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1. 

Joncis are broken and formed in all chernicéÜ reactions. 

A knowledge of the dissociation energies of the relevant bonds 

helps one to predict the ease by which a given reaction may 

take place. It is obvious, therefore, that such inforwation 

is useful in deciding which reactions should be included in 

the overall mechanism of a complex system. 

The dissociation energy of tne bond ~1-a2 in the 

molecule a1a2 is defined as the endothermicity of the reaction 

in which the bond H1-rL2 i s ruptured wi th the formation of two 

free radicals R1 and R2:-

R.1 R2 --} R1 + R2 - D (R1 -H.2 ) kcal/mole. 

T.rlis change in enthalpy must be cowputt:;d for the 

state when R1 rt.2 and the products R1 and R2 are in the gaseous 

phase, at zero pressure and at 0°K (1). Hence the bond 

dissociation energy defined in this manner is a state pro-

perty, and its magnitude is determined by the initial and 

.final states without any restriction as to the patll of the 

reaction(s) involved. In practice hov,Jever, tüe c11ange in 

enthalpy at normal temperature is commonly used due to the 

unavailability of the relevant thermochemical data for extra­

polation ofL~H values to 0°K. In general, the difference 

between the change in enthalpy at l000°K and the bond dis­

sociation energy amounts to about 2 kcal/mole, which is 

usually within the limits of accuracy of the values obtained 
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experimentally for bond dissociation energies. 

'rhe modern concept of the energy of a chemical bond 

grew from ide as first introduced by l'' a jans ( 2), who proposed 

that each bond possessed a characteristic and constant energy, 

independant of its molecular environment. 'l'his quantity was 

called the bond energy, or the bond energy term (3) . .For a 

diatomic molecule the bond energ;y term is obviously equal to 

the bond dissociation energy, but for polyatomic molecules 

the situation is more cornplex. 

The surn of the bond energies of all the bonds in 

a molecule is equal to the heat of atomization of the molecule. 

li'or a polyatomic molecule, .1>.Xn, in which the re is only one 

type of bond, the energy of the J.'l.Â. bond was taken as 1/n the 

heat of atomization. For example, the average energy of the 

CH bond in methane, obtained from the heat of atornization of 

methane, is 99.3 kcal/mole (4). Similarly, the OH bond 

energy, calculated from the heat of formation of water (5), 

is 110.6 kcal/mole. In molecules with more than one type of 

bond, the bond energies of all but one type must be known 

and the energy of the remaining type determined by difference. 

For example, one value for the CCl bond energy would be the 

heat of atomization of cu3c1 minus JE(CH), the latter being 

obtained from the heat of atomization of methane. 

However, currently it is accepted that the energy 

of a bond varies depending upon its molecular environment. 

For example, the energy ree;uired to remove successive hydrogen 



atoms from methane is far from constant. The dissociation 

energies of the first and 1ast CH bonds were measured fair1y 

accurate1y as 102 kca1/mo1e (6, 7), and 80 kca1/mo1e (8), 

respective1y. The dissociation energy of the second CH bond, 

D(CH2-H), is rather uncertain, but it appears to be 1ess 

than 9U kca1/mole (4). Therefore, since the heat of atomi­

zation of met~"lane is 392 kca1/mole the C-H bond in the 

methylene radical is the strongest and amounts to about 120 

kcal/mo1e. The dissociation of h 2ü is another examp1e il1us­

trating the eff'ect of mo1ecular environrnent on bond dissocia­

tion energies, thus, D(H-OH) = 117.5 kca1/mo1e and D(O-ri) = 

101.5 kca1/mo1e (9). 

The concept of bond energy has been reviewed by 

Szwarc and Evans (10) and discussed at great 1ength by Cottrell 

(4). It was conc1uded by these authors that ri rous1y 

defined bond energies are in most cases unobtainab1e, and the 

former workers suggested that attention be directed to the 

dissociation energy as the property of more interest to the 

chemist. The bond dissociation energy is, in principle, a 

direct1y measurable quantity, and takes into account a11 the 

factors determining the strength of a bond in a particular 

molecule. 

Correlations have been attempted between bond 

energies and other lilOlecular properties. 1\oteworthy among 

these is the relationship of bond energy with bond 1ength 

(11, 12). lv.tany empirical relations have a1so been sted 
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connecting bond order or multiplicity, polarity, and orbital 

hybridization with bond length and energy (13). However, 

tne abundance of arbitrary assumptions and hypothesis results 

in only limited success in the application of these carrela-

tions. 

Factors Affecting Bond Dissociation Lnergies 

From the definition of the bond dissociation energy, 

the following relationship is obtained for the process involv­

ing the rupture of the bond in the molecule H.1R.2• 

Hf {lilli.2) "'.j· Hf ( R.l) +~lif (ir.2) - D ( Jil -R2) 

Consequently f;:;,.ctors affecting the heats of formation of the 

reactant molecule and of the free radicals produced will 

&ffect the bond dissociation ~nergy. 

The idea that the dissociation energy of a bond in 

a particular molecule may be lower by comparison with a stan-

dard reference value, when stable fragments were formed, was 

first suggested by horrish (14) on the basis of his observa­

tions that ketene and azomethane were decornposed by lif:;ht 

quanta having less energy than usually required for the 

dissociation of the bonds being broken. A stable molecule 

was generated from each of these decompositions and Norrish 

postulated that due to the release of an energy of "reorga-

ni zation" when a stable fragment was forrned the dissociation 

energy was lowered. 

In the process of bond rupture radicals might be 

produced which are stabilized by resonance energy. This 
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stabilization energy is ascribed to resonance among several 

cononical structures. In .seneral the greater the number of 

structures contributing to the delocalization of the electrons 

within the radical, the greater is the resonance energy of 

the radical. Obviously, to put resonance energy on a quanti-

tative basis, a reference standard must be chosen. Szwarc 

(15) has defined the experimental resonance energy, H.e, of 

a radical R as the resultant lowering of the bond dissociation 

energy in the compound rt-X relative to D(CH3-X) providing the 

bonds broken are purely covalent. In practice, this defini­

tion is applied only to hydrocarbon molecules since only in 

these molecules can the bonds be considered as purely covalent, 

i.e. Re = D(CH
3

-H) - D{ri.-H}. 

'l'he following table of C-H bond dissociation energies collected 

from values given in reference (4) illustrates the magnitude 

of the resonance energy of sorne hydrocarbon radicals: 

Hydrocarbon 

CH3-H 

c2H5-H 

(CH3)3C-H 

C6H5cH 2-H 

Ch2 :CH•Cn2-H 

JJ.issociation Energy 

102 kcal/mole 

96 kcal/mole 

89 kcal/mole 

78 kcal/mole 

77 kcal/mole 

Resonance Energy 

6 kcal/mole 

13 kcal/ mole 

24 kcal/ mole 

25 kcal/ mole 

Opposing this effect is the resonance in the 

molecule due to participation of ionie structures, such as 

in halogen derivatives of hydrocarbons, or due to i:lypercon­

jugation. For example, in a molecule such as CH
3
-:x., where 
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X is a halogen atom, it would be expected that the UH3-X 

bond could be represented by a 1nixture of covalent and ionie 

structures. Pauling (16) sugcested the follovdng empirical 

relationsnip 

) ~ 
(D(A-A)D(13-B), 

where ,6. is the strengthening of the bond between two dissi-

milar atoms due to ionie covalent resonance. effect of 

ionie covalent resonance is exemplified by the follovüng 

table. 

" ~, f 1 

n. li.!l 

CH 
3 

102 

C2H5 96 

C3H7 95 

( lm:3) 2cH 91 

(ca
3

)
3
c 89 

Strength of RX Bonds 

lU 

55 

51 

51 

48 

46 

(l'il. 

HCl 

81 

79 

77 

75 

The decrease in the llH bond dissociation energy 

in the series was more warked tnan with any of the ether 

.a.x bonds. Baughan, Evans and Polanyi (18) attributed 

the decrease in the RH bond dissociation energy solely 

to the increasing resonance energies of the radicals 

since C-h bonds can be considered as being purely covalent. 

'l'he strengthening of the bonds in the ü.X groups was then 

interpreted as due to the ionie caaracter of the bonds 

and the increased stability of the i-L+x- ion pair in the 
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molecule. 'fhere are thus two opposing factors which influence 

a bond dissociation energy: the resonance energy of the radi­

cal, Re, which tends to decrease the bond energy, and the ionie 

covalent resonance energy of the illolecule, .i:{ic, which tends 

to strengthen the bond. If6H.ic is the difference between the 

ionie covalent resonance energy of the molecule ~iX and that 

of the molecule CH
3
x, then 

D(R-X) = D{CH3-X) - He +6Ric 

This is best illustrated diagrammatically in Figure l, page S, 

reproduced from the paper of Baughan, Bvans and Polanyi (1$), 

whicü snows the potential energy of the configuration rl-X as 

a function of li.-X distance. 'fhe curve H .. represents the 
~~ 

energy of the purely ionie state of H.+x-. Trie curve for only 

one ionie state, that of J:t+X- has been shovm. The curve for 

- + R X is not shawn since for halictes, the energy corresponding 

to it lies so nigh above the ethers that its contribution to 

the energy as a whole is negligible. The curve Hec represents 

the purely covalent state. Curve E represents the actual 

state of the molecule CH3-.x. (i.e. non resonating radical). 

lice~ and Hii~ represent the ene es of the covalent and 

ionie states respectively when there is resonance in the 
+ 

radical R, and ion R Re is the resonance energy of the 

radical rl, lli is the resonance energy of the a+ ion. Ei( 

represents the actual state of the molecule HX when there 
+ 

is resonance in the radical R and ion R • It can be seen 
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Graphie representation of bond 
dissociation energies and ionie 

covalent resonance 



>­
" a: 
LIJ 
z 
1&.1 

INTERNUCLEAR 

D<R-X) 

DISTANCE 



9. 

from this figure, that ionie-covalent resonance causes the 

ground state to be lower than either the pure ionie or 

covalent states. Tne value for D(Cn3-X) shawn on the diagram 

is hence greater than the purely covalent D(CH3-X} by an 

amount equal to the ionie-covalent resonance energy, Rie' in 

the molecule CH3x. The value for D(R-X) is increased over 

the value of D(CH3-X) by the additional co-ionie resonance 

energy in the molecule H.X,I\Ric' but is decreased by the 

resonance energy, Re, of the radical R. 

The magnitude of the ionie-covalent resonance 

energy in alkyl bromides is computed by comparison of the 

dissociation energies of the alkyl bromides (19, 20) with 

the corresponding hydrocarbons: 

D ( CH3-H) = 102 kcal/ mole 

D{C6H5CH2-H) = 78~ kcal/mole 

!\ ·~ ..,.u = 24 kcal/ mole 

D(CH3-Br) = 67.5 kcal/mole 

D(C6H5CH2-Br) = 50.5 kcal/mole 

L}.u = 17. 5 kcal/ mole 

6Ric = 24-17.5 = 6. 5 kcal/mole 

The C-H bond dissociation energy in toluene is lower than that 

in methane by the resonance energy of the benzyl radical, Re, 

which is 24 kcal/mole. The lO"'<'fering of the C-Br bond dissocia­

tion energy in oenzyl bronùde wi th respect to that of methyl 

bromide is made up of tvlo contributions, namely, the resonance 

energy of the benzyl radical, li , and the increase in ionic­e 

covalent resonance in benzyl bromide,L\Ric' with respect to 

me thyl bronùde. HenceL.Ric may be taken as 6. 5 kcal/ mole. 

it Tnis valu~ for 1J { L:6n5cH2-h )~:~1~ ue u;::,ed t~1~·o~ghout tni~ the sis, 
altnougn lt nas no~ oeen dezln~tely estaollsnea as 6UCn 
(for examJ?le, see pages 24 and 31). 
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Bond energies illbY ~lso be stre by hyp.::r-

conjugative effects in tne rent lilolecule. .fi' or exaHlple, 

neglectinc sucn effects the C-G bond ssuclation enercy in 

dioenzyl mic,ht be eXf)ected to be lov;er n that for tlw 

of uenzyl radical: 

D(C 0 H5cH2 - CH2C6H 5) • D(CH3-ch3) - 2 d8 (C 5GH 2.) 

• - 2 x 24 

= 35 kcalt mole 

out fron1 tHern1odynawic data ~Je ve: 

= 4 7 kca1/ r:1ole 

The differe11ce in tnese tvm values s oeen ex~lained as the 

stren[,tüening of this bond in tern1s of its partial double-bond 

·-cnar2cter cC:Aused by the nyperconjugation of tnell electrons 

( 21). Independant support for tnis argument llé\S been ootc.L1ed 

from measurements of bond lent:;ths by X-ray analysis (22). 'l'he 

length of the C-G oond was found to 08 1. 46 i1. 0 , as cornpared to 

the nor.cüal C-C len,sth of 1.54 ,o 
.li. • 

Steric factors vdLL ç 1so ct the dissociation 

energy of a particular oond. Trw:' t)p C-C dissoci&tion 

energy in ne.xamethy1etl:lane, D { rf"l_ C-C-th ) is 11 kca1;1 mole 
""cP/ '$ 

whereas D(CH3-cH3} in E.:tna:c1e is 8) kcal/ülole. Szwarc (~l) 

pointed out taat tüi.S discropancy cannet oe c.ttributeci to 

resonance energy of the trip.oeny1.tucthyl radico.1s al::me. 
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St.eric repulsion oet.~veen t.he t.irlO bulky [roups enhances the 

lowering of t.he bond dissociation energy whic.h can be taken 

as the measured (23) activat.ion energy of 8 kcal/mole required 

for the recombination of t.riphenylmethyl radicals. 'l'his is due 

to tüe compression of t.ne phenyl groups oefore t.he C-C bond can 

be fonned. 

The inter-relation of bond dissociation energies and 

internal excitation energy terms have been discussed by Skinner 

(24) with special reference to the halides of the Group II 

element.s. The follovling table reproduced from the paper of 

Skinner (24) shows the relat.ive weakness of the binding in 

HgX with respect to HgX2 where X is a halogen atom: 

l·.i.Olecule 

HrrGl 
b 2 

dg.dr 2 
Hgi? .... 

HgX2 -1 HgX + X - D
1 

dgX----+ Hg + X - D2 

D 1 D2 Dl- D2 

80.5 24 56.5 

71.5 16.4 55.1 

57 12 45 

In terms of the Heitler-London theory of valence 

the elements of Group II are zero valent. in tneir atomic 

ground stat.es1s, and the formation of a stable covalent type 

of bond requires an internal excitation of the mercury atom 

to the divalent state. This energy is probably not less 

than the energy for the transition Hg(61S
0
)-1 Hg(63P

1
}. 

The bond dissociation energy, D2, would therefore be 
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expected to be lm"lered by an amount equal to this transition. 

The actual difference observed is less than this because 

of contributions of the resonance energies, both ionie and 

covalent, of the undissociated molecules HgX2 and HgX. 

i•~ore recently Carter, Cha pel and '::Jarhurst ( 25} 

have shawn that dissociation of a molecule Hgri2 into three 

fragments clearly cc;;uses a change from the bivalent state 

to t:'le zero-valent state in the mercury atom. 'l'his also 

occurs when the molecule dissociates into two frag.ments 11gJ.t 

and R, and hence this reorganization energy is available to 

help dissociate the second bond. This is responsible for 

the loY.; values obtaineà. for D2 in the mercury alkyl compounds. 

Quite recently Brown (26) has pointed out that 

although the measured bond dissociation energy of fluorine 

is low, the force constant would indicate a strong bond. He 

postulated that the atoms of fluorine, in the elementary 

molecule at least, exhibit valence states appreciably diffe­

rent from their ground states, and the bond dissociation 

energy is lovJered by the exothermic term arising from the 

release of the valence state energy. i:ie suggested that the 

dissociation energy should be considered as being made up of 

two terms, i.e. D = BE + RE, where BE is the bond energy 

i.e. the endothermic separation of the bond components {atoms, 

radicals, etc.) with retention of the original valence states, 

and RE is an exotherrnic reorganization term involving a change 

of the valence state of an atom (isolated or in a group). 



The force constant may be regarded as a direct measure of 

pf"-bond strength in the molecule while the dissociation 

energy measures the cnange in both p6 and piT bonds. 

13. 

These examples can be taken as special cases of the 

general effect of "reorganization" energy referred to earlier, 

which, whatev~r its source, acts to lower a bond dissociation 

energy in relation to the standard reference value. 



2. h11THODS OF ~·:.l:ASURII:~G BŒ11D DISSOCIA 'l'ION :L.i;N:GrWIES 

In a prior section it has been shawn that for the 

process R1R2-j R1 + R2 the bond dissociation energy can be 

evaluated from thermochemical data, i.e. 

D(Hl-R2) =~Hf(li.l) +~Hf(.d.2) -~Hf(Rllî2) 

14. 

The heats of formation of stable molecules are usually known 

or can be calculated from heats of combustion, but unfortunately 

the knowledge of the heats of formation of free radicals is 

sparse. 

The direct method for measuring the bond dissociation 

energy is to measure the energy associated with either bond 

rupture or bond formation. Hence the methods for the deter-

mination of oond dissociation ene es can be divided into 

two bread classes: (A.) methods in which the process of bond 

formation is investigated., {B) methods in which the process 

of bond rupture is investigated. 

A. Bond Formation 1'1ethods 

Generally there are many technical difficulties to 

overcome in a successful application of this method. To 

measure the energy liberated in the bond formation process, 

radicals must first be generated; their concentrations must 

be rneasured; and reactions other than recombination must be 

eliminated. Under ordinary experimental conditions this 

energy is liberated in the form of heat, hence it must be 

measured calorimetrically. Obviously this method is best 
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applicable to the recombination of atoms. Actually, the only 

successful application of this method was by Bichowsky and 

Copeland (27) who measured the heat of recombination of 

hydrogen at oms by direct calorimetry. The hydrogen at oms 

were produced by an electric discnarge; their concentration 

was estimated by the effusion method; and recombination took 

place on the palladium surface of the calorimeter which cata­

lyzed the recombination. The value calculated for the disso­

ciation energy of nydrogen was lü5!. 3.5 kcal/mole, which is 

in good agreement with the presently accepted value of 103.2 

kcal/nlole determined spectroscopically. Copeland (28) attempted 

similar experiments for the recombination of oxygen atoms. He 

obtained a value of lb5 !. 5 for the bond dissociation energy 

in oxygen whicn is much higher than the generally accepted 

value of 117.96 kcal/mole. The possibility of the participa­

tion of metastable oxy6en atoms in the recombination was not 

refuted in a decisive way. 

B. Bond Fission l·iethods 

Bond fission 1Jlethods have proved to be more profi­

table in the ueteruünation of bond dissociation energies. 

This general method can be further divided into subgroups 

according to the forrn of energy used to rupture the bond: 

{a) Photochemical Nethods in which the energy is 

supplied in the form of radiation, 

(b} Electron Im:Qact hethods in which the energy is 

supplied by the kinetic energy of a bearn of 

st moving electrons, 
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( c) Thermal l''letnods in which the energy is supplied 

in the form of thennal energy. Under this 

heading the equilibriurn and kinetic methods will 

be differentiated from each other. 

(a) Photochemi cal .i.'-leth2.9:.§. 

Increasing the thermal energy supplied to a group of 

molecules serves to increase the nurnber of molecules in higher 

vibrational levels as the energy is equilibrated among all 

degrees of freedom. Some molecules acquire by this process 

sufficient vibrational energy necessary to dissociate the 

weakest bond. Throughout the dissociation process there is 

no abrupt jump in electronic energy. In contrast, when mole­

cules are subjected to suitab radiation, they can be elevated 

to electronic states of higher energy. Sorne of the excited 

electronic states are unstable; i.e., the interaction between 

atoms is repulsive at all int omic distances, and the mole-

cule dissociates. Others of the excited states are stable 

having a minimum in the energy-interatomic distance curve, 

but the molecule may be excitE:d to them in such a \'lay that it 

suffers a sufficient change in vibrational quantum nwnber to 

cause dissociation. The products of dissociation from an 

electronically excited state may be atoms in their ground 

electronic states, but often they are atoms in excited states, 

or even ions. .Hence to determine the bond dissociation 

energy to ground state atoms, the energies of the following 

processes must be known, (* denotes an excited atom or mole-
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cule, or an ion). 

AB .6E 1 

(AB) il{ -7 A + B;x: .6:2:2 

B* --f B .6E 
3 

D(A-B) =.61::1 +.6E2 +.6E3 

Hence for the determination of the dissociation energy the 

knovdedge of the properties of excited or ionized molecules, 

atoms, and radicals, as well as of normal molecules is 

required. 

Energy differences deduced from the position of 

certain lines or bands in the spectrum may give quantities 

directly related ta bond dissociation energies. ~âavelengths 

can be ueasured witl1 great accuracy. Consequently, accurate 

dissociation energies can be estirnated ""hen the experimental 

data can be treated unambiguously. Lnfortunately the results 

cannat always be interpreted unambiguously due to the com­

plexity of the spectrum. The method is restricted to diatomic 

molecules since polyatomic molecules give complicated spectra. 

The convergence limit of a band spectrum ta con­

tinuous absorption gives a very accurate weasure of the energy 

required to dissociate the upper state. The best example of 

the determination of a dissociation energy by this method is 

that of iodine. 'fhe dissociation energy to excited atorns was 

determined directly from the spectrum. From the approximate 

heat of dissociation to normal atoms known from tnermal data 

combined with a knovlledge of the atomic spectra, the states 
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of the atomic species produced were deduced to be one normal 
2P~ atom of iodine and one excited 2P

3
/ 2 atom of iodine. 

Often the continuous spectrum for dissociation 

represents the dissociation into a normal and excited atom. 

The excited atom may give off its excitation energy as flua-

rescence. Tne long wavelength limit v;hich causes fluorescence 

corresponds to the upper limit of the dissociation energy con-

cerned. The fluorescence of the excited atom also gives in-

sight as to its state. This method was applied successfully 

ta the alkali halides by Terenin (29). 

Bir ge and Sponer (JO) have shawn that from spectra 

wrüch do not show a convergence limi t i t is possible to cal-

culate the dissociation energy from a plot of the vibrational 

quanta of the upper state against the vibrational quantum 

nurnber. The method gives an upper limit for dissociation 

energies for normal covalent bonds, whereas for ionie molecules 

it gives a lovver lirnit. 'l'hus, a value of 9.$ :t_ 0.5 ev. was 

obtained for D(.i~ 2 ) by herman and Herman (.31) using this method, 

which is in good agreement with the currently accepted value 

of 9.76 ev. 

When only continuous spectrum is observed, the long 

wavelength limit of continuous absorption is a measure of the 

upper limit to the dissociation energy. The most accurate 

value for a dissociation energy deterrnined by this method was 

that of H2 (32). 
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As previously stated, there are a large number of 

electronically excited states possible, although transition 

to all of them from the ground state may not be allowed by 

the selection rules or the l''ranck-Condon principle. 'l'hus, 

for example predissociation is a phenomenon involving tr1ree 

electronic states: the ground state and two excit6d states. 

