
78 
70 
69 
66 
67 

145 
73 
70 
54 
82 
55 
52 
86 
79 
73 
69 
60 
57 
92 
85 
81 
60 
58 
91 
91 
92 
91 
80 
79 
52 
79 

108 
106 
106 
105 
117 
106 
60 
60.6 
47.7 
51.3 
84 
81 
82 
81 
79 
68 
74 
73 
47 
60 
70 
69 
69 
68 
63 
71 
51 
54 
46 
47 

Estimated 
errors, 

kcal 
2 
2 
2 
2 
2 
2 
6 
2 
2 
? 
3 
2 
? 
5 
3 
3 
3 
2 
2 
4 
4 
4 
2 
2 
2 
2 
2 
2 
5 
5 
5 
5 
3 
2 
3 
3 
5 
3 
? 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 
2 
2 
2 
2 
2 
2 
2 
2 
4 
1 
2 
2 
2 



Bond 

CH3( C12)Sn-CHs 
(CHa)zSb-CHs 
CHs-I 
CzHs-I 
n-CaHrI 
i-CpHrI 
t-CaHe-I 
CeHbCHz-I 
CHaCO-I 
CFa-1 
CHzHg-CHa 
CzH3Hg-CzHa 
CzHsHg-CzHs 
(CH3)zTl-CHa 
( CH3)zBi-CHs 
NHt-NHz 
NHrNHCHs 
NHz-N( CHa )z 
CHsNH-NHCHa 
CHaNH-N( CHs)z 
(CHe)zN-N(CHs)z 
CaHsNH-NHz 
CaHsNH-NHCaHa 
ON-NO2 
OzN-NO2 
NFrNFz 
N F r F  
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D Z W ,  kcal 
56 
57 
56.3 
53.0 
54 
53 
50 
40 
51 
54 
50 
48 
43 
27 
44 
56 
52 
50 
47 
44 
42 
40 
22 

9.5' 
12.9' 
19 .9  
58 

TABLE XXXII (Continued) 
Estimated 

errors, 
kcal Bond 

? HO-OH 
? CHgO-OH 
1 C~HSO-OH 

2 t-C4HeO-OH 
2 HCO-OCHa 
2 CHsO-OCH3 
1 CHsCO-OCHj 
2 CHaCO-OCzHs 
2 CzHsO-OCzHs 

2 CHICO-O-CCIH~ 

1 n-CaH,O-OH 

2 CHaCO-O-n-CsH? 

2 n-CaH70-0C3H~ 
2 CHaCO-O-n-C4Hp 
2 CHaCO-O-i-C4He 
2 t-C4H 00-0 C I H ~  
2 CaH&O-OCH, 
2 CaH&O-OCzH5 
5 CHaCOO-00CCHs 
5 C&.C00-00CCzHs 
5 n-CaHGOO-OOCCaH7 
2 O=PFs 
? O=PCl* 
0 . 5  O=PBr3 
0.5 HO-C1 
0 . 5  HO-Br 
5 HO-I 

Dtaa, kcal 
51a 
43 
43 
44 
44 
94 
36.1 
97 
96 
34.1 
98 
97 
36.5 
98 
99 
37.4 
90 
88 
30 
30 
30 

130h 
122h 
l lgh  
60' 
56' 
56' 
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Estimated 
errors, 

kcal 
1 
3 
3 
3 
3 
5 
1 
5 
5 
1 
5 
5 
1 
5 
5 
1 
5 
5 
2 
2 
2 
5 
5 
5 
3 
3 
3 

a Thermochemical from AHr"(0H) = 9.3. Electron impact (65). Electron impact (59). Thermochemical from AHr"(CH) 
= 142. e Thermochemical from AHf0(CH2) = 90. f Equilibrium study (18). @ Equilibrium study (70). Heat of hydrolysis (44). 
Heat of hydrolysis (68). 
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