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1. Gikdsoan CUMSLJm.alLOLS

sonds are broken and forumed in all chemical reactions.
A knowledge of the dissocistion energies of the relevant oonads
helps one to predict the ease by which a given reaction may
take place. It is obvious, therefore, that such inforuation
is useful in deciding which reactions should be included in
the overall mechanism of a complex system.

The dissociation energy of tne vond Hyj-i, in the
molecule Rlﬂz is defined as the endothermicity of the reaction
in which the bond ij-it, is ruptured with the formation of two
free radicals Ry and fp:-

RiRp—) By + Ry - D(Ry-Ky) kcal/mole.

Tnis change in enthalpy must be computed for the

state when i, and the products Hy and &, are in the gaseous

2
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 path of the
reaction(s) involved. In practice however, the cnange in
enthalpy at normal temperature is commonly used due to the
unavailability of the relevant thermochemical data for extra-
polation of/*H values to 0°K. In general, the difference
between the change in enthalpy at 100C°%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



experimentally for bond dissociation energies.

The modern concept of the energy of a chemical bond
grew from ideas first introduced by Fajans (2), who proposed
that each bond possessed a characteristic and constant energy,
independent of its molecular environment. This quantity was
called the bond energy, or the bond energy term (3). for a
diatomic molecule the bond energy term is obviously ecual to
the bond dissociation energy, but for polyatomic molecules
the situation 1s more complex.

The sum of the bond energies of all the bonds in
a molecule is equal to the heat of atomization of the molecule.

For a polyatomic molecule, X , in which there is only one

n’
type of bond, the energy of tne X bond was taken as 1/n the
heat of atomization. For example, the averazge energy of the
CH bond in methane, obtained from the heat of atomization 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 CH3Cl minus 34(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 recuired to remove successive nydrogen



atoms from methane is far from constant. The dissoclation
energies of the first and last CH bonds were measured fairly
accurately as 102 kcal/mole (6, 7), and 80 kcal/mole (8),
respectively. The dissociation energy of the second CH bond,
D(CHy-H), is rather uncertain, but it appears to be less
than 9C kcal/mole (4). Therefore, since the heat of atomi-
zation of methane is 392 kcal/mole the C-l bond in the
methylene radical is the strongest and amounts to about 120

kcal/mole. The dissociation of H,U is another example illus-

2
trating the effect of molecular environment on bond dissocia-
tion energies, thus, D(H-OH) = 117.5 kcal/mole and D(0-d) =
101.5 kcal/mole (9).

The concept of bond energy has been reviewed by
Szwarc and ovans (10) and discussed at great length by Cottrell
(4)., It was concluded by these authors that rigorously
defined bond energies are in most cases unobtainable, and tne
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
directly measurable quantity, and takes into account all the
factors determining the strength of a bond in a particular
molecule.

Correlations have been attempted between bond
energies and other wmolecular properties. WNoteworthy among
these is the relationship of bond energy with bond length

(11, 12). HMany empirical relations have also been suggested
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connecting bond order or rultiplicity, polarity, and orbital
hyoridization with bond length and energy (13). However,

the abundance of arbitrary assumptions and hypothesis results
in only limited success in the application of these correla=-
tions.

factors Affecting Bond Dissoclation Lnergies

From the definition of the bond dissociation energy,
the following relationship is ovtained for the process involv-
ing the rupture of the bond in the molecule Ryij.

SHp (R Ry) = Hp(Ry) Dl (Ry) - Dlry-Ky)
Consequently fuctors affecting the heats of formation of the
reactant molecule and of the free radicals produced will
affect the bond dissociation energy.

The idea that tune dissociation energy of a bond in
a particular molecule ﬁay be lower by comparison with a stan-
dard reference value, when stable fragments were formed, was
first suggested by lorrish (14} on the basis of his observa-
tions tnat ketene and azomethane were decomposed by light
guanta having less energy than usually required for the
dissociation of the bonds peing broken. A stable molecule
was generated from each of these decompositions and Norrish
postulated that due to the release of an energy of "reorga-
nization™ wnen a stable fragment was formed the dissociation
energy was lowered.