If the potential energy curve corresponding to one of the 

electronically excited states, A, to which direct transition 

is not pos:::>ible crosses that of another electronically 

excited state, B, to which transition from the ground state 

is possible, and if at the level of the crossing point the 

nuclei have sufficient potential energy to dissociate in the 

state A, then a radiationless transition from state B to 

state A may take place, resulting in dissociation. This is 

characterized by a weakening or disappearance of band struc­

ture in the spectrum. The beginning of tr1e diffuseness is 

i-cnown as the predissociation limit wàich allows the estima­

tion of the upper limit of the bond dissociation energy. 

However, there are other spectral effects which may be mis­

taken for pre-dissociations, hence great care is needed in 

the interpretations of tnese observations. For example, 

from a study of the pre-dissociation of CO, the most acceptable 

value of D{C-0) was found to be 11.1 ev. (33). 

( b) Electron Impact lviethods 

Within the last decade a large number of bond dis-
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sociation energies have been determined from electron impact 

studies. In general this rnethod consists of bombarding the 

molecules under consideration with a oeam of electrons which 

are accelerated across a known potential di renee in a mass 

spectrometer. The bearn of electrons having energy much greater 

than kT are capable of dissociating the molecule into ion 

fragments, or ion and neutral fragments. By virtue of colli-

sions with these high energy electrons the fragments produced 

may have excess kinetic energy. In sorne cases they may also 

be in electronically excited states. 

The minimum energy of the electrons needed to pro­

duce an ion in a bond rupture process is defined as the 

"appearance potential", A0 • The appearance potential is 

measured, in principle, by the accelerating potential of the 

electrons at which a current due to the appropriate ion just 

appears. 

As a result of electron impact three possible types 

of bond rupture may occur. In the first of these a positive 

ion and a neutral fragment is genero.ted. 

-~ + -AB + e ~ A + B + 2e 

~or this process the bond dissociation energy, D(A- B), can 

be related to the appearance potential of the ion A+, A
0

{A+), 

through the following relationship, 
+ + + 

A0 (A ) = D(A-B) + I(A) + {A ) + be(B) + Zk{A } + Ek{B) 

where I(A) is the ionization energy of A to A+, .Ge is the 

electronic excitation energy above the ground state for the 
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fragments, and Ek is the excess kinetic energy of t.rle fragments. 

In the second process there is a simultaneous appear­

ance of a positive and negative ion, 

.n.B + e---j A+ + 1:r + e 

The relationship between the bond dissociation energy and the 

appearance potential is the same as shawn for the first case 

except that the electron affinity of B, ~8 (B), must be taken 

into consideration. 

+ - -A
0

(A ) = A
0

(B J = D(A-B) + I{A) - Ea(B) + Ee(B ) 

+ Bk(A+) + Ek(B-) 

+ + E (A ) e 

'l'he third process involves the capture of an 

electron. 

AB + e---) A + B-

E (B) + ~ (A) + E (B-) + Bk(A) + ~k(B) a e e 

'I'here are many technical difficulties in obtaining 

accurate appearance potential measurements. ~'laldron and '.\ood 

(34) lists the operating procedures v;hich tend to keep the 

errors in appearance potential measurements at a minimum. 

Field and Franklin (3 5) fee 1 tr1at with present "techniques no 

appearance potential can be considered as definitely esta-

blished until several reasonably concordant values nave been 

obtained by different workers. 

The ionization potential, I(A), is usually known 

from the atowic spectrum, if A is an atom. But when A is a 

free radical, the ioni zation potential must be deterülined by 

direct measurement of A (A+) (= I(A)), when A radicals are 
0 
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introduced into the apparatus. 

Freguently there exists several possibilities for 

the choice of the electronically excited state for an atom, 

Ee(13), or ion, Ee{A+), and obviously the value of DlA-B) will 

depend on it. the assun~tion that the radicale or rbdical 

ions produced from polyatomic molecules are in their ground 

states is often made, but discrepancies may frequently be due 

to this assumption. For example .i.~~cDowell and ·fifarren ( .36) 

found D(CN-cin = 112 kcal/mole. However, Stevenson (.37) 

found this value to be either 159 !. 5 or 106 !. 5 kcal/mole 

depending on whetner the CN radical formed was in its ground 

states or in the .A 2rr 1 state. 

Hagstrum (.38) has discussed the effect of excess 

kinetic energy on the value of the appearance potential derived 

and the conditions under which this effect may arise. The 

kinetic energy of ions can be deten.1ined experimentally by the 

use of retarding potentials in the mass spectrometer, a detailed 

discussion of this technique has been given by riagstrum (38). 

There are in general two methods for obtaining bond 

dissociation energies by means of electron impact studies, 

i.e. the direct and the indirect hlethods. In the direct 

method bath the appearance potential and tl1e ionization poten­

tial are measured directly. The indirect metnod was introduced 

by Stevenson (39). nere the appearance potential of the same 

ion produced from two different but related uwlecules are 

measured and their difference combined with relevant thermo-
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chemical data to give the required dissociation energy. ~or 

exaffiple, tne bond dissociation energJ of methane, DlCH3-L), 

was co.mputed on the basis of the appearance potentials of the 
+ c2H5 ion derived from electron impact studies of propane and 

ethane, and the relevant heats of formation of methane, ethane 

and propane, and the dissociation energy of hydrogen (39). 
+ c2H6 + e ~ C2H5 + H + 2e 

c3H8 + e --j c2E5+ + CHJ + 2e 

c2H6 + CI-i
4 
-jc

3
H

8 
+ 2h 

A = l5.2ü 
0 

= 14.50 

ev. 

ev. 

~H0

298 = 5.08 ev. 

By combining these data, the value of D(CH3-H) was computed 

as 4.35 ev., in excellent agreement witn the value of 4.44 2:, 0.2 

obtained by Hipple and Stevenson using the direct method (40). 

These values for D(CH
3
-rl) are also supported by those derived 

from kineti c methods ( 3) , ( 41) . 

The exact fragmentation process leading to ionization 

must be known to calculate bond dissociation energies from 

electron impact studies, whic.h can be illustrated by means of 

the following exarnple. Schissler and Stevenson ( 42) HJ.easured 

the appearance potential of the oenzyl radical ion from three 

different sources, i.e. toluene, ethyl benzene, and dibenzyl. 

Using these values together with appropriate heats of formation 

their results led to the value of 8.51 ev. for the ionization 

potential of the benzyl radical. By contrast, Lossing and 

associates (43) determined directly the ionization potential 

of the benzyl radical from several benzyl derivatives as 

7.8 ev. In a more recent investigation, ll.ylancier, Nyerson 



and Grubb (44) indicate that a possible explanation for this 

di screpancy ..:aignt be that toluene und er electron impact do es 

not yield the benzyl ion but rather the isomerie tropylium 

ion. Such rearrangements of ions was previously discussed by 

rlylander and •·qerson ( 45) and even the phenyl ion Wé.!S con­

sidereci capable of rearrancewent by ring cleavage (46). The 

precise value of the ionization potential of the benzyl radi­

cal is needed for the exact determination of the bond energy 

in toluene, J)(C6H 5c.H 2-H), which is still not definitely esta­

blished. hevertheless, Schissler and Stevenson's value of 

77 !. 3 kcal/mole (42) for D(C6H5cH2-h) might still be valid 

provided that the c7H7 ion produced from toluene, etnyl benzene, 

and dibenzyl in the electron impact studies was the same ionie 

species containing the same amount of excess energy, if any at 

all. The latter estirnate agrees well with the value 77.5 !. 1.3 

kcal/mole obtained earlier by Szwarc {47) by a chemical kinetic 

method. 

{c) Thermal Wethods 

I. Eguilibriwn .t.v.i.ethods 

The determination of the bond dissociation energies 

by the equilibrium rnethod is based on the llieasurement of the 

equilibrium constants for the gaseous reaction: 

where d.1 and H.2 denote the free radicals produced by the rupture 
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of the bond in question. .From t.L.e te.uperature coefficients of 

the equilibrium constants, the he at of dissociation can be 

computed by applying the Van't noff isochore, and the recal­

culation of the heat of dissociation to zero pressure and zero 

degree Kelvin by definition yields the bond dissociation 

energy. 

The concentration of the free radicals and parent 

molecule must be measured in the reaction mixture while the 

equilibrium is maintained. 'The free radicals produced must 

not undergo any reactions other t~an their recombination to 

regenerate tüe parent molecule. Unfortunately high tempera­

tures are usually needed to dissociate sufficient amounts of 

the parent molecule to ootain significantly accurate measure-

ments for tile determination of the equilibrium constant. 

Under these conditions the occurrence of secondary, complicating 

reactions, i.e. reactions ot.rler than recombination, are favoured. 

hence the method is prLaarily suitable for estimating the bond 

dissociation energies of diatomic molecules of tne type :x.2, 

provided additional species sucn as x
3 

are not fonned. 

The most direct application of this method is the 

static manometric metnod. A hign degree of accuracy was 

ob tai ned by Perlman and 1iollefson ( 48) in the ir study of the 

equilibrium between iodine 111olecules and iodine a toms, and 

their value of 35.415 + 0.050 for D(I-I) compares favouraoly 

with the best value obtained by spectroscopie measurements (49). 
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Tne extension of this ~ïletnod for the detE:rt.lination of the 

bond dissociation energies of brmdne (50) ana chlorine (51) 

are less rtliable, because of the very nig!1 temperatures 

needed for appreciable d.eCoinposition. A direct method is 

needed to measure the concentrations of the fragments pro-

duced, especially where the extent of dissociation is small. 

If one of the fragments has an intense colour then colori­

metrie methods can be used (52), or if the radicals produced 

are paramagnetic a magnetic method can oe used (53, 54). 

The dissociation of a variety of diatomic molecules composed 

of metal atorns nas been estin~ted by measuring the changes in 

the intensity of the absorption bands of these molecules 

caused b,i the variation in temperature (55, 56}. Polanyi and 

collaborators developed a very elegant method by the utiliza-

tion of cnemiluminescence for tr1e à.etermination of tne bond 

dissociation ener&ies of sodium (57) and potassium (5$). 

Their method is in effect a variation of the manornetric tech-

nique using the changes in light intensity as an alternate 

property to increase in pressure due to the dissociation of 

the molecules. This metnod is obviously of restricted applica­

bility. 

Bond dissociation energies can also be calculated 

from theru1odynamic data using the follm"iing relationship: 

D(l·.X) = 11,, + ~JJ(X2 ) + kD.hf(X2 ,g) - ;\Hf(i·.X,s) - L . 
'J. i"l.À. 

where 1 is the heat of vaporization. It is evident that if 

l•.X and l11l are solids, tnen their i!eats of vaporization are 

needed to calculate the bond dissociation energy, since accord-
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ing to tile definition of bond dissociation energy parent 

compound and products must be in the gaseous state. A method 

to measure the heat of vaporization of metals and ruetal 

oxides has been devised using a .1.:-..nudsen cell by Ghupka and 

co-workers (59). By means of a mass spectrometer, designed 

to examine the vapour effusing from the small orifice of 

the Knudson cell, they were able to measure the pressure of 

the vapeur in equilibrium witll solid. Using this technique 

they determined values for the dissociation energies of 

va rio us metallic oxides ( 6û). The re has be en Lnuch contro-

versy and interest in the past few decades over the heat of 

sublimation of carbon. Chupka et al (59) deter:üined the 

composition of the vapour in equiliorium with solid carbon 

in a ~nudson cell at 2500°K. The vapeur consisted of G(g), 

c2 (g) and c
3

(g) and the calculated heats of sublimation were 

found to be 171, 190 and 200 kcal/mole respectively. 

Explosion, flame, and detonation methods have been 

also used to obtain very hi temperatures and thus to effect 

appreciable dissociation. In the adiabatic explosion method 

the measured final pressure is compared with a calculated 

final pressure, which is derived from thermochemical data 

and an assumed value for tne unknown bond dissociation energy. 

Tne correct choice for the unknown bond dissociation energy 

will therefore cause no discrepancy between the calculated 

and observed pressures. Using this technique Lewis and Von 

Elbe (61) determined the values of 114.6 !_ 1 and 104.3 !_ 1 
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kcal/mole for the bond dissociation ener<:;ies in water, D(H-01-i) 

and D(O-H) respectively. These estimates do not agree too 

well with the currently accepted values of 118.5 :t. 0.7 and 

100.4 :t. 0.9 kcal/mole respectively (62). In tne flame method 

the flame temperature is compared with the calculated flame 

temperature. Gaydon and co-workers (63) applied this method 

for a cyanogen-oxygen flame. 1'heir result s shovved oest 

agreement when D(N 2) was chosen to be 9.76 ev. i·~easurements 

of detonation velocity, which depends on the energy released 

in a snock wave, have been used to detennine the dissociation 

energies of Cü, CN, and N2 by 1\..istiakowsky and co-workers (64) 

in a cyanogen-oxygen system. iteliable thennodynamic data were 

available for all the reactions concerned except the dissocia­

tion of carbon wonoxide, nitrogen and cyanogen. 'l'heir rueasure­

ments were cornpared with calculations made assuming the various 

disputed dissociation energies for these molecules. The best 

agreement was obtained with D(N 2 ) = 9.76 ev., D(CO) = 11.11 ev. 

and D{C~) = 7.6 ev; and their results could not be reconciled 

with the lower values of these molecules. This set of results 

was the first in a series of studies by various methods support­

ing the high values for the dissociation energies of nitrogen 

and carbon monoxide, w.nich are now generally accepted. 

II. J.\.ineti c L'iethods 

'l'.i1e dissociation of polyatomic molecules usually leads 

to the formation of free radicale vvhich are capable of under­

going fast, secondary reactions with the parent compound or the 
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products. Consequently equilibrium methods are usually not 

applicable for estimating the dissociation ener~ies of such 

molecules. 

li'or a chemical reaction involving the rupture and 

formation of bonds the heat of reaction is equal to the sum 

of the dissociation energies of the bonds broken minus the 

sum of the dissociation energies of the bonds formed: 

Lj.u D (bonds broken) -L.D (bonds formed). 

In turn, the heat of reaction,~H, is equal to the difference 

between the activation energies of the forward and reverse 

process0s respectively: 

Lj.rl = :.;;f - .ur 

The activation energies for the for'Ward and reverse processes 

can be obtained in principle from the ternperétture coefficients 

of tne corresponding rate constants, kr and kr. 

Using this relationship, Kistiakowsky and co-workers 

were able to deduce the values of a nwnber of C-H bond disso-

ciation ene 

the steps 

s on the basis of the activation energies for 

Br + i:tH li. + EBr 

kr 

deri ved from the ir study of kinetics of the thermal and pl10to-

chemical bromination of hyà.rocarbons (65, 66). This method 

can best be illustrated by usinf tneir study of the photo­

bromination of methane as an exa1nple ( 65). The rate of 
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disa}; .;éarance of bro,.Jine \'.as measured J.J.i.wto .. letrically to 

establish tw::: kinctics of' tüE.: reoction. 'ti1e iLitial rate of 

disoppcarauce of oro,;Jlne w&s expr.:::ssed uy t.l1e relc;tion: 

_ ld(JJr2 ; l 
l· dt J 

t=o 
whcre } is t~1e total pressure of the react&.nts. The i'ollo,dng 

scheme was postulated to confonn witn this expression. 

r:lr 2 + hY Br + dr ( l) 

JJr + ~· ' ~~ 

'""'4 1 CHJ + r \ 2) 

vHJ + Jr2. > GH
3

r3r + ..Jr (3) 
1' + rir3r ca, + Jr l4) vn3 1+ 

ûr + br + l'< ---7 .tl r ,. 
~ + l'-' ... . 5 \ l 1 

.-.pplyinf:: the ste~dy sto.t e 1.1etuoci, t.lis scr;.eiüe leads to the 

l~lürG explici t 

d( 
= _ _,ci_t_ 

sslon: 

ci ( -.;Ey3r j 

<.lt 

k ( I) t (Cr. 4) ( jj r 2) ·~ ( 1; l ) ; 

1 + k 4 (1i.dr) 

r.3 {Br2) 

wi1ere I is the lic11t intensi ty, clnd k is a non-temperature 

·uore root ol tne li[;ht inten:::ity, ano. tne üuüoition by n.ôr 

W€ore deHlonstroted experimentally. Ji. plot of loc;:; k • açainst 1; '1' 

c,ave a stre:it)lt line, tne slope of ·~:hi ch led t.o a valuE.: of 

17. b kc&l/ülole for ti1e activation ener0y o 'l'.ds téH1perèj,turE: dt-pt;n-

denee of tne rate constant \~as ascribE:d to rea ct ion ( 2) , i.e • 

.s2 = 17 o $ i~cal/ mole. From tne te.:nper&ture ce pencience of t.ne innioi-

ti on ;;;y !lyo.roc_;en ororclide t. ... "e difference in ac ti v<;tion energies 
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uetween reactions (3) and (4) ·was c;;ilculated to oe 2 kcal;mole 

i.e. 1;.; 4 - ~3 = 2 kcal/1aole. un tüe supposition that reaction 

(3) was highly exothermic tney ostulated that its activation 

eneq;y v~ as zero. 'l'llerefore, a vülue of 2 kcal/mole -,,as a ssigned 

to E 4 ',:Eich is in [Ood at;reement ·,-,i til tüe value of 1. 5 kcal/ 

mole estLnated oy <1-nder:::.;on end Aistiako .. sky ( 41) iro1a expcri-

ments on the pnotolysis metnyliodiae in tne prGsenc~ of 

hydrogen bro::r1ide. T nus the diffE:rence, l::f - .~....r, i"or the react..J...on 

oet•rveen oroŒine atoliis ètlld iw.::.til<:.ne, is l7.c- 1.5 kcal/;;role ":::: lo.3 

/ .. cal/ ;:lüle. iroi!l tlüs result, c.nù t.;.e v&luc or' :J ( r), tne Vé~lue 

of J.i(vrt-~-.i) v;as calculatt..cl as 103 kcaljiliO 
..) 

kc <:tl; 1..0 
.c 

Gt (j 11.. 

:.:>Lü r stu.die s ·.d tn ot.1er .ilynrocaroons ded values 

t~e exce lon of toluene (b7). d value of 59.5 Kca~wole was 

SUGbested by rtnderson, :.:>en and v~n nrtsd~len for 

ns ~ave yieldecl values 

TB kc&lj mole ( 42,47). l'he pnotobrolflination of tolue:11e ,,as 

assunLd to 

.:1ethane. Lw &ssu .. Lption t:nat B3 = 0 v;as 

Tne reaction of u gethyl radical 

in made. 

oromine is 

ind~::ed exotaer.itic to tht:: extent of 2~ kcê:,;lf n;ole, t.1is value 

* !.\il = !..D ( boncis broken) - :LD (bonds for,:Jed) 
J~(c.h3-J3r) ,= b7.~ kc~l/"'.ole (66), J.,JlC n C1.,-Br)= 
5u.5 Kcal;,;~ole lo>), LJ\ ) = 45 Kc~!;:5.,ol~ (17) 

aoout 
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the assurnption that the activation energy of reaction (J) in 

tne püotobroiilination of methane seems justifiable. nov,;ever, 

the exothermicity of the reaction of a benzyl radical with 

bromine is given by the difference D(ùr2) - D(C6H 5cH 2-Br)*, 

which is only about 5 kcal/mole and tllerefore one would expect 

that this reaction is associated with sorne activation energy. 

hence, the value for D(C6H5cH 2-h) snould be lower than 89.5 

kcal/mole by whatever activation energy might be required for 

reaction (JJ. Prom the studies of analogous reactions (70) 

one may reasonably suggest that the activation energy for the 

reaction of benzyl radicals witn bromine mi[ht be of the order 

· of 6 - 7 kcal/ mole, and hence D ( c6u
5
cn2-H) would not be higher 

than 82 kcal/ mole. 

The activation energy for the dissociation of a 

molecule into two radicals will equal tne endothermicity of 

the reaction if the activation energy for the recombination 

of the radicals is zero. lin the basis of tàis assurnption the 

measured activation energy for the reaction involving the rup­

ture of one bond would be equal to the dissociation energy of 

the bond. 

Szwarc (l) has dewonstrated on the basis of the theory 

of absolute reaction rates tllat there is a close agreement 

between the experimental activation energy of a unimolecular 

reaction involving the dissociation of one bond only and the 

bond dissociation energy. He pointed out, however, that there 
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was sorne difficulty in defini the transition state complex 

for a unimolecular dissociation, and distinguished between two 

types of decomposition: 

{ 1) Deco.i.ilposi ti ons leading to the formation of t,wo stable 

products, the recombination of whicn involves an activa­

tion energy, e.g. C2H5Br~ c2H4 + td3r 

(2} Uecompositions leading to the formation of two radicals, 

recombination of which requires no activation energy, 

e.g. C2H5Br ~ c2H5• + Br• 

ln the dissociation process of the first type there 

is no difiïculty encountered in the definition of the trans­

ition state complex. A plot of the energy of the system as a 

function of the reaction path co-ordinate is shawn in Fig. (2a). 

'Ihe hurnp of tnis curve represents the transition state which 

is, therefore, cornpletely defined by the co-ordinates of this 

point. Fig. ( 2b), on tile other hand, illustrates a decomposi­

tion of the second trpe, and ne cause it does not shO\'l a hump a 

similar interpretation of the transition state complex is 

impossible. In arder to avoid difficulties arising from the 

absence of description of the transition state complex, Szwarc 

adopted for the latter case a slightly modified treatment of 

tne transition state method, tne outline of wtdch is given 

below. 

All the energy levels corresponding to various modes 

of sorne particular bond in some particular molecule can be 
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classified into two groups: 

(1) ~nergy levels which correspond to vibrations 

of the bond, i.e. for which the energy is 

smaller than the bond dissociation energy D. 

(2) Energy levels which correspond to the trans-

lational modes of motion, i.e. for which the 

energy is greater than D. 

35. 

These two groups of energy levels are denoted by A and B in 

Fig. ( 2b); i t is obvious that a particular bond will be broken 

only if it is in a state wnich corresponds to Glass B. If 

we assume that there is no interaction betwe~n energy levels 

corresponding to various degrees of i'reedom, the total parti­

tion function of the molecule can be represented by 

ftotal = f' •fk 

where f' = 17' fi and represent s the product of all the parti-

tion functions for all i Vblues with the exception of i = k, 

and fk represents the partition function corresponding to the 

vibrational degree of freedom of the bond to be broken. The 

partition function fk can be represented by 

=Le- Ej;kT -D/kT fk + e • f 

"'\-~/kT -L.f} 

transl. 

the sumrnation being taken over all the vibrational energy 

l 1 th . th f ' . Cl eve s, e J o t.nem correspond~ng to tne energy c;. j, taking 

E'c, = O. D is the dissociation energy of the bond in question, 

i.e. the difference between the viorational zero energy level 
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and tne conver nee limit of tile viurational levE:::ls, and 

ftransl. denotes the pE.rtition functions of traLslatioaal 

levE:;ls belon;2;ing; to Cl ss 3 anli .ùeasured f'rOül t~1e ener[.)' 

level of the conve L.ce lüui t ta.!:\. en cs zero. 

If it is asE;uweci that the ncentre of [r&vit..y 11 or tilt: 

bond in question restricted to sœ1e set'lilellt ds along the 

rection o:C bond., n the partition function for f. r.,,.,
1
c·l 

V CA• ~ • 

may be represent as 

f : ( ·:;71'1 uK·' 'l. ' ) , -1 tn:msl. "' 11 1'4 .n .ds 

i.e. as for a 11 article ill a uoxn. '1nE: frc;,ction of tùe mole-

cules ,,wicn coEt2in tue req(.üsite a:t.110unt.. 01· in the oond 

to oe orok~n and for wnich tne centre of gravity of this bond 

i s confined to the St;;;[;liiE:nt ds i s 2:i ven oy 

i.e. 

l.uuoer of iilolecules •dücil can c..eco;n.:ose 
'l'ota2. numoer of molecules 

r~ 

l = 
N 

(Jt f
1
. ) ( Ç- (j/ k'l' + -Dj .:T .C> ) 

L!:_ 8 •.J.trc~nsl. 

Lds expressioü is further simplifiea if it is assu.:-fied at 

levels t-~ correspond to a ü8.I'iùonic 
\J 
~-éj/k'l'::- (l _ 

8
-i1Yo;k'T)_l 

energy oscilla tor. '.!.' nen, 

wnere V denotes tne funda~ental vioration of the bond in 
0 

qi.lestion. If it is assmrltd furtlwr tnat hE~lf nu~:1oer of 

:aolecul.;;s wnich can decompose c.re moving in trre dirGction 

decomposition ~ith an aver~ tnermo.l ve~tocity ((~~ 0 2
, tnen 
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the rate constant ku for the composition is given by the 

number of these molecules for whicn the centre of gravity vJill 

pass the se~~ent ds in unit time, 

i.e. ~(21;J.lk'l')~.(l- e-hYo/kT)h-1e-D/kT ds ((2k'l'}1 1._, 
\n,u) ds 

which is reduced to 

tJe can now distinguish between two extrerne cases: 

(l) h~(\ kT 

{ 2) hY
0
)) k'l' 

For case (l} (l - e-h(o/k'l') ,.... hYo/kT and the expression for the 

rate constant reduces to 
_ v -D/kT 

ku - 'oe 

we can write, therefore, 

ZJ lnku _ D • HT 2 = ND = D 
é) 'l' - kT2 

where h is the Avogadro number, and D the dissociation energy 

in kilocalories per mole. The L.H.S. of tHis expression is t.i1e 

Arrhenius activation energy usually referred to as the 

nexperirnental" activation energy. Therefore, for this case 

the experimental activation energy of a unimolecular dissocia-

tion process is precisely equal to the dissociation energy of 

the ruptured bond. The expression derived for the rate constant 

of a uniraolecular dissociation demands that the frequency fac-

tor should be nearly equal to the fundamental vibration frequency 



f ., b d . . h' 1, • b t 1012 l/,l3 -l {49) o tne on 1n quest1on, w 1c11 1s a ou - u sec • 

hence the theoretical treatment predicts the expected value 

of the frequency factor. 

For case { ) (1 _ e-hYo/léf)"" 2 , the term 1 and the 

expression for the rate constant is reduced to 

k __ kT -D/kT 
u n. e 

'l'he experimental activation energy measured by H.T2dlnku 
è)1' 

is given now by 

Eexp. = R.T + D 

and, therefore, at l000°K the experimental acr,ivation energy 

gives results whicll are too hi by about 2 kcal/mole. The 

f'requency factor in this case is gi ven by ii! which for T 

= 500°K is approximately equal to lül3sec-1 • re again, 

the theoretical treatment predicts a value for the frequency 

factor v1hich agrees \'Jell \Üth tl1e fundalllental vibration fre-

quency of the bond. In a recent reviev-~ article by G01,venlock 

(71), frequency factors for unimolecular reaction were con­

sidered nnormaln if r,ney were in the range 1011 ·5 - lo14·5sec-1 • 

It was felt that wnen reactions have frequency factors smaller 

might be attributed to either restriction 

of motion in the transition state, or a low transmission coef-

ficient due to the participation of a ttforbiddenn transition 

in the rate determining step. ileactions that possess large 

frequency factors (greater than lo14·5sec-1) may involve either 

a flloose" transition state, or a decomposition into three or 

four fragments due to the ''spread n of the activation energy 
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into more than one bond. 

There are many experimental problerus in the deter­

mination of the rate of initial decomposition. Experimenta­

tion is liraited to the type of decomposition in which the 

v~eakest bond of the molecule is ruptured, and i t is desiro.ble, 

therefore, that this bond should be consi r~bly weaker than 

any ether bond in the molecule. The primary dissociation is 

usually follOi.'led by the subsequent reactions of the raciicals 

formed. denee nwnE.:rous complications may ooscure the kinetics 

of the decomposition and may make their interpretation ambiguous. 

Ideally a system should be chosen in which the generated free 

radicals are either removed irreversibly, before reacting with 

the undecomposed molecules, or their concentrations measured 

before they can react. 

The C-I bond dissociation energies of various organic 

iodides were estimated Butler and Polanyi (J), and .dutler, 

:handel, i·•andel ( 72) who inve stigated the rate of pyrolysi s of 

a series of organic iodides in a flow system. They employed 

a flow system in order to reduce the time of reaction to a 

fraction of a second, lilidting the decomposition to a small 

percentage and thus minimizing the chances of second;:;.ry reac­

tions. This method has the added adv&ntE:ge that the products 

can be accumulated over extended periods of time. Since the 

C-I bond is the weakest bond in organic iodides, it is obvious 

that the first step in the pyrolysis of these compounds involves 

the rupture of this bond in preference to any ether, i.e. 
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.rn--} H + I. The rate of the initial decomposition was con­

sidered to be approximately equal to the rate of formation of 

iodine resulting from tne dimerization of iodine atoms. The 

latter step wo.s assumed to occur by three body collisions in 

the gas phase or on the wall of the reaction vessel. They 

assumed that the reverse reaction was negligible and that the 

R radicals did not initiate a chain reaction, and, therefore, 

identified the rate of formation of iodine with the initial 

rate of decomposition. For many iodides these assumptions 

were plausible and the derived bond dissociation energy agreed 

well with those obtained later by ether methods (7, 41). 

In spite of the fast flow used in this system many 

complications could not oe cornpletely prevented. For example 

the organic radicals might react with iodine molecules or 

recombine vJi th I a toms. Furthern:tore, the orgé.Œlic iodide might 

decompose by a molecular mechanisrn, splitting out hydrogen 

iodide. Butler and Polanyi concluded that in sorne cases the 

activation energies calculated from the temperature coefficient 

of the rate constant were not reliable. Instead, they assumed 

a value of lo13sec-1 for the frequency factor in the Arrhenius 

equation and calculated the activation energy fro1n the rate 

constants at the lm'llest temperature, wüere the smallest extent 

of decomposition had occurred. In many cases their results 

agree well witn current.ly accepted values. 

Szwarc extended this technique to the study of the 
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pyrolysio of toluene ( 47). He ernïJloyed a .fc.. st flm: ote:n 

Bi ti on Wè!S lm;. '.i.';le st udy vJ&S couductBd in -çnt; ter;:perc: .. ture 

over a preooure ranLe of 2 - 15 rmn n~. 

'l'o explain Liis exp12rimentéil data 110 stulEted tne 1ollowing 

0 5 3 
h. + 1J iLC11~ ----1 

l.i ~ j 

L. + Cd1SGd.3 ----7 (; .·· L + L.H ·~. 
D 0 "' 

reaction (1) and tà;;.t ito rate v,as measured Dy tüe rate of 

( 1) 

U) 

( 4) 

( 5 J 

forwation c~· 11ydrogeu plus tn0tnane. , .. .~.oreover, he found tü&t 

tüe dc:;composi ti on was a rwiîlOLeneouo, first-order reaction 

witn an activotion energy of 77.5 :t 1 • .3 kcaljmole. fre-

··· t i' ' 2 lü' l3 -l 1 quel.i.cy r ac or was oi.lna to oe :x sec • 1-.aking t.1e usuu 

assur11ptioli thot tne recoruoirwtiolL of rudicals requires no e.cti-

. * vatlon enert;y , Sz·,;arc identified this activatiou enercy ,,ith 

tne G-H oonti dissociation energy in toluene, i.e. 

rolysis of a series of colllpounds relat to toluune 

sucn &s p-, m- anù o- ~cyle:ues \1 j), _t,-, m- and o- fluorocolue11es 

( 7 4) ,o<. -, r3 - &nd '( r;i c s l75) could oe representcd by a 

sL.ùlar "'ecilanisrn to tn~ c or· tolm~ne • 

..: Tnis contention is SUf:ported by tne rêceut results of hebarle 
and Avraha:ni ( 97) tnat tae recomoin2tlon of &llyl rac.iculs, 
\.v11icn are staoilizt::d to tne extent of 25 ACal; iilole, does .1ot 
require any bCtivation cner[y. 
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'fhe Toluene Carrier 'l'echnique 

From these studies evolved the toluene carrier tech-

nique whicü has been widely used for the determination of bond 

dissociation energies. Since toluene possesses a relatively 

weak C-h bond, Szwarc exp~cted that toluene would ser~e as an 

efficient radical scaven.;er, witn the added advantage that the 

oenzyl radical formed would be unreactive and therm.ally stab • 

'l'hus, if a Iilolecule H1H2 is deco.a1posed into radicals d1 and H2 

in the presence of an excess of toluene, these raaicals, if 

sufficiently reactive, rapidly abstract a hydro a tom 

froLü toluene to form stable proàucts, and the bçnzyl radicé:ils 

tnus formed ~twuld eventually dimerize to dibenzyl. 

1i.l + c6H5CH.3 -7 H1H + c6f3 5CH 2 • 

R2 + c6H 5cH 3-~ rt2H + c 6H
5

cH
2

• 

2 c6H
5
ch2.---} (C 6H

5
CH 2) 2 

According to t.iüs mechanism the initial dissociation of H1 a2 
can be identified witn the rate of formation of àibenzyl, which 

in turn would be expected to be equal to tne ré:ite of formation 

of R1H or of R2H. 

J.i'or a successful application of this met.i:1od a flow 

system wi th a si.10rt tilile of rE:::action is used to minimize reac-

ti ons of the ré;dicals \:vi th the products or the start mate rial • 

.J:!'urthermore, tile radicals produced must be sufficiently reactive 

to abstract a nydrogen atom rapidly from toluene. This process 

is favoured by maintaini a high ratio of toluene to reactant. 
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'l' activation 6nerg;y of tne ov~;:;rall rt;action rno.y oe ideHti-

a with the bond dissociation only if the a.ecomposi-

ti on s 0een establisned to be a unimolecular, homo~eneous, 

first-orde:r, c.i.issociation reaction. '!'.ae 11ethod is primçœily 

limited to tüe deter;.tinc.tion of 

taan .ù ( Ge-1 5 GE~-..:i) and :Jz·wcirc ( 76) 

bést results the dissoci<:.;tion eL~e 

ssociation energies less 

s reco:i!Inended t11at for 

be at least lü kcalj mole 

er thali that of toluene. 

J:·iè..iny classes of Cülüpounds ilave ueen pyrolyzed us 

tHe toluene carrier technique. Gorapounds of the type benzyl-H 

re R is a reactive radie themselves uost suitaoly 

for such a stutiy. Since the a.issoc on enerby of the benzyl-rl 

bond is considercibly weakened by the lar~e resonance staoiliza-

tion of the benzyl radical (see 

vve st bond in the wolecule. T 

radical il witn few co~plicat 

5), i"C is USUéilly the 

dissociation step yields 

re&. etions. 'l'he :1eat of 

or· tuis radical can then Lle obtained if tùe üeat of 

rlilation of tne cornpoL;.nd is knovm usin0 the rneasured oono. cds-

sociation energy. The study oenzyl bro_ .. ide ( ~0) serves as 

an exe::uuple of tuis type of study. Siuilar E18Chanisms to that 

postulated for benzyl bro:,tide i1ave been s~wvm to 

decomposition of many compounds, e.t:;. allyl Dro<.lide (20), 

substituted oenzyl broJHiaes (Tl}, n-propyl benzE.:ne ( 78), 

benzylamine (?Y), ethyl benzene (80) and l-butene (81). 

"Cne 
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The Scope of the fresent lnvestisation 

the c
3
H

3 
radical can be represEmted by at least the 

two canonical structures, i.e. that of the propargyl radical, 

C.ti=C-Gh 2 •, and that of allenvl radical, CH"'=C==Ch•. üence J j(, 

one would anticipate that the c3H3 radical would a con-

siderable resonance ene and that in consesuence the corres-

ponding G-C bond dissoci ion ener[ies in 1-Dutyne, 

D(Cn:C•CH 2-cH3 ), and 1,2 outadiene, D(CE2 :C:CH-CH
3

), would be 

substantially lowered ~itn respect to the value of D(GH3-ch
3

). 

•'· ... oreover, these C-C bonds would be expected to the vJeake st 

in the respective molecules. If indeed the CJrtJ radical 

generated from 1,2 butadiene and 1-butyne assumes the sarne 

configuration(s) then the difference in the two corresponding 

C-C bond dissociation energies would be simply equal to the 

difference Det\'œen the heats of formation of l, 2 butadiene and 

1-butyne: 

.U(CH 2 :c:CH-CH3 ) == Da ==L'.ülr{CJHJ) +GHf(Crt3 ) (GH 2 :C:CH·GhJ) 

D(Crt~C·CH2-cH3 ) =Db =6Hf{CJHJ) +.6.Hf(cH3 ) -6Hf(CH:C•CH 2·CHJ) 

6D ==Da- Db ==6Hf(CH;C•CH2 ·CH3 ) -6J-If(CE2 :C:CH•CH3) 

= 0.71 kcal/mole* 

* 6Hf ( CE 2 : C: Cri • CII3 ) == 38.77 kcal/ rnole, .6.rlf (CHi C • Cti2 • C1·iJ) 

= 39.48 kcal/ mo ( 82). 
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irom a survey of the literature it would appear 

that only a lLnited amount of work has been done on the c3E3 

radical. Collin and Lessing (83) silowed that Gyi3 radicals 

were produced in the wercury photosensitized decompositions 

of allene, 1,2 bu"Gadiene and 1,3 butadiene. The c3H3 radicals 

formed from allene and l, 3 butadiene were sho\m to combine 

wi th me thyl radicals to cive mainly l-b ut yne. ün t~1i s ba sis 

tüey favoured the propar;_:,yl structure for the c3H3 radical. 

iiecently Srinivasan (84) studied tne pnotochemical decompo-

sition of 1,3 butadiene and reported that c3H3 radicals were 

produced. In the latter study two different products with a 

1aass correspondint:; to C6H6 were found and in consequence 

Srinivasan suggested tnat the c3H3 radical might react in bath 

the propargyl and allenyl confi~urations. 

There is sorne controversy as to the correct values 

for the C-C bond dissociation energies in l-butyne and 1,2 

butadiene. Collin and Lessing (85) measured the appearance 

potentials of the c 3H3+ ion produced from allene, propyne, 

1-butyne, 1,2 butadiene and 1,3 butadiene on electron impact. 

The heat of formation of the c3H3+ ion was calculated from these 

measurements and t.i.1e relevant thermoc.i1emical data. lor example, 

for t!1e reaction 

C1-I;C·CH2•cH
3 

+ e ---1 CH;C•CH2+ + CH
3 

+ 2e 

the following relation was used 

A0 (c3n3+) =Dlif(c3E3+) +DHf(Ch3) -.6Hf(cH;C•CH2 ·cH
3

) 

Since there was little discrepancy in the values calculateà for 



the heats of formation of the c3113 + ion, they assurned that 

the c3H3 + ion derived frorn each of the se compounds was 

identical. Froill a consideration of the values calcul~ted 

by Coats and Anderson (S6), usi group contributions, for 

t.fle heats of for:r:.:1ation of all possible configurations for 
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ion had the propar~yl configuration. The difference between 

tne average v&lue ootained for the heat of formation of the 

c3H3+ ion and tne ionization potential of the propargyl 

radical, directly er.uined previously by li'armer and Lessing 

{87), representa tne heat o.f formation of tüe c3H
3 

radical, 

which was Cc'lculated as 75 kcal/mole. lrom ttlis value together 

with the relevant thermochemical data the C-C bond dissociation 

energies in 1-butyne and 1,2 butadiene were c culated as 67.5 

and .2 kcal/mole respectively. On the ether hand, Coats and 

Anderson {$6) derived a value of 59 kcal/mo for D(CE!C•CH2-CH3) 

from measurements of the appearance potential of the c3H
3
+ ion 

from 1-butyne and the ionization potential of c3H3+ ion 

measured directly by il'arruer and Lossin,s (B7). However, Ooats 

and Anderson point out that c culations based on their 

appearance potential measurernents may be in errer by as rnuch 

as 10-12 kcal/mole. If indeed the c3H3+ ions generated from 

allene, propyne, 1-butyne, 1,2 butadiene and 1,3 butadiene 

were the same ionie species, then the resulta of Collin and 

Lessing may be considered more reliable since they were com-

puted using an avera value for the heat of formation of the 
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c3H3+ ion produced froill different sources. 

ln view of tne discrepancy be~ween the values of 

Collin and Lossi and ti10se of Coats and Anderson, the 

present investigation was undertaken to determine the ~oond 

dissociation energies in 1-butyne and 1,2 butadiene by means 

of the toluene carrier technique. was anticipated tüat 

this study woulci resolve this lack of agreement and would 

thus estaolish a more definitive value for the heat of 

formation and the resonance energy of the c3H3 radical. 

The present investigation is analogous to the study of the 

pyrolysis of 1-butene lilade by Sehon and Szwarc ( ) • Accord-

ing to the se ~vorkers the prim&ry step in ti1e decomposition 

of l-butene yielded a Ch
3 

and an allyl raaical. 'l'he C-C bond 

dissociation energy in 1-butene was calculated at 61.5 kcal/ 

mole and in conjunction vvitn relevant tnermochemical data it 

was concluded that the allyl radical was stabilized by reso­

nance energy to the extent of aoout 25 kcaljmole. Un the 

assumption tlw.t the lllechanism of pyrolysis for l-butyne as 

vJell as for l, 2 outadiene was similar to tilat of 1-outene, 

it was anticipated (i) tnat these two compounds would yield 

on decomposition a CH3 and a stable c3H3 radical, and 

(ii) that the rate of rupture of t:O.e appropriate C-C bond 

could ·oe measured by the rate of fonnation of metnane or the 

product s re sul ting from the C }iJ ra di cal. .F'urt.nermore, i t 

was expected that from an analysis of tàe latter products, 

sorne information regarding the chemical properties of the 

c3 r:~ ra di cal vwuld be gaine à. 
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Hesearc.n grade 1-butyne vias obtained in a metal 

cylinder from farchan Co., Cleveland, Ohio. It was further 

purified by repeated vacuum distillation, vvüicn ensured the 

removal of any traces of permanent gases. A sample of 1-outyne 

was analyzed by vapour phase chromatography, whicn will be 

descr1oed in detail in a la ter section. l~o irnpuri ti es vve re 

detected by this method. 

The 1, 2 butadiene W8.s generously supplied by folymer 

Corporatiort, Sarnia, Ontario. The 1,2 butadiene was purified 

and tested in the same manner as 1-butyne. Again, no impuri­

ties were detected. 

~itration grade toluene was generously supplied by 

Gulf Petroleum Co., Pittsburgh, Pa. The toluene was dried 

and distilled through an efficient column and the fraction 

boilins at ll0.5°C was collected. 

Apparatus 

The pyrolysis vJas studied in a high vacuum flovl 

system shown in .F'ig. J page 49. 

The reaction vessel, R, shown in greater detail in 

F'ig. 4 page 50, was entirely of quartz and was joined to the 

rest of the apparatus with graded quartz to pyrex seals. The 

long thermocouple well pennitted the measurernent of the tempe­

rature along the length of the reaction vessel. The tirne 
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spent by the gas in sections A and C was small compared to 

section B, nence tnere was negligible decomposition in these 

sections. The temperature the reaction vessel was mea-

sured by means of a c.i:œOl:'lel-alumel thermocouple using an 

ice-water mixture at the cold junction. Ti:le tàerm.ocouple 

was periodically checked against a standard chrornel-alumel 

thermocouple (calibrated by 'l'herme blectric Co. Inc., 

Fairlavm, l~.J.) and the voltage Vias Ineasured with a Lee 

and r~orthrup K"-potentiominter. A typical temperature pra­
t::. 

file alont; the reaction vessel is shawn in Fig. 5 page 52. 

As can be seen from this diagram the temperature along section 

.i::l was practically uniform, and the temperature gradient fell 

sharply across sections A and C, thus minimizing again any 

reaction occurring in the latter sections. 

The effect of the surface of tne reaction vessel 

on the reaction was exarnined by using a siuilar reaction vessel, 

section B of wnicn was packed vii tn quartz wool. (The quartz 

wool was obtained frorn •·Ücro Chemical Specialities, .derk;t.ey, 

Galif.). The average diameter of the fibres used was J x 10-3 

cm. and their ave length was about 15 cm. The weight per 

fibre ·Nas about 3 x 10-4 gm. and about 6. 2 gm. were used for 

the packing. The suz~ace area of one fibre was about 0.15 

cm2 so that the tot surface area of the packing was about 

JlOü cm2• lhe radius of the reaction vessel was 18 mm. and 

the total surface area therefore, about 230 cm2• The surface/ 



Figure ~ 

Temperature profile along the 

reaction vessel 



1033 

1 
c{'l 

0~ 1023r 1 1 

1 

a..: 1013 j 1 

~ 
1 w 

r- 1oœ 
1 

A 
1 

B 
. c 

1 

1 

1 

1 

1 1 1 
8 12 16 20 24 28 32 36 40 44 

DISTANCE CM. 



53. 

volwne ratio of the unpacked vessel Wé:s thus about 1.1 crn-1 , 

while that of the packed vessel about 15.1 cm-1 • The surface/ 

volume ratio was therefore increased by a factor of about 

14 in cked reaction vessel. 