In the process of bond rupture radicals wmight be

produced which are stabilized by resonance energy. This
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stabilization energy is ascribed to resonance among several
cononical structures. In general 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 qguanti-
tative basis, a reference standard must be chosen., Szwarc
(15) has defined the experimental resonance energy, fe, of
a radical r as the resultant lowering of the bond dissociation
energy in the compound R-i relative to D(CHB-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. R = D(CH,-H) -~ D(R-H).

e 3

The following table of C-H bond dissociation energies collected
from values given in reference (4) illustrates tne wmagnitude

of the resonance energy of some hydrocarbon radicals:

Hydrocarbon Dissociation Lnergy Rhesonance Lnergy
CHy-H 102 kcal/mole

Gyt =1 96 kcal/mole 6 kcal/mole
(CHg)40-1 89 kcal/mole 13 kcal/mole

C gt 5CH p-ii 78 kcal/mole 2l kcal/mole
Ci,sCheChy-H 77 kcal/mole 25 kcal/mole

Upposing this efiect is the resonance in the
molecule due to participation of ionic structures, such as
in halogen derivatives of hydrocarbons, or due to nypercon-

Jugation. For example, in a molecule such as CHB-X, where



X is a halogen atom, it would be expected that the UHB-X
bond could be represented by a mixture of covalent and ionic
structures. Pauling (16) suggested the following empirical

relationsaip

1
2

A= Oa-5) - (Dla-a)d(s-5) )
where A\ is the strengthening of the bond between two dissi-
milar atoms due to ionic covalent resonance. The effect of

ionic covalent resonance is exemplifiied by the following

table.
Strength of RX Bonds (17)

R ni il LY
CHi 5 102 55 81
CoHs 96 51 79
Gty 95 51 77
(Clig) ,CH 91 18

(CHB)BC 89 46 75

The decrease in the itH bond dissociation energy
in the series was more marked than with any of the other
RX bonds. Baughan, Evans and Polanyi (18) attributed
the decrease in the KH bond dissociation energy solely
to tne increasing resonance energies of the radicals
since C-i bonds can be considered as being purely covalent.
The strengthening of the bonds in the HX groups was then
interpreted as due to the lonic character of the X bonds

. . s NPT SV S
and the increased stability of the R X~ ion pair in the



7

molecule, There are thus two opposing factors which influence
a bond dissociation energy: the resonance energy of the radi-
cal, Rg, which tends to decrease the bond energy, and the lonic
covalent resonance energy of the molecule, ij,, which tends
to strengthen the bond. IfZ&RiC is the difference between the
ionic covalent resonance energy of the molecule A& and that
of the molecule CHBX, then

D(a-X) = D(CHz-X) = Hg +Dzy
This is best illustrated diagrammatically in Figure 1, page 8,
reproduced from the paper of Baughan, &Zvans and Polanyi (18),
which shows the potential energy of the configuration #-X as
a function of i~-X distance. The curve Hii represents the
energy of the purely ionic state of R+Xf. Ine curve for only
one ionic stéte, that of X has been shown. The curve for
R-X+ is not snown since for halides, the energy corresponding
to it lies so nigh above the others that its contribution to
the energy as a whole is negligible. The curve Hcc represents
the purely covalent state. Curve L represents the actual
state of the molecule CHB-X (i.e. non resonating radical).

h

. R . i
ce and Hii represent the energies of the covalent and

ionic states respectively when there is resonance in the

R - = + - » - -
radical ®, and ion R . n, 1s tne resonance energy of tne

radical #, Ry is the resonance energy of the gt ion. E¥

represents the actual state of the molecule RX when there

is resonance in the radical & and ion R | It can be seen



Figure 1

Graphic representation of bond
dissociation energies and ionic
covalent resonance
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from this figure, that ionic-covalent resonance causes the
ground state to be lower than either the pure ionic or
covalent states. The value for D(CHB-X) shown on the diagram
is hence greater than the purely covalent D(ChB-X) by an
amount equal to the ionic-covalent resonance energy, Ric, in
the molecule CHBK. The value for D(R-X) is increased over
the value of D(CHB-X) by the additional co-ionic resonance

energy in the molecule RX AR but is decreased by the
)

ic?
resonance energy, Re, of the radical R.