T reaction vessel was inserted in an inconel tube 

which provided for ec;ualization of temperature. The inconel 

tube, in turn, was inserted in a furnace li (~ig. 3) consisting 

of a nichrome wire wound on a refractory tube. (The refrac-

tory tube v1as purchased frorn F•orton Co., ;iorcester, ss. and 

\\as provided with a groove). The nichrome wire ·1l1as di vided 

in 5 sections to allow for adjustment of the temperature 

gradient alo the resction vessel. The furnace was thoroughly 

insulo.ted with rockvmol contained in a metal drum of diameter 

23 in. and length 2 ft. 'l'he temperature was kept constant 

within :t_2°C by a temperature regulator purchased fr01n the 

Thermo ct rie Co. Inc., .ti'airlawn, h .J. 'l'ne element 

of the regulator v:as an independant tl.1ermocouple inserted in 

the tilermocouple well of the furnace. 

toluene was introduced from a lüù ml. round 

bot tom flask, F', ti:lrout;h a short, internally sealed capillary 

an experiment the to1uene flask was ira.u1ersed in 

vmter in a 5 1 JJewar vessel, D, :naintained at constant tempe­

rature within ü.1°C. 

The storage section, s, containing 1-butyne (or 

1,2 butadiene) consisted of a series of two calibrated flasks 

separated by a mercury eut-off. 'l'his section was connect to 
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manometer J:-11 • Tùe total amount of gas wüich had flov1ed through 

during an experiment could be c~lculated from the difference 

of pressure recorded on H 1 • During storage the 1-butyne 

(1,2 butadiene) never came in contact with grease, being con-

fined by a mercury eut-off, mercury ~anometer h1 and a needle 

valve, h"v. The gas was introduced into the stream of toluene 

via needle valve, Çf, and türou[;h the tap 'l' 2 and the inter­

nally sealed capillary c2• The backing pressure indicated on 

manometer l-.. 
2 

v~as kept constant by adjustment of the needle 

valve. The total pressure in the reaction vessel, rl, during 

a run \ië. s r>leasured on the uanometer l·.1J to !_v. üvl cm. using a 

cathetorneter. 

'i'he exit tube from the reaction vessel was heated 

with nichrome ribbon to prevent condensation of tne products 

formed in the reaction. lt contained a length of capillary 

tubing, c3, which controlled the rate of flow and led to a 

series of traps u, V and W. The first trap, U, was a U-tube 

of lü mm O.D. iïtted with two stanà.éi.rd tapered ground glass 

joints. Traps V and ~ were of conventional design and were 

provided with standard tapered ground glass joints. A ~eroy 

still (LS), a tiltin~ McLeod [auge lT,.), a gas ourette (GB), 

and U-trap, k, was connected to the third trap via the tap 

T6 shown in detail in Fig. 6 page 55. 

A hir:;h er'ficiency :.::ctwards - l·J.l mercury diffusion 

purnp (DP) shown in .Fic;. 3 compressed the non-condensible 
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ses through a small trap, L, into the collection system 

(CS) VJhich consisted of three calibrated bulos connected in 

series by mercury cut-offs. A wcLeod gauge, ~~ was connected 

to this section to measure the pressure of the non-condensible 

products. A Toepler pump, T, was also connected to this 

section. The Toepler pump led to a small gas burette wiüch 

was joined to a small U-trap, J, and a small tube containing 

copper oxide, CF. Surrounding this small tube was an electri­

cally he ed furnace. 

Gas Chromatography ~pparatus 

The apparatus for s-liquid chromatography was 

essentially similar to that described by Callear and Cvetanovic 

(88}. 'l'he po1,.rer input v;as regul&ted with a Sorenson a.c. 

vol tage regula tor, mo ciel 50US. Tne d. c. lo\"J power regulator 

was kindly supplied by the Applied Cheraistry Division of the 

hational il.esearch Council of Canada and was a hornemade madel 

providing a current at 6 volts with a noise less than one 

millivolt. A. Gow-.~:c.~.ac thermal conducti vi ty cell madel 'l'Rll.B 

with tungsten filaments was used as a detector. Tne resis­

tance of this cell \vas adjusted vdth a 1.075 ohm i·luirhec:d 

variable resistor type A-2-A. 'l'he off-balance signal was fed 

through an amplifier to a pen Speedomax ... tecorder Type G with 

full scale sensitivity of 50 millivolts. The amplifier used 

in this v;ork was the c.e. iCeithley micro-volt-ammeter model 

l50A with full scale sensitivities of + microvolt and +l 



millimicroampere (with a po\>',er sensitivity greater than 

4 x lo-l9 watt.). 

The apparatus ~as equipped with three separate 

colunms all of 1/ 4n inside diameter: 

(i) Separations of light hydrocarbons were 

made in a 50 ft. copper column fil1ed with 

a mixture of tri cresyl phosphate (T .C .P.) 

on fire brick (30~ by weight T.C.P.). The 

column was operated at 90°C. 

(ii) For heavy hydrocarbons a 10 ft. glass 

colurnn fi1led with 4/v by weight dinony1ph­

thalate on 270 mesh glass beads was used. 

'l'his column was kept at roorn temperature. 

57. 

(iii) For aromatic compounds an 8 ft. glass column 

filled with Apiezon L grease on fire brick 

was emp1oyed. Tnis column was heated to 60°G. 

Procedure and Analysis 

The system 1:ms evacuated to 10-5 mm pressure. After 

weighing, the toluene flask vws attached through a standard 

tapered joint to the system. The toluene W'-'S frozen in liquid 

air and melted four times, and vlhen frozen vJas de ssed to 

lo-5 mm. To obtain the desired to1uene pressure during an 

experiment the water bath was adjusted to the proper tempera­

ture. The pressure of the 1-butyne (or 1,2 butadiene) was 

recorded on manometer l•11 • 
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Jefore corruaencing an experiment the three traps, 

( 
0 \ u, V and d were surrounded with brine -5 C), dry ica-acetone 

(-78°C) and liquid air (-188°C) respectively. Liquid air was 

also placed around the sraall trap, L, in the collection system 

to prevent the condensation of mercury from the hot diffusion 

pump on the walls of the collection system. Tap T6 was closed. 

The mercury was raised in the Toepler pump to a designated 

level since the Toepler pump and combustion apparatus were 

not part of the calibrated collection system. 

Toluene was then allowed to flow through the reaction 

vessel for 4 minutes vvi th the collection system connected to 

the main vacuum line. This ensured the removal of any traces 

of perrlianent gas still dissolved in the toluene. f'umping into 

the main vacuum line was continued for a few minutes to corn-

pletely rernove from the collection system any small amounts of 

non-condensible gases generated by the pyrolysis of toluene 

itself. The collection system was then isolated from the main 

vacuum line Dy a mercury eut-off. 

Tae needle valve, ~V, was opened. Then taps T1 and 

T2 were opened simultaneously allowing the toluene and 1-butyne 

(or 1,2 butadiene) to mix and flow through the hot reaction 

vessel. The 1-butyne (or 1, 2 butadiene) was mad.e to flovJ at 

a convenient rate which was determined by the backing pressure 

as indicated on manometer J. •• 2 • 'l'he total pressure of the 

mixture of toluene and 1-butyne (or 1,2 butadiene) as indi-
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cated on manom et er 1'·~3 was usually kept at about 1. 3 cm. The 

partial pressure of 1-butyne (or 1,2 butadiene) varied from 

about 1 to 5~ of the total pressure. ortier to change the 

pressure of the to1uene in d.ifferent experiments the tempera­

ture surrounding the toluene flask (F') was varied from 10 to 

26°C. 'l'he time spent oy the reacting mixture in the reaction 

vessel, i.e. the time of contact, could varied from about 

0.2 to 1.5 sec. by changing the capillary (C 3} in the outlet 

tube of the reaction vessel. 

Usually the temperature and the pressure in the 

reaction vessel as well as the pressure in the collection 

system were recorded at 5 minute intervals throughout an 

experiment. For experiments snorter t.rlan 10 minutes these 

recordings ·were ;:nade at intervals of aoout 2 minutes. ,;hen 

a sufficient amount of non-condensible s was collected, 

taps '1'1 and T 2 were closed simultaneously stopping the flow 

of both toluene and 1-butyne (or 1,2 butadiene). To return 

the 1-butyne (or 1,2 butadiene), confined between tap T2 and 

the needle valve (NV), to the sto section it was condensed 

by means of a cold Hfinger 11 surrounded by liquid air. The 

needle valve was then closed, the s was allowed to expand, 

and the final pressure was recorded. 

Tne pressure of the non-condensible gases was then 

measured by rneans of the 1--•cLeod • In order to estimate 

the amount of non-condensible s which were nerated by 
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the deco~position of toluene itself, tap Tl was a&ain opened 

&nd the tolue11e alone •,,<.,;s ctllovved. to flov: for é,bout 5 minutss. 

'I'.ne increose in pressure \·,o.s a 1::easure of tùe a1;10unt of non-

conà.ensible ,so.ses formecl fro;:l t;1e cleco;nr.osition of toluene 

c;lone. Àt the ni;;nest te . .1perc.tures usea in tl1ese experiments 

( ül7°C) t1üs a.11ount v;as less than 10;;; of tne total quc:mtity 

of non-conà.ensible ~ases produc~d by tne decowposition of 

1-outyx~e (or l, 2 butaaiene) <.md it \J2.S negli:;iblt:o élt the 

lov;t: st telüperatures ( o7 4 °~) • .h. t t11e e~id of ti.le expérÜlcnt 

the tolul:ne flask V.Jé.!S re,,loved 2.nu ' .. ei6.:..ed • 

•• ost of tne dibenzjl, ideLtj_fied b y i ts iufra red 

s pe ct ru";', rec ove red in the tré.J..P di.. intaineu 2t h; 0 ' 
-.,~ v. The 

difference in "eit;ht of tne trap uefore élnd after cleanint; 

vdtü toluene .snd et11yl et11er represented tne v<t:Üt;ht of dibenzil• 

'l'11e o.ioenzyl nad ét slibht yellovJ culour v;heH tne experi1aents 

wer8 conuucteà L1 t.{le 11ignest te;.lpt...rature ra11.;e of these 

experiinents ( 790-317°C). .M. ciescription of sr1 atterapt to identify 

tüis ürpuri ty ';';ill oe t;iven i.n él lat er section. 

'l'l1e tr2p at '00 .. - b \j containeu ;aost of the toluene. 

The contents of tne trap viere re1:1oved for purticular tçsts 

descrioed in detail later. 

'l'i.1e co:nteî1t s oi the t rap .. t.sintaincd at liq-uid ç.ir 

tei.llpsrature v~ere clistillt;ci tnrc'u.gn tap 'rb ir:t o the srHall trap, 

r., \JL,ich fon..ted. p&rt of the 2,é<S uurette (ûB) suOVŒJ. in Fit;. 6, 
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was then analyzed by vapeur pressure measurements using a 

Leroy still ($9). lndividual components Here separated and 

measured in the gas burette. These components were removed 

and their identity was confirmed by mass spectrometry or by 

infra-red spectroscopy. Host of the unreacted 1-butyne 

(or 1,2 butadiene) was found in this trap. In later experi­

ments the components were separated by gas chromatography 

and identified by their infr&-red spectra. 

A portion of the non-condensible gases was removed 

from the collection system with the Toepler purnp (T) and 

compressed into the combustion chamber filled witi1 copper 

oxide (Fig. J). Trap J was kept at -S0°C. It was possible 

to compress the gaseous mixture from about 1-2 rnrn to about 

JOO mm in a fevv strokes of ti1e Toepler pump. The initial 

pressure was recorded. The furnace surrounding the tube 

containing copper oxide was heated electrically to J00°C, 

and about 2 hours were allowed for complete combustion of the 

hydrogen to water, which was condensed in trap J. The fur­

nace -v:as allowed to cool to room temperature and the residual 

pressure, due to methane, was Hleasured in the original volume. 

'l'hus, the composition of the non-condensible bases was deter­

mined. 'l'his technique v;as checked with known mixtures of 

methane and hydrogen and the accuracy was estünated at about 

2- J)u. 
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Products and Hesults 

'l' decomposition of 1-butyne \vas studied over the 

temperature range of 674-Sl7°C. The analysis of the non­

condensible gases, shown in ïaole I, page 63, showed that in 

addition to metr1ane various amounts of hydrogen were produced. 

The hydrogen content of t11ese [ases increased from JOjo to 

about 40;o wi th increase in temperature. 

'l'he amount of dibenzyl was always less than the 

arnount of methane formed as srwwn in Tao le I, page 63. As 

previously mentioned the dioenzyl was slightly yellow coloured 

in tae temperature range 790-817°C. This was especially so 

when a low ratio of toluene to 1-butyne was used. Infra red 

spectra was taken of tnis dibenzyl using carbon tetrachloride 

as a solvent and compared to the ctrum of pure dibenzyl 

also using carbon tetracnloride as a solvent. The spectrwn 

was not distorted in any way from that of pure dibenzyl. 

Hence tile impurity could not oe identified and it may be con­

cluded that its presence ülUst have been in v~:;;ry small amounts. 

The unrcacted toluene was trapped at -78°C. It 

alv·1ays contained soHle unsaturated compounds dis sol ved in i t, 

as shown oy positive "spot tests 11 using a solution of potassium 

permanganate in acetone, and ùrornine dissolved in carbon 

te~rachloride. Blanks were done with the pure toluene with 

each reagent and gave negative results. 'l'his indicated that 



Table I 

Products from End rate constants 
for the Decomposition of 1-butyne 



Taùle I 

Products of the .ueco,aposition of 1-.uutyne 

Fc.rtial Partial hon-
Total press press co nd ~v kl k2 

.Lx pt 'l'o., press tcluene 1-butyne t 1-butynei{ gases ivCH lJib/CH -1 -1 
1~0 h. cm cm Clil sec m.moles lil.rnoles 4 4 sec sec 

82 94$ 1.61 1.56 û.ü5 1.40 1. 2?0 0.111 68.7 - 0.05 v.li2 

16 949.5 1.22 1.17 0.05 0.30 4.380 O.U72 73.9 - u.03 li.U2 

83 949.5 1.84 1.81 u.o3 1.23 0. 831 0.0?3 03.8 - 0.05 U.U3 

22 954 1.39 1.35 0.04 0.29 2.894 0.054 79.1 - U.U5 u.u2 

28 956 1.40 1.32 u.u8 0.28 6.779 0.130 7c5.8 19.7 u.05 U.U3 

79 967 1.69 1.55 0.14 1.34 2.0ü2 0.412 73.9 - 0.13 li.U4 

90F 968.5 1.83 1.77 u.u6 1.27 1.234 0.166 72.0 - u.u8 u.o3 

80 969 1.b7 1.66 0.01 1.31 1.115 ü.219 b2.5 - 0.10 u.o2 

81 969 1.68 1.59 U.U9 1.31 1.414 0.264 73.0 - 0.12 U.U4 

21 969 1.34 1.33 u.o1 0.28 0.815 0.293 80.6 - 0.12 0.04 

6 975-5 1.34 1.33 0.01 0.3U 2.11U 0.083 87.1 31.2 0.12 0.02 

84 976.5 2.02 2.00 u.u2 l.U9 0.970 u.l79 63.5 - u.ll ü.U7 

* Total amount of 1- outyne flov1ed throuch during time of experiment. 



Table I (Continued) 

Partial fartial Hon-
Total press press cond '· k k :L:;xpt press toluene 1-butyne ' * ;o l 2 t 1-outyne 2:ases . ,-, · b 1 1'"· 

'1' 0 1\. '-' ovn lJl. f vh -1 -1 l'Jo cm cm cm sec rn.moles r;J.moles ' 4 4 sec sec 
----

24 977 1.2? 1.25 0.02 0.28 1.451 0.069 77.1 9.4 0.13 u.04 

23 977.5 1.32 1.29 O.U3 0.29 2.481 u.ll7 77.8 11.4 U.l3 U.U4 

19 980.5 1.47 1.44 u.03 u.29 2.470 U.l36 83.3 22.1 u.lo 0.04 

17 983 1.16 l.lu o.u6 u.2u 5.450 U.265 77.0 39.2 0.20 o.uü 
89P 986 1.83 l.o9 0.14 1.20 0.932 0.255 7ü.ô - 0.19 o.u8 

78 994 1.63 1.)8 u.05 u.53 2.u5ci U.28l 71.4 - 0.20 0.08 

26 995 1.35 1.33 u.u2 U.28 1.271 u.u98 71.2 34.8 0.20 0.08 

27 999 1.41 1.39 u.u2 0.28 1.305 u.lu5 8o.2 - 0.23 u.05 

68 9SI9.5 1.49 1.43 u.ü6 0.51 2.461 U.455 66.6 - u.27 u.l4 

25 lüül 1.40 1.38 u.u2 0.28 2.240 u.2Ul ?5.6 27.6 u. 28 u.u? 

64 lùü2 1.34 1.28 u.u6 u.26 4.125 u.389 73.8 - 0.25 u.u8 

67 lUU2 1.47 1.43 u.OJ 0.52 2.285 U.405 67.1 - 0.25 0.13 

66 lUU2.5 1.32 1.24 u.os ü.2)J 4.U6l ü.4U2 74.1 - 0.28 U.U9 

65 lUU3- 1.21 l.lo O.U5 CJ.3U 2.690 u.259 71.4 - 0.24 u.lo 



îable I (Gontinued) 

~artial Partial Non-
, 'l'otal press press . ft cond 'ù k k') 
.c.xpt 

0 
press toluene l-butyne t l-butyne t:,ases ,.,_1. lJ . .• b111~-.. l 1 .... 

1 '. n . l l ,,;\,,ir 4 1. / vil4 - -~o 1 h cm cm cm sec ru.mo es w.mo es ' sec sec 

5 1003 1.34 1.29 0.05 0.27 6.490 0.552 78.1 32.5 0.26 u.o6 

4 lOUB.5 1.37 1.33 0.04 0.26 5.640 u.63ü 79.9 43.7 U.36 0.10 

$5 1008.5 1.96 1.91 u.U5 1.13 u.338 o.2u2 58.1 - 0.47 u.34 

41 1ul1.5 1.32 1.3U O.U2 0.21 2.196 U.242 7G.4 JO.J U.42 0.13 

42 1013.5 1.33 1.27 0.06 u.27 2.062 o.2o5 74.0 19.5 u.34 u.16 

88P 1U14 1.96 1.89 u.07 1.16 0.484 0.226 GU.ü - 0.32 U.22 

o2 1017 1.28 1.21 u.U7 u.3u 2.501 u.652 64.0 28.6 0.54 u.48 

43 1017.5 1.34 1.31 0.03 0.27 J.51U 0.52U 70.4 19.0 0.40 0.14 

77 101$ 1.5Y l.5b U.UJ U.)J 1.119 U.JJ8 69.7 38.0 u.47 0.16 

76 1018.5 1.82 1.?9 u.OJ u.47 1.158 0.375 72.6 h1.u v.6ü 0.22 

40 1020.5 1.32 1.30 0.02 0.29 u.966 u.l54 80.5 - u.51 0.44 

69 1022.5 1.46 1.43 u.03 u.51 u.837 u.308 59.7 - u.54 0.37 

34 1u25 1.49 1.46 u.03 u.29 1.155 u.25U 7U.2 38.2 u.6u 0.25 

63 lU27 1.11 1.01 ü.lü 0.30 1.829 0.455 o7.7 - u.62 0.34 



table I (Continued) 

1-'artial Partial .c~on-

'rot al press press ;;.;, co nd 'p k1 k2 Ex pt press to1uene 1-butyne t 1-butyne .:;ases /vCh JJibJGH 
No 'l'o l\ cm cm cm sec m.moles Ll.mo1es 4 4 sec-1 sec-1 

--- ---
86 1U3U 2.00 1.95 O.U5 1.06 u.250 0.206 55.0 - 0.90 0.74 

33 1031 1.58 1.57 u.01 0.26 u. u.131 79.7 41.5 u.?J 0.19 

lU31 1.95 1 0.11 1.11 u.6,31 0.455 57.4 42.4 u.66 U.49 ..l.o 

32 1U3J.5 1.44 1.43 ü.Ul 0.27 0.118 O.U33 .2 - •. 9" u. b 0.25 

2 10'34 1.42 1.33 u.u9 0.21 ..-, 0.394 75.9 0.76 0.20 ,;:. -
3 1035 1.57 1.17 U.4U u.22 2.73U 0.551 7<3.7 - U.9U 0.12 

75 10.35 1. 1. ?ü u.u3 C.49 1.203 U.585 .4 57.0 U.)lü u. 

71 1035.5 1.58 1 {:, ,, 
0_./t:. v.ü6 0.48 u. U.46ü 59.8 35.6 0.79 u.49 

70 1U3b 1.58 1. 54 0.04 u.49 u.632 u.278 .2 24.8 v.69 0.50 

29 1039 1.35 1.33 0.02 u.2b 1.435 0.351 o6.? 43.1 u • .::su u.37 

56 1039 u.81 U.78 u.03 0.2Y 1.Jb9 u. 1 69.6 b4.5 U.91 U.4U 

48 1042.5 1.25 1.23 u.u2 u. u.7v1 0.186 69.U 42.4 0.79 0.29 

11 1U44 1.34 1.29 0.05 0.26 2.990 0.832 <o 3 0/o 23.2 0.86 0.39 

49 1U44 1.21 1.15 0.06 0.27 1.292 u.3 65.8 .9 0.85 U.44 



'1 able I {Continue ct} 

Partial Fartial r~on-
~otal press press cond ~ k k . 

.i:::xpt '"' ·. press toluene 1-butyne t 1-butyne* ~;as8s 'uGd l.JibJ Ch 1 _1 
2 _1 t.o .t

0
h cm cm cm sec m.moles m.moles 1 4 4 sec sec 

47 1045 1.10 1.07 o.u; 0.32 1.364 0.391 67.8 30.4 0.74 u.JU 

35 1040.5 1.41 1.38 0.03 0.28 u.8o3 0.378 .b 44.4 1.20 u.27 

55 1050 1.57 1.56 0.01 0.26 0.524 U.24B .2 62.4 1.68 u.69 

61 1050 1.26 1. u.03 u.27 u.691 u.)l6 62.2 51.8 1.44 0.87 

57 1053 1.44 1.42 0.02 0.27 0.819 0.437 62.5 64.5 1.77 1. 

8 lü .5 1.)5 l.JU U.U5 0.25 2.670 U.865 .3 34.9 l.U7 0.49 

6u 1055 1.31 1. u.11 u.24 1.277 o. 2 59.8 - 1.74 1.17 

54 1056 1.17 1.1u u.u7 0.26 1.768 u.666 77.u - 1.38 u.41 

)6 1U56.5 1.24 1.21 O.UJ 0.27 0.934 0.450 ol.l 51.7 1.5) 1.12 

53 1057 l.U2 u. 0.05 0.27 1.142 0.433 77.3 2U.3 1.36 0.40 

39 1058 1.37 1.34 u.03 0.27 u.89J u.468 6u.3 50.7 1.66 l.lu 

9 luoo 1.14 1.11 u.u3 o. 1.740 u.681 69.3 Jl.5 1.17 u.53 

58 1060.5 u.98 o. u.o2 u.31 u.797 u.su6 o4.1 38.1 2.0Y 1.16 

74 1U6J 1.6J l.bO U.UJ 0.48 0.475 v.410 61.5 5U.1 2.52 1.59 



Table I (Gontinued) 

:Partial Partial hon-
Total press press co nd ;a k2 ss to1uene l-butyne t l-butyneA gas es 'vv' 1 b/GH -1 -1 hO cm cm cm sec rll.mo1es l!l.rno1es 1 

• 4 4 sec sec 

13 .) 1.39 1.33 0.06 0.28 3.12U 1. .o .9 1.38 u. 

37 1üo0.5 1.3u 1.27 U.U3 u. 23 u.915 U.514 .9 - 2.16 1.45 

1068 u.$5 u.6l u.u4 0.16 l. 0.636 .o 38.7 2.58 1.70 

15 1069 1.39 1.37 u.ü2 v.2u 1.220 v. 70.6 54.8 2.43 1.02 

7 1071 1.43 1.42 0.ù1 (J 00 . .,._ ... 1.050 v • ?ù.3 - 2.68 1.14 

14 1072 1.37 1.31 u.o7 u.29 1.390 u.699 9v.4 23.6 2.18 0.23 

12 10?4 1.25 1.24 u.u1 ü.18 o.8vo u.323 ?v.5 6U.5 3. 21 1.28 

J$ 1074.5 l.JJ l.JU u.OJ U.26 0.735 0.524 b?.û 44.9 2.98 1.78 

44 1090 1.16 1.14 0.02 0.20 v. 598 0.514 b1.J - 5.32 4.10 



Borne of the unreacted 1-butyne and probably sorne of the 

products -were dissolved in the toluene. 'l'o determine the 

extent of soluoility of 1-butyne in toluene several experi­

ments were done under identical conditions used for the 

pyrolysis except that the furnace was at room temperature. 

ünly about oO;u of the 1-butyne was recovered in the trap 

immersed in liquid air, the rest remaining dissolved in the 

toluene. In later experiments a drop of toluene, recovered 

from trap V, was passed through the r.c.~. gas chromatogra­

phie column and was snown to contain part of the unsaturated 

products of pyrolysis (allene, propyne and vinyl acetylene) 

in addition to the unreacted 1-butyne dissolved in it. 

Even repeated distillation of the toluene recovered from 

trap V did not 1 to quantitative reŒoval of the 1-butyne 

and the unsaturated products from tne toluene, wrlicn was in 

a 100-lOUO fold excess. Hence it was difficult to establish 

a mass balance in terms of all t.ùe reaction products. 

The liquid air trap contbined niDst of t~e unreacted 

1-butyne togetiler with some of the prociucts of pyrolysis. 

These compounds were separated frolfl the 1-outyne by means 

of the Leroy still. rly vapeur-pressure analysis the products 

were found to be ethane, propyne, and a c6-fraction. The 

identity of the ethane and propyne was confirmed by mass 

spectrometry. The amount of etilane was extremely srnall and 

never more than 1;" of the methane formed and l'las, therefore, 

neglected in ti1e calculations of rate constants. 'l'he C6-



fraction was found to have a mass of 78 by mass spectro-

metry. In later experiments this fraction was also passed 

through the Apiezon L grease column of the gas chromato-

grapny apparat us. 'l'wo compounds, of different elut ion time, 

were separated from each otl-ler and were identified agi:<in by 

means of the mass spectrometer. Both compounds had a mass 

of 78. Since the formation benzene was expected (from the 
i\ 

decomposition of toluene itself according to the scheme shown 

on page 41) it vvas concluded that a coLnpound of mass 78 

(other than benzene) wE<s formed in the reaction. Jy mass 

spectromet ry the C 
4 

fraction was s.nown to contain a compound 

of mass 52 in addition to 1-butyne but it could not be 

separated from the latter using the Leroy still. 

In the latter stages of this work, when the appara­

tus for gas chromatography was built, the contents of the 

liquid air trap were transferred into the s cllromatot;raphy 

apparatus. ~ typical separation for the lisht nydrocarbons 

is shown in Fig. 7, page b6. as can De seen, the presence 

of ethane, allene, propyne, 1-outyne and vinyl acetylene* 

was demonstrated. '.Lhe allene was separated out and its 

identity was confirmed oy infra-red ctroscopy. The ratio 

of propyne to allene w&s J/2 under various conditions of 

experimentation. T'his estimbte v.;as made fro:n. a comparison 

of their peak areas, with no correction made for a possible 

---------------------
K Vinyl acetylene corresponds to the compound of mass 52 

previously referred to. 



Figure 7 

Separation of light hydrocarbons on 
T.C.P. Column of the s chromatography 

apparat us 
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67. 

difference in their sensitivities. l'ne tot ity of 

the c
3 

compounds (allene and propyne) ~as e 

to aoout l/6 of \.;ile methane formeà at tJ:1e hi 

ed to amount 

tempera-

tures employed in these experiments. A simi r estimc.te was 

ootained usi the Leroy still in comoination with the gas 

burette. At the lower tempe rat ures tne a!nount of ti1e C 
3 

cornpounds formeà. appec:.red to be less than 1/6 of the methane 

fo ; however no definite estimate of the amount of c3 
compounds formed at the lov;er temperatures could be :nade in 

view of the small peaks gi ven by the se c01npounds. The coin-

pound of mass 52 w&s separated out and its infra-red spectrum 

was demonstr.o:.ted to be identical \d th that of vinyl acetylene. 

ïhe vinyl acetyleneM w&s obtained from Dupont Co., Louisville, 

h.entucky, as a 50/v solution by "•.Jeight in to \v hi ch had 

* Vinyl acetylene is a very danberous material to handle and 
following hazards are quoted frou e cification 

et obtained from Dupont Co. 

(l) linder certaiYl conditions it vdll form explosive 
acetylides in the presence of cop:tJer or cop}::.er-bearing 
allo ys, sil ver, or mercury, or the salt s of t:nese tnetals. 

(2) It forms explosive mixtures with r over a vJiae range 
of conditions, resemolin6 acetylene in tnis respect. 

(3) It can be exploded in the aosence of air if strongly 
enough incited, especially under pressure. 

(4) Temperatures above l00°C must oe avoided oecause it 
may be extremely unstaole under tnese conditions. 

{5) It will form peroxiàes in the presence of air and 
they are violently explosive. 

(6) It gradually polymerizes duri stora[;e and the 
polymers will also peroÀidize. 

(7) It will polyrnerize with violence if it is exposed to 
polymerizing catalysts (e.g,. polyvalent halides}. 



been added P-tertiarybutylcstecnol. 'l'he vinyl acetylene was 

technical t;rade and contained from 4/" to 6,u by itJeight of 

acetaldehyde and from 1~ to 2~ chlor bodies. It was purified 

by repeated stillation at low pressure in a chemically 

clean apparatus containing no rnercury, ana subsequently passed 

through the T .c .l-'. colurnn of tlle gas chromatograplly apparatus 

for further purification. It nad the same elution time as the 

c4 compound in question and showed an identical infra-red 

spectrurn. 'l'he amount of vinyl acetylene accounted for was 

usually larger than 70/u of the hydrogen produced. 'l'his repre-

sents only a lower liuit of the amount of vinyl acetylene 

formed in the reaction since some of this compound could not 

be readily separated from the toluene. As will be snov·nl lat er 

on the oasis of the proposed mechanism for the pyrolysis of 

l-butyne it is reasonable to st that in actual fact the 

arnount of vinyl acetylene formed was equal to the araount of 

hydrogen formed. 

DISGüSSIŒ~ 

l'J.echanisrn of Decornposi tion 

from these results it is sugg;ested tnat the thermal 

decomposition of 1-butyne could oe accounted for by two 

simultaneous, rate-deterrnining, uniwolecular processes, 

k 
CH=C-CH 2-cH3 l) Ct;=.C-CH2 • + ChJ • ( l) 

k---
CH:C-CH2-CH3 ~) Cfi=C-CH=CH2 + H2 { 2) 



reaction (l) oe predominant and that each C.i1.3 radical 

produced in reaction ( 1) yielded subsequently one inolecule 

of methane by abstractinL, a hydro atom from toluene. 

CH.3• + c6u5cH3---1cH4 + c6H5cH2• (.3) 

'l'he rate of formation of metnane 1:1as considered to be a 

measure of reaction (1). Similarly if it is assuo.ed th<:t 

hydrogen is forrned exclusively by reaction (2), then the 

production of hydrot,en is a r.aeasure of reaction (2). The 

rate of disappearance of 1-butyne, A, may then be written 

as 

da - ( k + k ) '· - k r --- - l ~ a - ~ dt t::. 

where k is the overall rate constant for the disappearance 

of 1-butyne. Then, 

where A
0 

is t 

A = . -kt 
R. e 

0 

initial concentration of 1-butyne, and the 

rate of formation of methane is .siven by 

or 

ci(CH4) = 
dt kl ti k ( ;. -kt) ""' = 1 .tt.oe 

k 
..J:. A (l 
k 0 

- e -kt) 

The overall rate constant, k, v-1u s calculated from the rate 

of formation of ( H2 + CH 4), 

i.e. 



and the rate constant k1 could then be calculated from the 

measured yields of methane. The rate constant, k2 , repre­

sents the difference between two rate constants, k-k1 • 

A list of the calculat values for k1 and k2 are shovrn in 

70. 

Ta ole I, pat;e 63. The rate constant k1 a given temperature 

was not affected, within experimental accuracy, uy the varia­

tion of the reaction time by a factor of four, of the partial 

pressure of 1-butyne oy a factor of three, and of the toluene 

pressure by a factor of up to two. 'Lnese results are shawn 

in rl'aoles III and IV on pages 71, 72 and 73, respectively. 

It is also evident from Table V, page 74 that the increase in 

surface to volume ratio Dy a ctor of 14 did practically not 

affect tLe rete constant k1 • 

Calculation of Activation ~nergies 

'l'ne plot of lo5 k1 vs. 1/T, silO\-vn in .Fig. 8, page 75, 

was linear over the temperature ran[;e studied. irom the s1ope 

of this line the activation energy of reaction (1) was cal-

culated as 67 kcal/ rao le and the frequency 
.14 -1 Arrhenius ec!uation as 1. h x lU sec • 

ctor in the 

measurements was considered to be the uncertainty in deter-

mining the exact temperature of the reaction vessel during an 

experiment. s uncertainty was due to fluctuations of the 

temperature in tne reaction vessel in spite of the la at 

capacity of the furnace and to the variation of tne tellipera-

ture along the length of the reaction vessel. The estimated 
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Table II 

l:.ffect of d.eaction 'l'ime on i'irst-C;raer 
liate Constant, kl 

'.rime of kl 
.GXpt 

T0 h. 
Contact -1 l'Jo sec sec 

16 949.5 0.30 0.05 

83 949.5 1.23 0.05 

21 969 0.28 0.12 

81 969 1.31 0.12 

24 977 U.28 0.13 

84 976.5 1.09 u.ll 

26 995 0.28 U.20 

78 994 0.53 0.20 

27 999 0.28 0.23 

6$ 999.5 0.51 ().27 

64 1002 (). 28 0.25 

67 1002 0.52 ().25 

43 1017.5 0.27 0.46 

77 1016 u. 53 0.47 

40 102U.5 0.29 0.51 

69 1022.5 0.51 0.54 

3 1035 0.22 0.90 

75 1035 0.49 0.90 
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Table III 

bffect of Partial Pressure of 1-rlutyne 
on iirst-ürder ..:U:ite Constant, k1 

1-Dutyne k 
!!.x pt Press 1 

ho T°K cm sec-1 

b 975-5 u.ul u.12 

24 977 0.02 0.13 

5 1C03 ü.U5 0.26 

66 1002.5 0.08 0.2$ 

34 1025 0.03 ü.oo 

63 1U27 0.10 0.62 

75 1035 0.03 0.90 

3 1035 0.40 0.90 

48 101}2.5 U.U2 o.eo 
49 1044 o.uô ü.$5 

36 1056.5 u.u3 1.53 

54 1056 U.07 1.,3$ 

12 107h O.Ul .3. 21 

38 1U74.5 0.0.3 2.98 
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Table IV 

L;ffect of Toluene Pressure on First-üraer 
.La te Constant, kl 

'l'oluene kl 
J.:.:xpt 

To 
Press 

sec-1 
r~o h cm 

8) 949.5 1.84 0.05 

16 949.5 1.17 O.l!) 

84 976.5 2.02 0.11 

24 977 1.25 ü.lJ 

76 1018.5 1.79 0.60 

40 1020.5 l.Jû (.;. 51 

75 1035 l. 70 0.90 

56 lü39 0.78 u.9l 

39 1058 1.34 1.66 

53 lü 57 U.98 1.)6 

74 1063 1.60 2.52 

58 1060.5 0.96 2.09 

37 lü66.5 1.27 2.16 

59 1068 0.81 2.58 



~ffect of Facked heaction Vassel on 
Pirst-uraer uate Constant, k1 

l:..xpt 
kl 

l~O T°K se c-l 

80 969 0.10 

90P 968.5 0.08 

17 983 0.20 

89P 986 0.19 

42 101.3.5 0.34 

$$P 1014 0 • .32 

33 lü3l u. 73 

91P 1031 0.66 

74. 



.Plot of log k1 vs. 1/T 

J:i'illed circles denote experiments done in 
packed reaction vessel 
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0 
fL.,,ctuaticn in tl1e température vias not mon;; tilan :!:_2 h.. 

tehlpbrature used, resulting psrcentage error in 

?b. 

the rate constant is large. For example, from the plot of 

log k1 vs. 1/T t;i ven lig. o, 75, the correspondi 

are approxim&tely tüe raida.le 01.' the t \:!rature ra 

used L" these experü1ents) are O. 54 arJ.d O. 57 sec -l 

respectively. ue error in tile rate constant resulting 

from an uncertainty of 2°.1.\. is thus about 6;uil.li.. liovi•ever, 

from tne the greatest deviat n vwuld correspond to 

a tewperature uncertainty of 7° ond t11erefore one must con-

elude that ad.ditional sources of error might !lave been 

involved. t'or raost experiments t deviations from the line 

could be account for to a large extent oy the fluctuation 

of temperature. 

In order to improve tJ:1e accuracy of the computed 

ac ti v.:ttion enert:;y one could ei tiler extend t!le te;nperature 

ranLe or increase the accuracy of the estimated rate con-

stc;wts. 'fhe extension of the temperature rante is lLni ted, 

ho~ever, by technical problems. As the prssent study 

the reaction at r or lm;er te.;.peraturE::s mc.,y oe a ole 

for experim.entation o too rapid or too slow. Alternat 

the values of tl1e rate consté\nts can be r.Iade .. ,ore reliable by 

*- .nn error of élbout in t!le rate constant, "<.l, vwuld 
re sul t an error not :aore tnan l kcal/ mole in the 
activation energy for reaction (1). 
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quent repetition of individual runs. Ltepetition of indi­

vidual runs leads to improvernent of the results only when the 

experiQental errors are of the random type. 

Another source of error may result as a consequence 

of assigning an activation ene to a specifie reaction, 

nee there may oe some uncertainties inherent in the assump­

tion of a reaction mechanism. Side reactions may affect the 

products by which the rate of the primary step is measured. 

'l'he magnitude of such errors are difficult to assess, parti­

cularly when sorne of tne possib side reactions may not nave 

been accounted for. îne plot shawn in Fig. 8, page 75 

representa all the results obtained in this study under a 

variety of experimental conditions including variation of 

tne tirne of contact, of total pressure and partial pressure 

of the reactants, and of the surface to volume ratio. Obviously 

sorne of the side reactions may necowe Jüore pronounced under 

certain conditions aDd tne 

together may explain sorne of 

e of ttlumpin;;;f' all the results 

scat ter. 

Ooviously a1:1ongst addi tional sources of error 

contributing to the scatter of the rate constants one could 

include the inaccuracy of determination of tne composition 

of the non-condensible gases, and errors involved in the cal­

culation of the tirne of contact. 'l'he latter source or errer 

is primarily due to small fluctuations in the total pressure 

in the reaction vessel during an experiment. No attempt was 
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:nada to ;;;.ssess the >hagnitude of t.1ese additional errors, 

since it vvas aifficult to estimate tneir contributions. 

In spite of these errors which are reflected in 

tüe scat ter of t11e values for ti:le rate constonts the activa-

tion ener of b? kcal/mole was considered to be accurate 

wi thin :t_2 kcal/lllole. 'Lüs estima te is based on tlle fa ct til at 

tlle extrei,;e values for tl1e activation ene cclculat~::;;cl fror11 

the points F'i;;. a, pa::e 75 v.;ere o9.0 and 65.0 kcal/mole. 

'l'ne plot of 1~ 2 vs. 1/T is t,iven in 1i'it:;. 9, 

79 ti1e no est 11 as drawn somewhat arbitrarily 

e~ of the rather la scat ter tne riuental 

re sul ts. ::.n examination of s graph shm~s tüe reactivn 

Vli;.:S not affected ~~itnin E::xperim.ental t:tccuracy by L.creas 

the surface/ volurile ratio. .i.''ro~n t:ae slope o.C t~1e li ne t:i1e 

activation energy of reaction l2) was calculated as 78:t. (?) 

kcal/ mole and tlle frec;uency factor Ll corres_t;onding: r.rrnenius 

. 1016 -1 
ec!uat~on as sec • The plot of log k2 vs. 1/T sho\vS uluch 

.more scat ter tH<:.lll tl1e corresponding plot for réaction ( l). 

s is to oe expected since rate constant k 2 represents tne 

small difference oetween tKO larger e constants k <:.wd 

The errors invol v~;:;0_ in tne c.:.lculation of k 2 are iüae,.üfi 

as cor:1pa to errors involved in tne calculation of 

hence no atteüipt Vié.S Itiade to evaluate tüe error for tne acti-

vation energy of reaction (2) since it was felt tha.t the 

calculated value 76 kcalj ;;;ole can oe considered é.<t best & 

rout:ü estimatE:: for t11e activation e11ergy of rçaction (2). 



.fi'igure 9 

Plot of log k2 vs. 1/T 

.Filled circles denote experiments 
done in packeù reaction vessel 
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As stated in the introductory section the c3H3 
radical may be considered to resonate between at least the 

80. 

two canonical structures, i.e. one correspondi to tllat of 

the propargyl radical and the ether corresponding to that 

of the allenyl radical: 

J.n fact the formc.tion of propyne and allene in the present 

study may be taken as evidence that this radical in its 

reactions with toluene was able to react beth as a propargyl 

radical and as an allenyl radical: 

CH=:C-CJ:-12 • + C0H
5
cH

3
--J ca:=C-CHJ + Côh

5
CH 2 • (5) 

CH 2=C=CH • + CbE
5

cH
3 

--1cH2=C=CH2 + c6H
5

CH 2 • (6) 

The ratio of propyne to allene formed was found to oe 3:2 

under vvrying condi tiens of ter:1perature. If both ends of 

the c3h3 radical were equally reactive with toluene, one 

would e:x.pect to find equal aw.ounts of propyne and allene 

formed. It is difficult to visualize ·v.;hy one end of the 

radicel snould oe more reactive. principle, another possi-

oi y to oe considered is that the activated complex result­

ing from the collision of a c
3

rt
3 

radical witn a toluene 

molecule can rearrange to form more stable product. The 

heats of formation of propyne and allene are 44.32 and 45.92 

kcal/mole respectively (82). 'l'herefore to all intents and 

purposes the stability of the two products, propyne and 

allene, may oe considered identical, and one must conclude 



<n. 

that propyne is found in excess of allene because ti.1e c
3
E3 

radical appro:x.im.ates 1aore closely the propargyl confï.;uration. 

The sum of the c3 products, (allene and propyne), 

was estiraated to De 1/ o of the metnane fonned at the hig!1est 

temperature used in tnis investigation (817°0). These C 
3 

products are a result of a normal mode of reaction of free 

radicals with to1uene, i.e. the abstraction of a hydrogen 

atom. But apparently a large proportion of c
3

H3 radica1s 

were removed by reactions ether than {5) and (6), i.e. by 

reactions involving their dimerization or comoination with 

benzy1 radicals: 

(7) 

CJIIj + C0a5cH 2 • --t C6HSCH2c3H3 ( 6) 

Indeed tnis t-vas confirmed experiraentally. A compound of 

mass 78 (other than oenzene) was found by mass spectrometry. 

however, attempts to isolate it from the lar~e excess of 

toluene were not too successful and hence sufficiently large 

samples could not be obtained to à.etermine its exact struc-

ture using infra-red spectroscopy. The compound from several 

experiments were accurnulated but could not cilara.cterized 

since it seemed to disappear with time. Tnis may have been 

due to its absorption in the ase or to its polyrnerization. 

Collin and Lessing (83) s~owed by mass spectro­

metry that the c3H3 radicals, produced in the mercury photo­

sensitized decomposition of allene, di~erized to give a c6H6 
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compound. .i!'arrr:er and Los ne ( $7) also found a C d1. 6 compound 

'oy mass spectroriletry in their study of the tr1errnal decoinpo-

tion of propart;yl ioc:lide. Altnough identification of tnis 

c6 compound was not raade, they assumed that this cowpound 

resulted from the diillerization of t~e nerated propargyl 

ra di cals and had the dipropargyl structure. J., .. ore recently, 

Srinivasan (84) suggested that the c3x1 3 radical derived from 

tne photodecomposi ti on of 1, 3 butadiene dü1eriz to gi ve 

two different products of HJ.ass 78, w.nich he v:Ds able to sepa-

rate by gas cnromatographic L1ethods. The vJeight of all this 

evidence demonstrates t:i1at the c3H3 radical is reluctant to 

aostract hydrog,en atoms and that it dimerizes. Since in the 

present system there are at least as many benzyl radic~ls 

as c
3

h
3 

radicals, it is not unlikely that these two radicals 

may combine to give a c
10 

product according to reaction (8). 

A product of this type would be expected to condense in the 

trap maintained at -80°C, along with the unreacted toluene. 

ho attempt w&s made to isol2.te the c10 compound(s) since the 

toluene \vas ooviously in a large excess. hevertheless it 

ought to oe rnentioned that a trace amount of a c10 compound 

was detected oy mass ectrowetry in a fraction isolated by 

the Leroy still, vmich contained primarily G 
6 

compounds and 

toluene. 'l'his compound may actually oe the c10ti10 compound 

expected according to reaction (8). 

Formation of Dibenzyl 

Dibenzyl is formed from the dimerization of the 



Denzyl radicals produced in reactions (3), { 5) and ( 6): 

2 c6n:
5
cH 2 ·---1 (C6ri

5
CE 2 ) 2 

Stoichiollletrically tht: amount of dibenzyl forrned would be 

(9) 

expected to be equal to the amount of methane formed in the 

reaction if all the CH
3

K and c
3

H
3 

radicals abstracted hydrogen 

atoŒs from the toluene, and if all the benzyl radicals dime-

rized to .Çive dibenzyl. .From an inspection of 'l'able I it can 

be seen that the amount of diDenzyl was much smaller than 

that of 111etnane. This supports tne supposition t11at a con-

siderable amount of c3h3 radicals is removed tneir 

dimerization (reaction 7) and by their COü1biuation with 

benzyl ra di cals (reaction 8). 