The magnitude of the ionic-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(CHB-H) = 102 kcal/mole D(CHB-Br) = 67.5 kcal/mole
D(CgHgCHo-H) = 78% kcal/mole B(CéH5CH2-Br) = 50.5 kcal/mole
/AD = 24 kcal/mole AD = 17.5 kecal/mole

ARj, = 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, He,
which is 24 kcal/mole. The lowering of the C-Br bond dissocia-
tion energy in benzyl bromide with respect to that of methyl
bromide is made up of two contributions, namely, the resonance
energy of the benzyl radical, Re, and the increase in ionic-
covalent resonance in benzyl bromide,Z\Ric, with respect to

methyl bromide. HenceZ;Ric may be taken as 6.5 kcal/mole.

# Tnis value for L{CgiCHo-h)will be used throughout tais thesis,
altnougn it has not Deen defiinitely establisied as such
(Lor exemple, see pages 24 and 31).
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Boud energles may «lso be stren thened by hyper-
conjugative effects in tne parent wolecule., For example,
neglecting such effects tue U-C bond disscocigtion energy in
dioenzyl mi: ht be expected to be lower tiaecn taat lor tie
corresponding boud in etaane by twice the rescnance eunerg
of the venzyl radical:

D(COH5CH2 - CH;C6H5) - D(CHB-CHB) - 2 ﬁe(céﬁ5uﬁz.)
w 53 - 2 X Rl

b 5 ;x.Cc.\l/jiinle

u

put from taermodynauwic data we aave:

D(66H55T2—0H2-0H206n5) = 41&& (' ghﬁ ) ﬂﬁhf((uéh
47 kcal/mole

The differeuce in tinese two values lLias Deen explalned as tue
strengtanening of this bond in terms of its partial double-bond
—~
ciaracter caused by the nyperconjugation of tnell electrons
(21). Independent support for tals argument iLes been obtsaiued
from measurements of bond lengths by X-ray zunalysis (22). The
length of the C-C bond was found to ve 1l.48 Ao, as compared to
the normel C-C length of 1.5k A°.
Steric factors will =lso affect thne dissociztion

energy oi a particular vond. T%Bs, the U-U dissociation

0 R ~ / - i
energy in nexamethylethane, U(QE;‘- é? is 11 kecaljuole
whereas u(ulj-CHB) in etaane is 85 kcal/imole. Szwarc (<1)

pointed out that tihle discrepancy cannot oe attributed to

resonance energy of the tripuaenylumetiyl radicels alone.
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Steric repulsion petween the two bulky groups enhances the
lowering of the bond dissociation energy which can be taken

as the measured (23) activation energy of 8 kcal/mole required
for the recombination of triphenylmethyl radicals. This is due
to the compression of the phenyl groups oefore the C-U bond can
be formed.

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 tae Group II
elements. The following table reproduced from the paper of
Skinner (24) shows the relative weakness of the binding in
HgX with respect to HgX2 where X is a halogen atom:

Hng——é HgX + X = Dl
HgX — Hg + X - bs

rolecule Dl D2 Dl - D2
HgClz 80,5 24 56.5
dgdrz 71.5 16.4 55.1
hel, 57 12 L5

In terms of the Heitler-london theory of valence
the elements of Group II are zero valent in tneir atomic

ground statesl

5, 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(élso)—%> Hg(éBPl).