Thermal Stability of the c3H) rladical 

the c
3

H
3 

radical decomposes in the hot reaction 

vessel, then one might expect to find ethylene or acetylene 

amongst tüe products, and also the reaction vessel mi~ht be 

coated with carbon. Acetylene and ethylene were not formed. 

Also an examination of the reaction vessel and of tne tubing 

leading from it did not snow any presence of caroon. hence 

it cé\n be concluded that the c3H3 radicals do not further 

decompose under the experimental conditions used. 

__________ " _____________________________________ _ 

K Abstraction of hydrogen atoms from toluene by methyl 
radicals will be treated in the discussion of the 
decomposition of 1,2 butadiene. 



liydro6en Producing Step 

It w~s suggested earlier t~at t~e hydrogen produced 

could be accounted for by reaction (2) involving the molecu-

lar mechanism: 

( 2) 

no~ever the production of hydrogen could be also explained 

by an altern~te, free radical mechanism: 
• 

CH=G-Ci1
2
-cE

3
---1 CH-=C-Cn-CH

3 
+ h • 

CH:::C-CH-CH3 -----1 CH:::C-Cll=CH2 + H • 

Generally, the temperature needed to rupture a normal C-H 

(10) 

(11) 

bond is much higher than those used in tnis study. It can 

be argued, however, that the c
4

H
5 

radical, which might be 

produced by the rupture of the secondary C-H oond in 1-butyne, 

would be stabilized by resonance due to its ability to exist 

in at least the twvo canonical structures sü11ilar to those of 

the c
3
u

3 
radical, i.e. 

CH:=:-C-Cl-i-CH~~ •CH=C=CH-Cn (12) 
j 3 

and that in consequence the corresponding C-h bond dissocia-

tian energy is lowered appreciably with respect to D(Cri
3
-H). 

The c4H5 radica.l could then leç:d to a stable product by one 

of the following reactions: 

(l) it could abstract a hydrogen atom from toluene 

to reform one molecule of 1-butyne, or to 

generate a molecule of 1,2 butadiene • 
• 

CH=c-GH-CH3 + c 6H 5 ctr3~ (;H:::C-CH
2
-cr-I

3 
+ C0H

5
cH

2 
• ( 13) 

CH3-CH=C=CH· + c6H5cHpCH=C=CH-CH3 + c6H5cH 2 • (14) 



(2) it could diM3rize or combine with another free 

radical participating in the reaction system. 

(J) it coulè.. further decompose oy splitt off 

one ri atom and thus generate a iaolecule of 

vinyl acetylene (reaction 11). 

Case (1} c~n be ruled out since 1,2 butadiene was not detected 

art1ongst the products of the reaction. Case ( 2) can be ruled 

out on similar grounds, since the corresponding dimer c
8

H
10 

was not detected in the fractions isolated by gas chromato-

graphy. Simil<.::rly, neither a c11 nor c
7 

compound, vûüch 

could have been derived from the combination of the c
4

n
5 

radical ~~th either a benzyl radical or a c
3

h
3 

radical, was 

detected • 

.i:1ov.-ever case (J) cannot be easily disposed of since 

it could, in principle, account for both the formation of H
2 

and vinyl acetylene: 

(11) 

'l'he hydrogen atoms generat in st (lu) and (11) would be 

expected to be rem.oved by reactions vd th the excess of toluene, 

according to the follo;,dng scherne: 

h • + c6u5ch
3
-----J- i1 2 + c6~i 5cu 2 • 

li. + c6 11 5cii3----tc6H6 + GhJ • 

(15) 

(16) 

H• + C0H5cH3----tc61i 5• + Crf4 (l?) 

Furtnermore, for eacn ~nole of hydrogen produced oy reaction 

(15), a inole of benzyl radicals would be formed and tilerefore 

if reactions {10) and (11) occurred one wou1d have expected 

tnat the dibenzy1 produced would nave oeen rg;er tü.an tne 
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amount due to reaction {1) provided tnat some of the oenzyl 

radicals had not ceen rewoved oy combination with c3H3 
radicals. From an inspection of Table I, page 63 it can 

ce seen that usually the dibenzyl amounted to only 30-40;o 

of the methane formed. hence this evidence does not support 

reactions (lü) and (11). A more d.efinite conclusion cannat 

be made on the basis of the results obtained in tnis study 

since the law yields of dioenzyl have previously been 

explained as bein~ due to the comoination of a benzyl radi-

cal with a C d radical. however, sorne indirect, but 
3 3 

sufficiently plausible arguments against the participation 

of reactions llO) and (11) can be offered: 

1 'l'he values for the rate constant, k1 , were cal-

culated on the assumption that reactions (lü) and (11) did 

actually occur.* According to reactions (16) and (17) 

sorne li atoms would disappear and generate instead methane. 

Szwarc (47) stated that tne ratio of hydrogen to !Ilethane 

formed as a result of reactions (15), {16) and (1?) was 

3/2 and inde pendent o.r temperature. Tùerefore the amount 

of methane formed by t!1ese reactions is equal to 2/3 of 

tne al!lount of .hydra n produced. 'I'aking; into consideration 

that for every mole of 1-butyne disappearing via reactions 

1 
K k1 representa the rate constant of reaction (1) cal-

culated on the assumption that reactions (lu) and {11) 
are exclusively responsible for the production of 
nydrogen. 



(10) and lll) two moles of (h2 + CH 4) would oe formed, the 

following relationships can oe deduced for the overall 

rate constant for tne disappearance of 1-butyne and for 

tne rate constant of reaction (1):* 

A 
0 k = 2.303 lor 

0 t b (A
0
)- ((CH

4
) + l/6(H2 )) 

= k 
0 

( ( CH 
4 

) - 2/ 3 ( ü 2 ) ) k 1 
1 A (l - e-kot) 

0 

The rate constant for reaction (l) was calculated by this 

8?. 

method for several temperatures and the logarith.ms of these 

values vJere plotted aLainst 1/T as shmvn in lig. lü, page 8$. 

'l'üe activation energy, deterained from the slope of the 

line drawn in J!'ig. 10, pa ,se 88 was 62. 5 kcal/rnole wi tn the 

usual assumption that the recombination of tne radicals pro-

duced in reaction (l) reguires no activation energy, the 

activation energy of 62.5 kca~'rnole could be identified with 

D(CH:C•CH 2-cH3 ). 'l'his value is essentially identical with 

the corresponding C-C oond dissociation energy in 1-butene 

For a unirnolecular decomposition k = 2·3°3 log Ao 
t A - x 

0 

where x is equal to tàe numoer of moles decoll1posed in 
ti me t. 
The nurnber of moles of 1-butyne decomposed due to reaction 
(1) = total CH4-cu4 generated by reactions (16) and (17) 
= CH4 - 2/3 H2• 
Tne number of moles of 1-outyne decoraposed according to 
reactions (10) and (11) = l/2(H2 + Ch4) formed due to 
reactions (16) and (17) = l/2(h2 + 2/3 H2) 

Total number of moles of 1-butyne decornposed = x = 
(CH 4 ) + 1/ 6 ( h 2 ) • 



Figure 10 

flot of log k11 vs. 1/T 
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for w.l:lich Senon and Szv~arc ( Sl) proposed tne value of ol. 5 

lccal/rnole. If the C-C bond dissociation energy in 1-butyne 

v.-as indeed identical to the correspondint:; bond dissociation 

energy 1-butene, the resonance energy of the c
3
h

3 
radical 

would be equal to tnat of the allyl radical, Crl2=Ch-Crl 2• • 

1J.m,:ever it seems reasonaole tnat the resonance stabilization 

of tne c
3

H
3 

radical should be consideraoly less than that of 

the allyl radical, since tne latter radical ou[ht to be 

rnaximally stabilized due to i ts aoility to resonate betv,reen 

two identical canonical structures. 'l'his reasoning is also 

supported by the fact th~t the dissociation energies for 

the propargyl halides c;,re 8-lü kcal/mole ater than those 

of the corresponding allyl halictes (87, 70). Therefore it 

seems very likely that C-G oond dissociation energy in 

l-butyne is greater than the correspondint; bond in 1-butene 

and tnat f1ence the production of hydrogen cannat be explained 

satisfactorily by reactions (10) and (11). 

Moreover even one assumed that the resonance 

energy of the c
4

H
5 

raaical were equal to that of the c
3

H
3 

radical, on ;:;enerul t;rounds, the C-H bond dissociation 

enerf;y, D(Cll~C·~H·Ch3 ) vwuld be expected to be stronger than 

li 

the corresponding C-C bond dissociation energy, D{Ch~C·CH2-cH3 ), 

by some 15 to 18 kcal/mole, and therei'ore, under propitious 

conditions for reaction (1) reaction (10) and consequently 
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reaction {11) vvould. be negli~:;ible. 'rhi s argument would be 

valid only provided the frequency factor in t11e .hrrhenius 

equ&.tion for reaction (lU) had a ttnormaln value of lù12-lc14sec-1 • 

In conclusion, it is felt that on the oasis of all 

tüese arguments, reactions llU) and (11) can ue excluded from 

the .necl1anisrn of decomposition and tnat the production of 

hydro~;en can be accounted for by the rnolecular mec11anism 

represented by reaction {2), and t:àat the wethod of calcu-

lati k1 was justifi • 

Conclusions 

In surrrmary, the cœnplete rnechanism for the thennal 

decor;1po tion of 1-0utyne in an excess of toluene can be 

represented by the following scheme: 

{l) 

( 2) 

(3) 

CH=C-Cl-L-. • {--~) CH =C=8H • 
.:.. 2 ( 4) 

{b) 

( 9) 



It was shown that the rate of production of 

(H 2 + CH
4

) represented adequately the over-al1 rate of the 

homogeneous, first-order disappe~rance of 1-outyne. The 

91. 

rate of formation of methane vms considered to be a measure 

of reaction (l) which was found to be first-order with 

respect to 1-butyne. The activation energy of tnis reaction 

v~as ca1cu1é,ted as 67 !. 2 kca1/ mole and the corresponding 

frequency factor in the Arrhenius equation was 1.4 x lu14sec-1 • 

the usua1 assumption that the recombination of free 

radica1s requires no activation ene , the value of 67 ! 2 

kcal/rnole was identified vdth v(CH;c·cH 2-cH
3

). 

Sample Calculation (e.g. Experiment û'77) 

hi1limoles of toluene flovdng through in 14 nün = 79.23 

t'lil1imo1es of to1uene i'1owing through per min = n1 = 5. 659 

hi1limoles of 1-butyne f1müng through in 10 min = 

PV 1000~ - 1.7a x 1.l83 ~ 1u~o-u~ = 1 12 R:T x - ~x 0.082 x 302.1 ... • ' 

where F is the pressure change in the storage bulb in cm, 

V is the volume of the storage bulb in l, T is roorn temperature 

in °K. 
l•J.illimoles of 1-butyne flowing throut,h 

The partial pressure of 1-butyne is then 

= _ 0 •112 x 1.59 = 0.03 cm 
5.b59 x 0.112 

per min = n2 = 0.112 

n2 x F 
n1 + n2 

where P is tlle pressure the reaction vesse1 in cm. 

'l'otal nurnber of lü.illirnoles of s flowing through per second 



Volume of 

5.659 + u.ll2 = 
60 

O.ü9o2 

flovdng throuc;.n per second = n~-i.T 
l' 

= 0.0962 X r76 X 0.082 X lûld 
- ..;;;...:.....;;...o;...t:....:;;.....;..._:::;;;_--'--'-"---"-;:._,;;;...::....;;,...;;,..;.;;.-=.....;;;;;..~ = 384.55 cc/ sec 

1.59 

92. 

where T is the temperature of the reaction vessel in °K. 

The reaction time in seconds = 
Volume of 

= 201.~ cc -
384.6 cc/ sec = u. 53 

of dibenzyl = 0.01638 gm:= 0.090 mil1imo1es. 

'l'otal yield of non-condensible s = 0.370 millimoles. 

Hi1limoles of 

1limo1es of 

/o CH = 67.14 
4 

jo H = 32.86 
2 

CH4 = 0.249 

H2 = 0.122 

vessel 
through/ sec 

Non-condensibles due to the decorlposition of to1uene it = 
0.032. 

J.-iillimoles of CH4 due to toluene decomposition = ~ x 0.032 = IJ.ül3 

llimoles of H2 due to to1uene decomposition = ; x 0.0319 = 0.019 

Nil1imo1es of Ch4 due to 1-butyne decowposition = 

0.249 - 0.013 = 0.236 

l· .. il1irnoles of H2 due to 1-butyne decomposition = 

O. - ü.Ul9 = 0.103 

Corrected 'o CH = 0 • 236 x 100 = 69.7 1 
4 0.236 + 0.103 



1\.ate constants: 

k = 1 ln a 
t a - x = 

1 " 2 "Uj~ 1o 1.. 1.12 = r • o/ 3 
U.53 A •/ 

0 1.12 - U.339 v 

-1 sec 

k(Cli4) 
k1 = ----------~----~- = 

(1-butyne)l1- e-kt) 

u.63 x u.236 

1 •12 x (1 _ 
8
-u.o29 x 0.525) 

= 0.47 sec-1. 

k2 = k - k1 = u.63 - 0.47 = 0.16 -1 sec 

93. 



.l:'roducts and H.esults 

~he pyrolysis of 1,2 butadiene was studied in 

temperature range 688-810°C. 1'l1e main non- condensible pro-

duct wo.s methane. Sm~ller amounts of hydrogen were also 

formed. ~1e proportion of' met[lane anci nydror;en va ed vli th 

94 • 

temperature. At the lov:est teliiperature used for the decompo­

sition (688°G) about 70/-' of the non-condensible products was 

r.1etl:1ane vJhile at the hic__hest temperature used ( SHPC j the 

@ethane was aoout 55~ of the non-condensible ses. 'l'he 

yields or hydrogen and metnane are shawn in Table I, page 95. 

'l'ne sepal"ation of the condensible products was 

done exclusively by means of the cnromatography apparatus 

scrioed previously and r:-aey 1tiere io.entifi by their infra-

red spectra, except Wüere indicated otnerwise. .00th allene 

and propyne were found amongst the reaction products. Tne 

ratio of the amounts of propyne to allene proà.uc in this 

reaction was as in the case of butyne approximat 3/2 

as estLllat from the area under t gas chromatot::rc.m. The 

amount of allene plus propyne was much less t.nan t.ile araount 

of ;aeti:lane formed. At tne hii)lest temperature used for tne 

decomposition (Bl0°C) tne ratio of (allene plus propyne)/CH4 
\vas estLaated to oe about l; 6; at the lov·l8st temperature 

(688°C) this ratio appeared to oe lower but in vie\v of the 

large errors involved det.ermining t.ile area of small gas 



Table I 

Products from and rate constanL.s 
for the Decomposition of 1,2 dutadiene 



'l'able I 

froducts of the Deco1:1position of 1, 2 ..:>uto.diene 

Péirtial Parti l·•on-
,,. . 'l'ota1 _press p;e~s , . cond ;o k1 k 2 .wxpt 0 . press to1uene 1,"" Dut t 1, 2 JJut ,t..,ases . VT lJ • b/ CH 

•·•o T 1\. cm cm cm sec lil.Hlo1esi\: m.mo1es ;u n 4 ~ 4 sec-1 sec-1 

·---
2 961.5 1.23 1.17 0.06 U.2S 4.926 U.U58 70.8 13.2 0.03 U. 

9 5.5 1. 1.27 u.03 u.30 3.170 0.042 70.0 - 0.04 0.01 

30 969.5 1.9b 1.92 0.04 1.11 0.979 u.ü79 6u.o - u.05 o.u; 

29 975.5 1.99 1.82 u.17 1.15 2.382 o.2ou 62.4 27.3 u.uo v. 

19 984.5 1.15 1. u.u3 u.31 2. 0.070 o8.o - u.u6 o.u3 

3 985.5 1.25 1.22 u.u3 u.31 1.877 u.Ooü 63.5 24.1 0.06 0.04 

33P 986 2.v8 2.04 u.v4 1.16 1.205 u.136 63.7 - u.07 u. 

lu 990.5 1.35 1.31 u.ü4 0.26 2.216 o.u82 66.2 11.0 o. 0.04 

8 990.5 1.44 1.42 u.u2 0.32 1.943 u.u63 .o - u.o8 u.04 

18 994.5 1.29 1.24 0.05 0.31 1.938 u.u50 74.9 18.7 0.07 u.u2 

2u 997 1.42 1.34 o.us 0.52 1.776 0.135 63.5 15.5 0.10 o.06 

i\: 'l'ota1 a1nount of 1, 2 rlut ene f1ovJed throuL)1 during of experiment. 



table l (~ontinued) 

Partial 1-artial l~on-

l'otnl press press co nd /v kl k2 E;xpt press toluene 1,2 Jut t 1 2 .dut 'uses C l)" /Cc' ,,,o ' ~ X u {J n 1 01 n 1 1 
1~0 l h. cm Cnl cm sec m.u10le s ra. moles 4 4 sec- sec-

-·-
17 992 1.2éJ 1.2J u.üJ O.J1 l.<J8J O.U'/4 69.9 1~.$ G.U9 u.ü4 

21 1000.5 1.45 l.J6 u.O? U.45 2.263 0.273 58.6 15.5 u.l? u.12 

25 10u0.5 1.85 1.so o.us 1.11 U. 7JL~ u.l91 uJ.9 JO c . ) 0.17 u.lu 

J2f lOlO 1.85 1.80 O.U5 1.20 u.8J9 u.242 5tl.5 - v.16 u.11 

4 1U2J. 5 1.JO 1.2? U.UJ u.Jv 1.995 C.149 ÔJ.1 J8.4 u.lô u.J.u 

1 lü2Lr• 5 1.45 1.40 U.U5 u.26 1.859 U.l'/8 o2.4 22.4 0.24 U.15 

Jlf 1u29 1.99 1.91 u.u8 1.45 u.7o7 u.J91 r9 cl ) • u - 0.2[:; 0.19 

5 lüJ(J 1.45 1. 4U 0.05 u.29 1.246 u.l48 uJ. 2 10.9 u.2b u.16 

23 lUJl l.bO 1.54 u.u6 U.4b l.J05 U.240 l; 5. 0 29.1 0.28 0.10 

6 1u33.5 1.29 1.2J u.uo u.27 1.207 u.l85 Gl.1 2o.5 U.Jô . ~J u.~ 

22 1035 1.6J 1. 54 ü.U<j u.40 1 l J ~. ...... .) 0.295 6u.8 - ü.J8 0.24 

lJ 1039.5 1.2J 1.20 u.0J u.29 l.?LJO u ')5-:l, .~ ./ 66.4 J2.1 U.Jb u.l8 

24 1U4CJ l.bb 1. 59 0.U7 0.45 1.405 U.Jü9 ol.5 4D.O u.42 v.2o 

26 1U45 2.14 2.02 u.12 l.U4 u.·no U.454 57.1 - U.49 u.37 



fable I (Continued) 

i-artial Partial J:~on-

'1'ota1 press press , . cond ~ k1 k2 
~x pt 

'l'Q.i.\. 
press tolueno 1,2 Dut t 1,::!. DUt [,&SeS ,, li"b;Cl' 1 1 

;.;: ,;l,.ill J. 1 1 - -
1•0 cm Clil cm sec m.:Holos iil.aoles ' 4 4 sec sec 

16 lü45 1.22 1.15 u.04 G.29 1.srn u.324 64.7 '""l!" 3 ;r) • 0.4U ~.24 

27 1U49 2.11 2.01 u.lü l.U2 u.ubu u.3Y3 bj.9 - U.53 u.3u 

14 1054.5 1.24 1.21 ü.U3 0.2)1 ü.o44 0.130 5b.5 4D.8 u.47 ü.34 

34l:- lu)B 1 o·· 
0/b 1.93 u.u5 1.13 U.446 1..1.309 54.7 - u.57 u.47 

15 1U67 1.19 1.17 u.02 u.26 U.'!OO u.l98 b5.2 54.4 0.84 0.46 

7 luo8.5 1.24 1.14 u.lu u.26 u.532 u.13o 5?.1 - U.bb U.50 

11 1Ub9.5 1.22 1.20 u.02 u.Ju u.9ü4 u.210 02.5 - 0.56 u.34 

28 1U73.5 2.U4 1.97 u.u7 l.U4 u.3o9 u.32~ )2.2 - l.ul u.93 

12 1U8J.5 1.25 1.2) o.u2 u. 2J v. 4..31 0.207 51.2 - 1.15 l.U9 
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chromato~;rap.hic p 

tely. 

s this could not be establisned accura-

Large amounts of vinyl acetylene were produced 

in the decouposition. ••s in tl'1e case of 1-butyne, the 

aHlount of vinyl acetylene •.Jas usually than 7V;o of 

tàe hydrogen formed.. 'J.'lüs represents only a lov~er limit 

of tne arnount of vinyl acetylene formed in the reaction 

since sorne of this co~pound could not ce readily scparated 

from the toluene. As '>iill be snown 1ater, on the ba sis 

of the proposed me sm for tne pyrolysis of 1,2 butadiene 

it is reasonabl8 to st t.nat in actual fact the au1ount 

of viny1 acetylene 1tJas ec;ual to the amount of hyd.rot;en fonned. 

as in the pyrolysis of 1-outyne a compound vlith a 

ruass of 76 was separat 

containint.:; f...piezon L 

out on the sas chrœ:J&tocraphy colwnn 

a se. The deter1:ünation of i ts rnass 

was made by ::.nass spectrometry. Since the e1ution tirne for 

t s COl:lpound \vas not the same as tàat for benzene it can 

be concluded thc:t tlüs corJ.pound vJas not benzene. 

'The yielà.s of dibenzyl produced a1so in this decompo-

tion were loN, 

duced {Taole I}. At the nii)ler te1:1peratures 

experiments the dioenzyl was BLain slightly 

in these 

llo-vv coloured. 

lrace amounts of ethane were a1so formed and, as 

in the case of t.i:le pyro1ysis of 1-butyne, t.i.le a1aount of ethane 

never exceeded 11..~ of t.he amou.nt of metnant: formed. Gonsequent1y, 

the amount oi' et.1ane forraed wc.s neglected for calculation 
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of rate constants. 

!'lOSt of tüe product s fro~n the COiüpo si ti on of 

1,2 butadiene are thus lar to those obtained from the 

dec sition of 1-but • ltO~<vever, tl1e composition of 

1, 2 butacüene led a1so to t~1e l'ormation of 1, 3 butadiene 

which was absent in the pyro1ysis of 1-outyne. The amount 

of 1,3 outadiene fo at tne highest temperatures used 

for the pyro1ysis ( 8HPC) v·las estL:wted to oe of the same 

order of magnitude as of tàe ;:nethane formed. 'l'he 

a1nount of 1, 3 butadiene rmed decreased rapid1y vü th 

decrease in temperature. At t.i1e lov.1est t rature emp1oyed 

amount of 1, 3 ·outadiene formed v·1as 

a1mo st neg1igü:ùe. 