The bond dissociation energy, D5, would therefore be
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expected to be lowered by an amount equal to tals transition,
The actual difierence observed is less than this Dbecause
of contributions of the resonance energies, both ionic and
covalent, of the undissociated molecules HgXZ and Hgi.
tiore recently Carter, Chapel and Warhurst (25)
have shown thet dissociation of a molecule fgip into three
fragments clearly ccuses a change from the bivalent state
to tae zero-valent state in the mercury atcm., This also
occurs when the molecule dissociates into two fragments agd
and k, and hence tnis reorganization energy is available to
help dissociate the second bond. This is responsible for
the low values obtained for DU, in the mercury alkyl compounds.
Quite recently Brown (20) 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 1s lowered by the exothermic term arising from the
release of the valence state energy. iHe suggested that the
dissociation energy should be considered as being made up of
two terms, i.e. D = BiL + Hb, where Bi& is the bond energy
i.e. the endotnermic separation of the bond components (atous,
radicals, etc.) wita retention of the original valence states,
and KE is an exothermic reorganization term involving a change

of the valence state of an atom (isclated or in a group).
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The force constant may be regarded as a direct measure of
pG~-bond strength in the molecule while the dissociation
energy measures the cnange in both p§ and prs bonds.

These examples can be taken as special cases of the
general effect of "reorganization" energy referred to earlier,
which, whatever its source, acts to lower a bond dissociation

energy in relation to the standard reference value.
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2. LETHODS OF siASURING BUND DISSOCIATION sNuRGLLS

In a prior section it has been shown that for the
process Rlﬂz——> iy + Ry, the bond dissociation energy can oe
evaluated from thermochemical data, i.e.

D(iy-R,) =DHp(R) +AHp(R,) - Aip(RR,)

The heats of formation of stable molecules are usually known

or can be calculated from heats of combustion, but unfortunately
the knowledze of the heats of formation of free radicals is
sparse.

The direct method for measuring tne bond dissociation
energy 1s to measure the energy associated with either bond
rupture or bond formation. Hence the methods for the deter-
mination of ovond dissociation energies can be divided into
two broad classes: (4) methods in which the process of bond
formation is investigated, (B) methods in which the process
of bond rupture is investigated.

A, Bond Formation idethods

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 measured; and reactions other tnan recombination must be
eliminated. Under ordinary experimental conditions this
energy is liberated in the form of heat, hence it must be

measured calorimetriczlly. Ubviously this method is best
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applicable to the recowbination of atoms. Actually, the only
successful application of this method was by Bichowsky and
Copeland (27) who measured the heat of recombination of
hydrogen atoms by direct calorimetry. 7The hydrogen atoms

were produced by an electric discharge; tnelr concentration
was estimated by the effusion umethod; 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 1lu5 + 3.5 kcal/mole, which is
in good agreement with the presently accepted value of 10U3.2
kcal/mole determined spectroscopically. Copeland (28) attempted
similar experiments for the recombination of oxygen atoms. He
obtained a value of 165 + 5 for the bond dissociation energy
in oxygen wihicn is much higher than the generally accepted
value of 117.96 kcal/mole. The possibility of the participa-
tion of metastable oxygen atoms in the recombination was not
refuted in a decisive way.

B, Bond Fission kiethods

Bond fission methods have proved to be more profi-
table in the deterwmination of bond dissociation energies.
This general method can be further divided into subgroups
according to the form of energy used to rupture the bond:

(a) Photochemical rethods in which the energy is

supplied in the form of radiation,

(b) Electron Impact iethods in which the energy is

supplied by the kinetic energy of a beam of

fast moving electrons,
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(¢) Thermal ketnods in which the energy is supplied

in the form of thermal energy. Under this
heading the eguilibrium and kinetic methods will
be differentiated from eacn other.

(a) Photochemical iethods

Increasing the thermal energy supplied to a group of
molecules serves to increase tne number 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 suitable radiation, they can be elevated
to electronic states of higher energy. Some of the excited
electronic states are unstable; i.e., the interaction between
atoms is repulsive at all interatomic distances, and the mole-
cule dissociates., Uthers of the excitedbstates are stable
having a minimum in the energy-interatomic distance curve,
but the molecule may be excited to them in such a way that it
suffers a sufficient change in vibrational gquantum number 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).

a5 — (a8)* A

(48)¥ = 4 + B* Ak,

B* — B AEB

D(A-B) =Ar«;l + Ak, +AE3
Hence for the determination of the dissociation energy the
knowledge of the properties of excited or ionized molecules,
atoms, and radicals, as well as of normal molecules is
reculred.