DISCUSSION 

1-~ec11anism of DecorHpo si ti on 

These resu1ts st ti-lat 1, 2 adiene decouposes, 

as 1-butyne b ,, two 
' J 

aneous, rate deter"'lininc reactions 

(l) 

(2) 

and tllat, in addition, a t11ird process, i sor11eri zation of 

1,2 butadiene to 1,3 DUt ene occurs: 

CH2=C=Ci1-Cri3 k3 ~ Ch2=CH-CH=CH2 (3) 

~teactions of tüe l-J.ethy1 .:îadiç_.§1~ 

The methy1 radica1s generated in step (1} are 

removed by tne fest reaction with toluene to give methane 



and a benzyl radical: 

CH.3• + c 6H5cE3---7cH4 + C 5cH 2 • 

lrom a study of the thermal decomposition of 

acetone by tî.1e toluene carrier tecnnique, SzHarc and Taylor 

(90) concluded t:O.at toluene is not a sufficiently effective 

trap for met:O.yl radicals, and they speculated tnat at 761°0 

about 25;"' of the methyl radicals formed in the decomposition 

ütig;ht have been removed -oy combina ti on witn -oenzyl radicals: 

Ci1.3 • + c6H5cH2·----} c6a5cr-: 2Ch.3 ( 5) 

.Gxperinental proof for the occurrence of reaction (5) at a 

tempero.ture about lü0°C lov-;er used in the present study 

\vc..s obtained recently in this laboratory { 91). !!'or s 

purpose a technique was developed to separate eti1yl benzene 

from a la excess of toluene. The details of the procedure 

used are given below. 

In stanà.ardization of this procedure it wc..s 

si1ovn1 t!lat the smallest detectaole concentration of ethyl 

benzene in toluene with the s cllromatogrc..phic apparatus 

was O. 2 .mole /o. Since its actual concentration amongst the 

products was expected to be still lower than that, a illodified 

procedure, in whicn ruost of the toluene was initially removed 

by fractional distillation, had to be used. Portions of 5 cc 

of different synthetic Iîlixtures of ethyl oenzene in toluene, 

ranging from 0. U4 to U .ljo, were sed in the usual way 

and conuect.ed evacuated trap kept at li~uid air temperature. 

J.'lOSt of tüe toluene distilled over in .30 :uünutes. 'l'he last 

few drops rernainin6 in the first trap were separated on the 
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Apiezon L ase column scribed previously. The contents 

of the t at -72Pc collected during an actual experiment 

were treated in an identical manner, and tne cnromatographic 

pattern obtained was compared \'li th tnose gi ven oy the stan-

dard solutions. Using s technique, no et~yl benzene was 

detected the present investigation. Tne discrepancy 

between the present findings anà. those obtained by Vrbaski 

et al (91) might be due to tne difference temperature in 

the se tvJO inde pendent iu.vestigations si nee the activation 

energy for reaction (3) is 8.3 kcal/mole ( ) • .L-.i.oreover 

the absence of ethyl oenzene in this investigation may be due 

to the lower concentration of benzyl radicals produced in the 

present system, since some of then>, as shawn later, are removed 

in the 

me thyl 

cals. The absence of ethyl benzene 

ent study may also be ascribed to the removal of 

cals by the back-reaction with c3H3 radicals: 

CHJ • + CH:C-CH
2 

• --1 CH::=C-CH
2
-cH

3 
CH

3
• + CH 2=C=CH • ----1- Ch 2=C=CE-CH3 

(6a) 

( 6b) 

According to tnis possibility one would expect tnat 1-butyne 

would be a product in the pyrolysis of 1,2 butadiene, and 

sil;ülarly 1, 2 outadiene would be forrned 

1-outyne. hm'Vever in spi te of careful 

the pyrolysis of 

s chromatographie 

analyses of the products in these two reaction systems, 

these alternate products were not detected and therefore it 

can be concluded that the back reaction (6a and bb), any, 

was not gnificant. 
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Fate of the Allenyl aadical 

i~s previously shawn in tne introductory section, 

the c3H3 radical can oe considered to resonate oetHeen the 

allenyl and propargyl confi~}..i.rations: 

(7) 

'l'l1e products formed in this pyrolysis demonstrated 

as in the case of tne decoD~osition of 1-butyne, that the 

c3n3 radical can react both as a propargyl and an allenyl 

radical, i.e. 

Gn:= C-Cri 2 • + G6h 5CIIJ ---1 Ch::C-CHJ + CbH5CH2 • ( $) 

CH2=C=GH• + CbH 5ChJ ---1 CH2=C=CH2 + C6H5Gh2 • ( 9) 

The ratio of propyne to allene formed 'lrvas aga in J/ 2 under 

varying conditions of temperature. These results demon-

strate a cain th at the propargyl configuration is slightly 

favoured for the G3d3 radical {the properties of the ,.--, 

\,13113 

radical l1ave be en discussed in greatE::r detail in the previous 

section dealing with 1-outyne). 

The amount of propyne plus t.l1at of allene formed 

would oe expected to be equal to tne arnount of methane pro­

duced if all the c3H
3 

radicals reacted via reactions (6) and 

(9). Jut since the alllount of propyne plus allene was only 

about 1/6 of the methane generated at 810°C i t can be con-

cluded that the c3H3 radical is reluctant to abstract hydrogen 

atoms from toluene and that it disappears by other reactions 

such as its dimerization or its combination with benzyl 

radicals: 
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2 C/13 • --7G6H6 (lu) 

c
3

ü
3 

• + c6H5cH2 • ---j G6l:i 5cH2c3H3 ( ll) 

ct, ion ( 10) wa s confirmed experimental! y; the pressure of 

a compound of rnass 78 ( otner than benzene) vvas confirmed by 

mass spectrometry. Since the type of compound generated in 

reaction (11) would be expected to trap together with the 

toluene, no attewpt was made to isolate it. ~evertheless, 

supporting evidence for such a reaction can be found in the 

low yields of dibenzyl. Also mass spectrometry has indicated 

that such a compound w.ay have been actually formed in the 

pyrolysis of 1-butyne. 

1qrdrogen froducinE SteR 

'l'he hydro produced in the reaction could be 

accounted for by reaction (2). As in the case of 1-outyne 

tne arnount of vinyl é;Cetylene formed \vas considered to be 

equal to the amount of hycirogen formed. 'l'he pos bility that 

hydrogen is produced via a free radical process, 

CH 2=C=CH-Gl:i
3 
~ CH

3
-CH;::G=CH• + H· 

CH
3

-CH;::C=CH• --1 CH 2;::Cn-C=:CH + H • 

(12) 

(13) 

was ru led out for the sallie rea sons as gi ven in the case of 

1-butyne. l'loreover ti1e conclusions tne study of the 

rtiercury photos ensi tized decomposition of 1, 2 butadiene by 

Collin and Lossi (83) are particularly adequate for the 

discussion of the present results. In the latter study tne 

reactant and products were sarilpleci directly into the ioni-

zation chamber of a raass spectrorneter. Collin and Lessing 



stated that the c
4

H
5 

radical was not detected by mass 

ctrometry and that a compound \'Vith a mass of 52, pre-

102. 

sumaoly vinyl acetylene Vias form.ed. l-iov.rever they detect.ed 

formation of the c
3

H
3 

radicals. These results are 

therefore consistent vüth those obtained in tne present 

study. In general there may not be a correlation between 

the mechanisms of a thermal and a mercury pnotosensitized 

decomposition in as much as the energization step(s) lead­

ing to reaction may be differentK. Iwwever the similarity 

of the products for1aed in both s study and that of Collin 

and Lossing, ~1ich can be accounted for by reactions (l) and 

( 2) vvould support the vi ev; that the same mechanisw underlies 

both decompositions • 

.K In this connection it Jrlight oe worth mentioning that 
most mercury photosensitized decompositions of hydrocarbons 
invol ve the fission o~' only one C-ri bond by a free 
radical rnechanism ( /0). 

.• 
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Fon1ation of dioenzyl 

The formation of dioenzyl is accounted for by the 

di~erization of oenzyl radic~ls, preswrraoly outside the 

reaction zone ~roper: 

2 C
0
li 5cH 2 • ---t (C 6H5cn2 ) 2 (14) 

The low yields of diuenzyl c&n oe explained in the sarne 

manner as ~hat proposed for the pyrolysis of 1-butyne. It 

11as oeen shown that the c
3

H
3 

radical is relatively stable 

and reluctant to aostract a hydrogen atom frohl toluene 

(reactions 6 and 9) and in conse~uence it is likely that the 

concentr~tion of c
3

H
3 

radicals is larger than that of the 

CH radicals produced in reaction (1). As a result of tnis 
J 

the yield of benzyl radicals is low. Moreover since it is 

likely that oenzyl rad.icals may COülbine vdth c
3

1r
3 

radicals, 

the concentration of benzyl radicals is further reduced, 

resulting in the low yields of dioenzyl. Tnis explanation 

would also account for the absence of ethylbenzene amonest 

the products and thus one uust conclude that reaction (5) 

does not occur. 

Formation of lJJ butaciiene 

Various amounts of l,J butadiene, accounted for by 

reaction (J), were found amongst the reaction products. At 

low temperatures, only a net:ligible ar;1.ount of l,J butadiene 

was formed. The ratio of l,J butadiene to methane increased 

wi th increasing teuperature, and at the hit;hest temperature 
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used (811°C) the a.mount of 1,3 butadiene formed vvas estimated 

to be equal to the amount of methane formed. This would 

indicate that the isomerization* of 1,2 butadiene to 

1,3 outadiene requires a s~bstantial activation energy. 

In the study of the mercury photo sen si tized decorrrpo-

sition of 1,2 butadiene by Collin and Lessing (83) no mention 

was made of the presence of 1, 3 butadiene amongst ti1e products 

of reaction. ~evertheless in their study of tne mercury photo-

sensitized decomposition of 1,3 butadiene (83), 1,2 butadiene 

was proposed as a product. 1~ laree amount of 1-butyne was 

also formed as a product in the mercury photosensitized 

decon~po si ti on of 1, 3 buta di ene; therefore the identification 

of 1,2 butadiene in tne presence of noth 1,3 butadiene and 

1-butyne vJéJ s not unarnbiL,uous. Since 1-bu tyne ~"'as also forr;1ed 

as a pro du ct in the ~nercury pnotosensi tized decompo si ti on of 

1,2 outadiene the detection of 1,3 butadiene as a product may 

have been obscured. 

It is of intcrest to see how 1,3 bu~adiene benaved 

in the present reaction system. Consequently a fe\'! experi-

ment s were raade using l, 3 butadiene (~-~a the son, research t_;r&.de) 

under conditions identical to tilose used for 1,2 butadiene. 

* This isomerization (reaction 3) is exothermic to the 
extent of 12.4 ~;:cal/ mole • 

.6hf ( l, 2 butadiene) = 38.77 kcal/ 1:1ole, L\Ef ( l, 3 butadiene) 
= 2b.33 kcal/rnole (82). 
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'l'r1e extent of composition of 1,3 butadiene was estimated 

to be only a small fraction of extent of decompo tion 

of 1,2 butadiene. No extensive studies were made with 1,3 

butadiene tnerefore no kinetic a co.n be derived from 

tile pyrolysis of this compound. 'l'he non-condensible pro-

ducts consisted of r;lethane and hydrogen, and tàe io of 

Cl-IJ11 2 \vas sli;;ntly lov.;er in the case of 1,3 butadiene. 

Again botl1 propyne and allene were found as reaction pro-

duc"cs, anè. ratio of propyne to allene was about 3/2. 

Sruall amounts of 1,2 butadiene were also found. se 

results indicate that the conversion of 1,3 butadiene to 

1,2 butadiene is slow under the conditions used for the 

pyrolysis of latter, and that the oti1er products forrned 

are a result of the subsec;uent pyrolysis of 1,2 outadiene. 

This explanation is also consistent vlith the mechanism pro-

posed oy Collin and Lossing ( and the hydrogen 

involved in t se isomerizations is illustr&ted in 

given below. 

H 1--. 

\1 c 
Il 

li (; 
\1 \. 

v, H 
1 \v c// 

1" 
n 

diagram 



106. 

Surruflary of raecnanism 

The overall mechanism for the pyrolysis of 1,2 

butadiene in a st..ream of toluene can then oe SUifll:larized in 

terms of the following reactions: 

k1 )cH2=C=GH• + GH
3

• 

k 
ni· -, r~-- .·'li" __ 2~\ f'!'J C'-~'.}i-=I"'H; 2 + h2 v -1 2=\..i=vh-Li · 3 1 v • v v 

k3 
) Cti 2=CH-CH=GH 2 

cH
3 

• + G 
5
cH3---+) Cn4 + C6J.i5CH2 • 

CH =C=CE· ( ) 2 

GH2=C=GH• + c6H5cH3 )cn2=G=Ch 2 + C0 H5Cn2• 

CH:::C-CH 2• + C6E 5cH3 CH~C-CH3 + C6H5CH 2• 

2 c3a3 • -~) C6h6 

c
3

H
3 

• + c6E
5
cü

2
• ) c6L 5cn 2c3

H3 
2 C6H 5cH 2 )(c6n5cH2)2 

Kinetic considerations 

(1) 

( 2) 

{3) 

( 4) 

(?) 

( $) 

(9) 

(10) 

(11) 

(14) 

To obtain t~e caroon-carbon bond dissociation energy 

in 1,2 butadiene, D(CH2:c:CL-CH
3

), v~lues for the rate con­

stant k1 are rec;uired over a range of' temperé.\ture. 'l'he methane 

produced in reaction (4) measures the extent of reaction (1), 

i.e. 

d(CH ) 
_ ____.4_ = k ( .d ) 

dt 1 

where (B) represents the concentration of 1,2 butadiene. 

However, according to t postulated mechanislli the 1,2 

outadiene disappears simultaneously by t.l.le three unimolecular 

processes, reactions (l), (2) and (3) and therefore one may 
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d(b) = 
dt 

= k {B) 
0 
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~1ere k is the rate constant for tne overall removal of 
0 

1,2 butadiene. Upon integration of tnis expression (bet~t;een 

zero time and 

or 

denee, 

vvhich upon inte 

t) tàe follo\'Vin,s 

(B)o 
(B) 

t 

-k t e o 

n gives: 
t 

k (CH ) 
0 4 0 

ssion is obtained: 

Consequently, order to calculate k1 at any temperature, an 

estil11ate must first be macle of the ove rate constant, k
0

• 

In tlleory the overall ra'Ge constant 1<
0 

may be calculated from 

the amount of 1,2 butadiene consu.med during the reaction, or 

it may also be estimated from the rate formation of the 

sum of metnane, hydrogen and 1,.3 butadiene. .Dut due to 

technical reasons k
0 

was not easily obtained. The amount of 

unreacted 1,2 butadiene could not be est ed accurately due 

to the difficulty of separating it from large excess of 

toluene and due to the difficulty encountered in trying to 
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weasure accurately alilount of 1,3 butadiene formed in the 

reaction. 

hevertàeless, calculations lrJere on this system 

by neglecting reaction (J), i.e. assuwing k3 =O. The overall 

rate constant, k, can tnen ue ~ritten as 

( B) = 2.3U3 o log , ) ( . .. ) )' t { t .::> 0 - Cri 4 + Ji 2 

Assuming tàen ti1étt methane formed in the reaction resulted 

from the reaction of Ch3 radicals generat in reaction (1) 

only, the rate constant k1 can be represented as fol1ows: 

k(Cà4)ot 

'1·';.-.e V"'lues of' 1 • '1 .. , b1 .L~ LL u - Kl s.uo\,rn ~n a., e ' page 95 were colculated in 

tüls .;lanner. These rate constants were found "'co oe insensitive 

to cnanges in toluene pressure, partial ssure of 1,2 0uta-

diene and time of contact. 'fi:üs is illustrat in Te.bles II, 

III and IV, s 109, llG and 111, re vely. The effect 

of variation of ce;voluMe ratio on k1 is shovm in Taole 

V, page 112. The values of k 0 , snown in Table I, was cal-
ç.. 

culated from the ssion: 

Calculation of activation energies 

A plot of log k1 vs. 1/'l' is shawn in Fit;. 11, page 113. 

From the slope of s line an activation energy of 66 + 2 
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Table :LI 

l:.:ffect or J.(eaction Time on .i:i'irst-Urder üate Constant, k 1 

.i;:;xpt Time of kl 
'l'o ,. sec-1 J.~o !l.. Contact 

k965.5 

9 965.5 O.JU 0.04 0.04 

JO 969.5 1.11 0.05 u.o4 

klü00.5 

21 1000.5 0.45 0.17 G.l7 

25 1Uü7 1.11 0.17 0.16 

kl030 

5 lU JO 0.29 0.28 0.28 

23 1031 0.46 0.28 u.27 

k1039.5 

13 1039.5 0.29 0.36 0.,36 

24 1040 0.45 0.42 0.42 

klü45 

16 1045 ü.29 0.40 0.40 

27 1049 1.02 ü.5J 0.47 
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'l'able III 

..:.ffect of fartia1 Fressure of 1,2 .outadiene 
on J:i'i rst-Orde r l"Late Constant, k1 

1,2 outadiene k1 ::.;x pt 
'roK 

rress -1 No cm sec 

k965.5 

9 965.5 0.03 0.04 0.04 

2 961.5 0.06 0.03 0.03 

k969.5 

30 969.5 u.04 0.05 0.05 

29 975.5 0.17 0.06 0.05 

k1030 

5 1030 0.05 0.28 0.28 

23 1031 u.uo U.28 (;.27 

k1039.5 

13 1039.5 0.03 0.36 0.36 

24 104LJ u.ü7 0.42 0.42 

k1083.5 
12 1083.5 0.02 1.15 1.15 

28 1073. 5 0.07 1.01 1.25 
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'l'able I'.J 

:i:,ffect of 'J.'o1uene J:res.sure on .r'irst-ûrder 
n.ate Constant k 

1 

'l'oluene kl 
.:.:x pt 

'l'oK 
press -1 

l~o cm sec 

k965.5 
9 965.5 1.27 0.04 0.04 

30 969.5 1.92 0.05 0.04 

k1000.5 
21 1000.5 1.38 0.17 0.17 

25 1007 1.80 0.17 0.16 

kl033.5 
6 1033-5 1.29 0.36 0.36 

22 1035 1.63 Li .3 8 0.36 

kl040 
24 1040 1.59 0.42 0.42 

26 1045 2.02 0.49 0.42 

k1045 
16 1045 1.18 0.40 0.40 

17 1049 2.01 o. 53 0.47 
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'l'able v 

..:;;ffect of Facked r\.eaction Vess on 
iirst-Crder liate Constant, kl 

~x pt kl 
T°K -1 ho sec 

k985.5 

3 985.5 0.06 G.ü6 

33F 986 0.07 ü.u7 

kl030 

5 1030 0.28 0.28 

3lf' 1029 0.28 (J. 29 

klüü7 

25 1007 0.17 0.17 

32f 1010 u.16 0.14 

klü54.5 

14 1054.5 0.47 0.47 

.34f 10 0.57 u. 51 



iigure 11 

Plot of log k1 vs. 1/T 

J:i'illed circles denote experiments 
done in packed vesse1 
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kcal/rnole \v&.s cal for reaction (l) in the same manner 

section for 1-outyne • 

.Also the discussion relating to the errors involved and pre-

sented in that section is equally applicable to this case. 

The quency factor in the ~rrnenius expression was cal-

culated as 3.o x lo1 3sec-1 • 

This activëtion energy of 66 ±. 2 kcal/mole cannat 

be considered to oe aosolutely correct sin ce i t v.; as de ri ved 

by neglecting reaction (3) which was responsible for the 

formation of 1,3 but ene, i.e. tne as.sumption v: as made 

tnat k
3 

= O. As stat previously, at the lo·west temperatures 

the ar.1ount of 1, 3 buta di ene forrned Vlél s net;ligible and t~1ere-

fore at these t,ei:uper<.1tures k 1 \vas muc11 ,great er tilan k
3

• 

Consel1uently the error made in calculating k
1 

at se tern-

peratures is insignifi ca nt. .Dut wi th increase in te.nperature 

the ratio of 1,3 butadiene to Cl-1
4 

forrned increased and 

therefore k3 should no longer be neglected in the c culation 

of k • rl'he amount of 1,3 butadiene formed at the hignest 
1 

temperature unu0
c) was estimated to be of tl1e same arder of 

magnitude as the methane forrned. rr aking into account this 

additional reaction (3) the value of the rate constant k1 at 

8lü°C is increased from 1.15 sec-l to 1.56 sec-1. Thus even 

at the highest temperature used in this decomposi tian the 

rate constant is increased only by about 3 5!o• The log of 

this rate constant v..ras plotted on the graph of log k1 vs. 1/T 
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and was extrapolated DacK to the lmvest temperature as silovm 

by the dashed line in FiG. 11, page 113. The value of the 

activation energy colculated from t~e slope of this line is 

66 kcaljmole. 'l'his value represents a maximum for the acti-

vation energy since, even at the lovœst temperature, k3 i s 

not qui te equal to zero, and therefore ti:w da shed li ne should 

t.L1eoreti cally not intersect the li ne of log k1 vs. 1/'l' at 

the lowest temperature. Strictly speaking the plot of log 

k1 vs. 1/T should sho-vv some curvature, but since this could 

not be ascertained because of the scatter of the e~perimen-

tal data a straight line w&.s àravm. It is felt that a line 

of intermediate slope would represent more adequately the 

true ac ti vat ion enerts and tüerefore, the activation ener[;y 

of reaction (l) may be considered to be equal to 07 t 2 

kcaljmole (i.e. interrnediate between 66 kcal; mole and 

68 kcal; mole). 

A plot of log k 2 vs. 1/T is sho\'m in iig. 12, 

pae;e ll6x. It is evident that the increase in surface/ 

volume rc.tio by a fc.ctor of 14 had no efi'ect on reaction (2). 

The slope of this line corresponds to an activation energy 

of 80:!:. (?) kcal/mole. The frequency factor in the Arrhenius 

equation was calculated as 1.5 x 1016sec-l. Taking into 

account the amount of 1,3 butadiene formed in the pyrolysis 

* The k 2 values were calculated on the assumption that 
react1on (3) did not occur. 



ii,:ure 12 
0 

Plot of log k, vs. 1/T 
t:. 

lilled circles denote reactions 
done in cked vessel 
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at 81ü°C the rate constar~ k2 is increased from 1.09 ta 

1 - -1 .4<) sec • The la~ of t~is latter value was plotted on 

the loG k2 vs. 1/T graph and was extrapolated as shawn by 

the dashed line in rig. 12, 116. The value of the 

da shed activation energy calculated from the slope of 

li ne i s 83 kca1; mole. As above, one lilay tne re consider 

the activatiou energy of reaction (2) to be within the 

range Sü-33 kcal/mo1e. 

Conclusions 

It is considered tnat the rate of production of 

(cu4 +H 2 + Crt2=Cri-CH=Ch 2) represents adequately the overal1 

rate of homogeneous first-oraer disappearance of 1,2 

outadiene. cause of the technical problems involved in 

estimat accurately the condensible products fonned, the 

rate of formation of l, 3 butadiene vras ini tial1y neglected 

in the calcu1ations used for the evaluation of the rate con-

stant of reaction ( l) and the value of 66 + 2 kcal/ mole was 

deduced for the activation energy of this reaction. However 

on taking into account tile rate of i'ormation of 1, 3 butadiene 

the activation energy of reaction (1) was estimated as 67 ! 2 

kca1/rnole which is identified with D(CH2 :C:CH-C.i-i
3

). 
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valculation of dissocis_tion eneq;ies 

'l'ne relè,_tion uetvJeen tne experiwental activ;;tion 

er1ert.J for ë). mlimol8cular re&ction, invulViüt; the o;npo-

sition of a ülolccule into tv.o radie , end dissoci'-"tion 

enert:.,y oi' the bond WLich is broken nes been c.iscussed. .Lt 

was coucludea tnat JJ + 1LT) E) il, v;Lere Li is tne dissocü:tion 

en1:0r 0 0. at 1... For most co~~ounQs, r ~hich tne pre-

exponential terra iü t.1lt:, .nlThenius r·ote expression is close 

to lo13se·c-l · , tne measured act1vation ener .;,as considered 

to be very nearly e to :J. To co;üpute ti1e heats of for.Ha-

tion of free radicals us sto; .. "'ci.&rd re renee liee. ts of 

formation 

dissociation processes ou~ht to be calculateu for 25°C also. 

'l'his be done as sted by Trotman-Dlckenson l93) oy 

consiaering only t increase in translational de s of 

freedor:l re sul tint, froi:1 t11e inc reç, se in tne number of rticles 

of dissociation. Since tr.e "lOlecule is c."an2;ed onl;y- oy· t 

rupture of one oond, tlle cüant:._e in tne specifie neats <:<ri ng 

froill vibrational and rotati 

E:s sllould ue incr0<-sec 

by J/2 ... ~n'. l.iov.0-,.rc.r ti:üs correction lS of t.LLe salü6 orci6r or' 

ùU,_,rütude dS the unccrt<Cinty uf the orclt:or oi' .ri.T mentioned 

&oove. 

correction ü&S oeen r:..e ect • Therei'ore, t.ne ueaSt)red 
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ac ti vat ion energies \vere used to.setàer wi th appropriate 

heats of formation at 25°C in calculations of the neats of 

foruation of free radicals. 

It was snown previously t if the ~JhJ radical 

[enerated from tne pyrolysis of either 1-outyne or 1,2 

butadiene can be consià.ered to be an id.entical species, 

the difference between the C-C bond dissociation is given 

by tne relation 

DiJ =~1-ir(l-butyne) -6Hf(l,2 butadiene) = û.? kcaljmole 

Tne values derived for the two C-C bond dissociation energies 

in the present study ~~ere ià.eutical witüin the accuracy of the 

method used, i.e. ~D = Ci. 'l'his agreerHent between the experi-

rnentally determined difference in C-C bond dissociation 

energies and that obtained from tüerr,1oc.i1emic<Ü ds ta is t:;ood 

considerin[ assunptions Itlade in the t"~;W 1aecnanislüS and 

the errors associated \Ü th ti1e analytical procedures used for 

tàe guantit ve determination of c4 hydrocarbons. 

'l'lle of for~nation of the c
3

E3 radical can be 

calculated from two independent sets of data:* 

D(Ci-I;C•CH 2-ClL.{) +~ (Cll'C·CL1 2 ·C~L) / ' ) 

= 67 + J9.5 - 32.0 = 74.5 kcal/ülole 

(2)6-rif(CJHJ) = D(CH 2 :C:CH-CE3 ) +6Hf(ch2:C:CH•Cü
3

) -.6Hf(CHJ) 

= 6 7 + 3 8. $ - 3 2 = 73 • 8 kcal/ mo le 
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It would seen1, therefore, re~sonaole to assicn the average 

value of about 74 kcal/mole to the heat of forraation of the 

c3H3 radical. 

lisin"_; this value and the relevant thernodynamic 

data the C-C bond dissociation energies in 1-outyne and 

1, 2 butadiene were calculated ta be 66. 5 kcal;mole and 

67.2 kcal/rnole respecti vely froid the two above expressions. 

As mentioneâ. previously, from t:.ne electron ilîlpact d<:::.ta 

ootained for allene, propyne, 1-butyne, 1,2 butadiene and 

1,.3 butadiene, Collin and Lossing (85) calculated the C-C 

bond dissociation energy in 1-butyne, 0(Cri!C•cri2-cli3 ), and 

1, 2 outadiene, D (Ch: C: Cli-Cr13 ) , to oe 67. 5 and 68.2 kcal/rnole. 

'~'he se values are in obviously a close agreement 'ltÜ th tho se 

obtained in tne present investigation. 

Tne G-n bond dissociation energy in propyne, 

J(CH;C•CH2-n), can oe calculated from the aeats of formation 

of propyne and hydrogen atom, i.e. 

D(CH~c·cü 2-H) =6Hf(G3H3 ) +.6üf(i-I) -Dhr(CH;C•CHJ) 

= 74 + 52.1 - 44.3 = 81.8 kcal/mole 

~iwilarly the C-ri bond dissociation energy in allene, 

D(Ch 2:C:CH-h), can be calculated by usin~ the appropriate 

tüerHiocheüü cal relation:;;.;: 

n ln tnese calcula ti ons t.èle follo1~i.nc data vve re used: 

6Hf {ii) = 52.1 kcal/ mole ( 94), .6rlf ( Cnt C • C1~.3) = 44. J 2 
kcalj mole, .::~d.f ( GHi:=C=Gh 2) = 45.92 kcalj mole ( $2). 
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D(Cri 2 :C:CH-h) =~•r(C.)rtJ) +.6llf{H) -,6hf(Ch2=C=CH2 ) 

== 7~ + 52.1 - 45.9 = 80.2 kcaljrnole 

A few rewarks concerning the C-H bond dissociation 

es in allene and propyne seem in order. At first 

sight one might expect the G-h bond in ollene to De con­

siderably stronger than in propyne since the ri atom in the 

former case nright oe considered to be nethylenic 11 • hovJever 

since the loss of a H atom from either allene or propyne 

results the formation of the sarne free ra c.::..l, and since 

the heat of formation of allene and propyne di r by only 

1.6 kcal/mole, the diiï·erence in the bond dissociation 

energies of these two compounds is cons~;;quently within this 

ran[e. 

sonance cinergy of the c3H3 rtadical 

It was shawn previously tilat the lo;.'Veri of the 

R-H bond dissociation enerz;y in the molecule ~~n \vith respect 

to the C-H bond dissociation energy in methane representa 

the resonance energy, rte' of the radical ~, i.e. 

a8 = D(GH3-H) - D(R-H) 

resonance energy of the c3H3 radical can hence be cal-

culated from the values obtained for C-H oond dissociation 

s in allene and propyne respectively, 

!i.e = D(CH3-H) - D(CII2 :CH-H) 

= 102 - 80.2 = 21.8 kcal/rnole. 
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l(e = D(CE3-d) - D(CIHC•CH2-h) 

= 102 - 81.8 = 20.2 kcal/mole. 

'l'he difference of l. 6 kcal/ mole oetvJeen the se tlii'O values, 

the correctness of which will ooviously also depend on the 

accuracy of the relevant heat.s of fort.llation used, r:üght 

be interpreted as be due to the strengt~ening of the C-H 

bond in propyne relative to allene by factors such as hypercon-

jugation. 

Stability of tne c3H3 rladical 

The ;:; 3H3 radical, as vJç.s shmm earlier, is stabi­

lized by a large experiwental resonance ener~y which was 

explained as being due to the c
3
u

3 
radical resonating between 

the propar.:_sl and allenyl configurations: 

Cl-$C-CH 2.H Ch2=C=Ch• 

lt was shovm tnat the c3u3 radicals produced in the decomposi­

tions of both l-butyne and 1,2 butadiene abstracted ùydrogen 

atorns from toluene to yield propyne and allene, 

CJHJ • + C6h5CH3---7 Ch=:C-CHJ + C0 H5cH 2 • 

C3H3 • + C6H 5cH 3---1 CH 2=C=CH2 + C6H 5cH 2 • 

These results are in tiirect conflict to those 

obtained from the mercury ~lo~osensitized decomposition of 

allene oy Collin and Lessing (BJ). These workers concluded 

that the c3H3 radical had preuorllin<:ttely the propargyl con­

guration, since the c
3

H
3 

raà.icels t;enerated from the 

mercury photosensitized COiüposition of allene were found 
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to combine wi th L.Jethyl radicals to for:uJ prLnarily 1-outyne 

as a product. rto.,·..rever, Sri ni vas an ( 84) has recently demon-

strated that the c
3

ri
3 

radicals generated in the photo­

decomposition of 1,3 butadiene dimerized to give two different 

products of rnass 75 and nas suggested that the c
3

H
3 

radical 

can exist in both the propargyl and allenyl configurations. 

In a very recent study by Frey (95) of the addition of 

methylene to allene, c
3

H
3 

radicals were generated in the 

reaction: 

CH 2 + Ch 2=C=CH2--tcH
3

• + c
3

H
3

• 

J:•'rey asswned that the c3h3 radical i1ad the propaq;yl con­

figuration (this assu;:nption was based on l.ne conclusion of 

Collin and Lossin6 mentioned above) anô. explained the 

forLJJation of 1-outyne in his study in terms of tüe reaction 

involving the combination of a Ch
3 

radical with a c
3

H
3 

radical. However, for tne fornœtion of 1,2 butadiene which 

was also produced in üis system he post-u.lated tne reaction: 
~ ~ . 

Ch2 + CH 2=C=CH2 - . 1 CH3CH=C=CH2 ---7 Ch3CH=C=CH2 

!!Ohe ver, t.l1e re sul "GS of Sri ni vas an ( 64) and t.i:w se of t~ne 

present work sut~est that the 1,2 butadiene may nave been 

also formed oy the combination of a CE3 radical and a c
3

H3 
radical: 

lt is very difficult to visualize why the c3n 3 

radical is stabilized to such a t;roat extent if it existed 

only in the propaq;yl con.fit;uration. 'l'he weit:)1t of all tnis 
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evidence sup~orts ti1erefor8 the vie~ that the c3ri 3 radical 

resonates bet'l'ieen the proparcyl and allenyl forms and reacts 

in either configuration. 

Irres,,ective of the source of the C~rl~ radical 
J;' ) .) 

(i.e. froiü Do th l-b ut yne and 1, 2 outadiene) , ti'1e ratio of 

propyne to allene was J/2. lurtnermore, this réltio we.s 

found to oe temperature independent over the temperature 

rance studieci. Tiüs uay indicate that the interconversion 

from the allenyl to the propar;;_:yl conficuration occurs with-

out or vü tn a very srnall ac-ci vccion enerc;y c.nd conse(~uently 

the activation energy for the abstraction of a hydrogen atom 

from toluene by this radic.::J.l is probably sLnilar for cither 

form. This conclusion is sLüilar to t!1at of .rtyce and ~-)ryce 

( 96) who proposed that the interconversion of the ou-cenyl 

radical 

rec;uires an activa ti on enerc_;y of about 1-2 kcaljmole. hmv-ever, 

in their study the ratio of the two possiole reaction products 

resulting from the corübination of a met.nyl radical vüth a 

outenyl radical ~2s b, wnereas in the present investi[ation 

the ratio of propyne/allene formed w~s only 3/2. ~ence one 

may state thc.t the interconversion between the t\vo forms of 

the CJHJ r(;[dical would require an activation energy srnaller 

than that postulE~ted by these v~orkers for the locc.lization of 

the free electron in the butenyl radical. 



The activation enbr[y for the reaction of a C3H3 

raaical with toluene w~s evaluatea in tae followin6 manner. 

lt -v.as estimateè that tüe r<ltio of 0HL/ (allene plus propynej 

forr;led in tae u~;;cOiüposi tions oi' botü l-butyne aLL l, 2 

on th8 assuuption that the activation enerties of tHe reac-

ti ons 

vœi te ti~e a ti on: 

ratE: of for.llation of 01·\ 
= 

rate of fonu&tion of (allene + urJofne) 
... • J 

.nccordin;:; to tile ülE.:ChaLisrn proposed, ti.le concentrc.ction of 

tne CH3 radical can rie consi red equal to t conccutr<:.:tion 

of t.i.1e iJ.3li3 radical to a first approxiraation. 'ri1erel'ore, 

= 6 

it is f~rtDer assumed that this ratio a ses 

solely oecause of 

these processes, 
".ll 
b -

difference in activation enerbies for 

l 
• .rv . * 

b - 3. 9 kcé:i.l/ mole 
~ 

Tl1E: o.cti vation ent:rgy, :Gl., i'or tùe reetction of raetùyl radic&ls 

~ith toluene was estirnated oy ïrotwan-DicAenson (~2) to oe 

3.3 kcal/mole, and hence the &ctivë,tion enert;y for the reL:.ction 

if.!. T !.le nignest teH!pEoratures used in tne ù.ecomposi ti ons of 
1-butyne and 1,2 butadiene were lG~O and l0ci3°~ re c­
ti vE::ly. Tüe <:.vers value oi' 102.7 .. ·,,ç.s use à. in tî:le 
CBlculat.:..on. 

= b 
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between c3H
3 

radicals and toluene is about 12 kcal/mole. 

îhis value is considered to be only a rou~h e e in the 

light of the assumptions mE, de to derive i t. The true value 

may be at er t.tlan 12 kcalj mole sin ce the steady 

concentration of metl:lyl radicals would be expected to be 

lower than that of the c3H3 radicals, which are ively 

stable and baoly disappeE.r to a large extent by z-

i and by co1~ininc with a benzyl radical in the colder 

regions of reaction vessel. 

is of interest to compare the properties of the 

c3H3 radical with those of the allyl and benzyl radie s. 

e resonance energy { 24.5 kcal/mole) of the benz 

radical is explained by the conjugation of the p-electrons 

of ~he carbon atom of the c~ 2 group with those of the carbon 

atoms of t ri , vùüci.-1 results in al"11ost complete delocali-

zation of the e etrons turougnout the radical. ïhe allyl 

ra di cal has be en SflO\'ill to oe stabili zed to the same extent as 

the oenzyl cal ( 25 kcal/mole). 'l'his lar· rt:sonance 

ener;::;y r allyl radical is acceptaole since this radi-

cal may re e between two identical structures: 

CH2=CH-CH2 • f-t ·Gü2-CH=CH2 

'J.'he resonance energy of 22 kcaljmole calculated in t.i:üs study 

for the c3H3 radical can be also explained on the oasis of 

this c resonating betv;een the tvw structures 
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wnose energy leve are prooaoly close to ner. 'l'ne 

thermal stability of the c
3

1.
3 

radical is greater than that 

of the allyl radical even thouch the C radical is stabi-

lized to a lesser extent than tne raaical. The allyl 

radical is capable of dissociatin.i:_, further and the dissocia­

tion enerGy, D(CH 2 :C•CI.i2 ·), \'ias calculated (81) as only 
1 

H 

ô$. 5 kcal/ mole. On the other iland 

decompose further in the teuperature range used. In this 

respect the C...,H,.., radical is similar to the benzyl radical 
;) .:> 

and therefore it is proposed that either allene or propyne 

mi[ht prove suitab1e as radical renovers. To test this 

hypothesis tne pyro1ysis of propyne was investigated in a 

preliminary fashion. thouLh sufficient resulta were not 

ootained l'or postu1ating unequivoca1ly a lllecüanism for this 

pyro1ysis, tney indicate that furtner study is v-;arranted. 

Conclusions 

The tüermal d.eco:nposi ti on of 1- but yne, as v.rell as 

of 1,2 butadiene, in the presence of an excess of toluene 

1:1as found to ûe complicated as is dent from the ruecnanisms 

postulated for se pyrolyses. (.;f tL1ese tvw decolüpo si tians 

the pyrolysis of 1-butyne ap~Jeared to oe ti1e less complicated. 

i~evertî:1eless, evE::n in the study of 1-butyne, ülany assumptions 

and oversiwplific.::;tions were wade arriving at a value for 

the C-C bond dissociation energy. ferhaps, the assumption 
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vJlüci1 is Llost seriously open to criticism is that the hydro-

gen w~s produced by a cul ar 1ae ci1ani sm. 'l'he validi t y of 

this hypothesis ,.,-.;as based prLao.rily on indirect evidence. 

In tüe study of l, 2 outadiene, ti1e formation of 

1,3 butadiene was an additional complication. The analysis 

for l, 3 butadiene vms associated i'ri th tecnnical difliculties. 

i:ven at the i.ü;;hest temperature used, v.u1ere t.ne a.:üount of 

1,3 butadiene formeù was maximal, ti1e rate constant for 

reaction (l) was not substantially afl8cted when the 1,3 

butadiene formed was t into consideration. T.i:1erefore, 

it felt th at tl!e rate of ison:erization of l, 2 butadiene 

to 1,3 butadiene could be neL;lected for tlle calculation of 

the rate const~nts of reaction (1). As in the case of 

1-butyne tl1e formation of hydrog,en vJas assu..'ned to occur by 

means of a molecular mechanism. The arguments made in favour 

of suci1 a wecnanism were the same as those wade for 1-outyne; 

and in addition, in support of tnis wechanism one could quote 

the independent re s of Collin and Lossi 1 s study of the 

mercury photosensitized decomposition of 1,2 butadiene (8)). 

lrom a corüp&rison the st ruet ures of 1-outyne and l, 2 

butaùiene it is obvious tL1at the mecnanislll underlyin,s tne 

Hwlecular elimination of hydro2en is more C01aplicated in 

t.1e latter case. 

In spite the inability to define more precisoly 

sone of the reaction steps participati the overall 
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decomposition of 1-butyne and 1,2 butaciiene, it is grbtifying 

to find such a good agreement between tne difference in the 

two C-C bond dissociation energies derived on the basis of 

the kinetic data presented and t.ileir difference calcu­

lated from thennochemical dé ta. It is difiïcult to see how 

tnis agreement could be sirnply rtuitous and one can there­

fore conclude that the value derived for.6rif(c3H3 ) is 

reasonably accurate and that the toluene carrier technique, 

in spite of its limitations provides a useful method for 

t.ne calculation of bond dissociation energies. 
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l. t.:1ermal decompositions of 1-butyne and 1,2 butadiene 

were studied using the toluene carrier tecll.nique. 

2. The products of the decomposit.ion of 1-butyne were 

methane, hydrogen,allene, propyne, vinyl acetylene, a 

C6H6 compound other than oenzene, dibenzyl and pro­

bably a c10H10 colllpound, and were accounted for by the 

mechanism: 
k 

GH=:C-Ch 2-cH3 
1 ) CÏ:.:.=C-CHz• + CH 3 • 

c 

c -'::.c (' H 11-- -v 2 • 

''H -0 -~'"'h., v 2-v-v • 

+ C6H5cH3 
+ C6H 5ca3 

2 c
3

H
3

• 

c 3H3 • + c 6H5cH 2 • 

2 C6h5cu 2 • 

C6H6 

, CÔH 5CI·I2Cll3 
( C6Il5CH2) 2 

3. The rate constant k1 for the first-order, homogeneous 

composition of 1-butyne, 

CJ:EC-CH 2-cH3--1 CH==:C-CH2 • + CH3 • 

which V'ïas r;teasured by the rate of formation of methane 

over the teL1perature ran§.:e 674-$17°C ·was found to be 

represented by the expression 
14 67 000 1 

k1 = 1.4 x 10 e- *r sec-~ 
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4. This activation ener[y was identified with D(CH;c·cn2-cH3 ) 

and the heat of fOri!lation of the c
3
H

3 
radical \'i'as cal­

culated to oe 7 4. 5 kcal;mole. 

5. The rate constant k 2 for the homogeneous decomposition of 

1-butyne 

Ch=C-CH
2

-CH 
3
--t CE==G-Cll=Crt2 + H2 

deten~lined from the rate of formation of H2 over the 

temperature range 67 4-817°C vias re pre sented approximately 

by the expression 

16 78,000 - - -1 
k

2 
= lü e !(l' sec 

6. The products formed in the pyrolysis of 1,2 butadiene were 

identical to those formed in the decomposition of 1-butyne 

except for the formation of 1,3 butadiene vJhich was absent 

in tüe latter case. The follovdnc mechanism v1as postu-

lated to account for the products 

k 
CH 2=C=CH-CH3 --

1 -.;) CH 2=C=CH· + Cn3 • 

k 
CE2=C=Ch-CH3 --'-

2~) CH:=-G-GH=Cri 2 + H2 

k3 
CH 2=C=CH-CH 3---"---7> Ü1"1 2=CE-CH=CH2 

CH3 • + c6H5cH3 . CH4 + C6H 5cH 2 • 

Cli 2=C=CH • ( ) CH:.C-CH
2 

• 

CH2=C=CH• + C0 H5CHJ 

2 C3H3 • 

CH=C-CH3 + C
0

H5cH 2• 

) CH2=C=CH 2 + CÔH 5cH 2 • 
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C3d3• + Ce-.5Cd2·---7G6H 3H3 

2 Ct:/i 5cH 2 .---f ( C6H5CH 2 ) 2 

7. 'l'he rate constant k1 in the latter .aecü~ ni sm was determined 

from the rate of formation of methane over the t 

range 688-810°G and was given by the expression 

-1 sec • 

rature 

8. This activation energy v1as identified \vi th D { CH 2 : C: CH-CH3 ) 

and the heat of form<:.<tion of ti1e c
3
H

3 
radical t,,Jas cal­

culated as 73.8 kcal/ mole. 

9. 'l'he rate constant k 2 for the homogeneous decorilposition 

of 1,2 butadiene, 

CH 2=C=CH-CH3----7 Cii=C-Cri=CH2 + H2 

deterElineà from the rate of formation of h...., V"ias estüaated 

" 
to oe represented by 

16 82 000 
- 2 1.5 x 10 e B.T -1 

sec • 

10. It \vas demonstrated ti1at the c3H3 radical can react as both 

tl1e propargyl allenyl radical and that it resonates 

between t11ese t11m structures. 

11. The propargyl structure vias sho1,.n to be the favoured 

structure. 

12. The c
3

H
3 

radical was shown to be reluctant to aostract 

hydro;en atoms from toluene and were removed primarily by 

dLneri zation and co1abination -vli th benzyl ra di cals. 

13. rl'he average 
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calculated as about 74 kcal/mole from which in conjunction 

wi th the relevant then1oc.nemical data the following bond 

energies were calculated: 

D(CllrC•CL2-il) = 81.8 kcaljr.1ole 

D{Ch2 :C:Cli-it) = 8u.2 kcal/mole 

14. A comparison of the latter bond dissociation energies 

v'Vit!l D(CH
3

-H) shov:ed that the c
3

H. 3 radical is stabilized 

by about 22 kcal/mole of resonance enert.:;y. 
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