Energy differences deduced from the position of
certain lines or bands in the spectrum may give quantities
directly related to bond dissociation energies. JWavelengths
can be wmeasured witir great accuracy. Conseguently, accurate
dissociation energies can be estimated when tne experimental
data can be treated unambiguously. Unfortunately the results
cannot 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 to con-
tinuous absorption gives a very accurate measure of the energy
reqguired to dissoclate the upper state., The best exsmple of
the determination of a dissociation energy oy this method is
that of iodine. The dissociation energy to excited atoms was
determined directly from the spectrum. From tihe approximate
heat of dissociation to normal atoms known from tnermal data

combined with a knowledge 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 atom of iodine,

3/2

Often the continuous spectrum for dissociation

i
2

represents the dissociation into a normal and excited atom.
The excited atom may give off its excitation energy as fluo-
rescence. 7The long wavelength limit which causes fluorescence
corresponds to the upper limit of the dissociation energy con-
cerned. The fluorescence of the excited atom also gives in-
signt as to its state. This method was applied successfully
to the alkali halides by Terenin (29).

Birge and Sponer (30) have shown that from spectra
wiiich do not show a convergence limit it is possible to cal-
culate the dissociation energy from a plot of the vibrational
quanta of the upper state against the vibrational quantum
nunber., The method gives an upper limit for dissociation
energies for normal covalent bonds, whereas for ionic molecules
it gives a lower limit, Thus, a value of 9.8 + 0.5 ev. was
obtained for D(W,) by Herman and Herman (31) using this method,
which is in good agreement with the currently accepted value
of 9.76 ev.

Wnen 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 determined by this method was

that of H, (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 rranck-Condon principle. Yhus,
for example predissociation is a phenomenon involving turee
electronic states: the ground state and two excited states.
If thne potential energy curve corresponding to one of the
electronically excited states, A, to which direct transition
is not possible crosses that of another electronically
excited state, B, to whicn 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 the diffuseness is
Known as the predissociation limit winich 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 these observations. For example,
from a study of the pre-dissociation of CU, the most acceptable
value of D(C-C) was found to be 11.1 ev. (33).

(b) Electron ILupact Methods

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 method consists of bombarding the
molecules under consideration with a beam of electrons which
are accelerated across a known potential difference in a mass
spectrometer, The beam 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 Iragments produced
may have excess kinetic energy. In some 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”, A,. 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 generated.

AB + & > 4+ B+ 2e”
For this process the bond dissociation energy, D(A - B), can
+
)

. - . . . 4+
be related to the appearance potential of the ion a4 , AO(A R

through the following relationship,
A " + -\ 9 oy - B i + “ -, 1 + Pl ~
hola ) = D(a-8) + T(4) + B (4 ) + g (B) + B (4 ) + E,(B)
where I(A) is the ionization energy of 4 to A+, Le is the

electronic excitation energy above the ground state for the
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fragments, and Ek is the excess kinetic energy of tne fragments,
In the second process there is a simultaneocus appear-
ance of a positive and negative ion,
B+ em— 4 48+ e
The relationship between tne bond dissociation energy and the
appearance potential is the same as shown for the first case

except that the electron affinity of B, &_(B), must be taken

a
intoe consideration.

A (A7) = A (BT, = D(h=B) + I(a) - B,(B) + E_(87) + L (&)
+ 8 (A7) + Ep(87)
The tnird process involves the capture of an
electron,.
AB+ e"— A+ B

Ao (B7) = D(A-B) - E_(B) + L_(A) + 5,(57) + E (&) + £)(3)

There are many technical difficulties in obtaining
accurate appearance potential measurements., Waldron and wood
(34) lists the operating procedures whnich tend to keep the
errors in appearance potential measurements at a minimum.
Field and Franklin (35) feel tnat witih present technigues no
appearance potential can be considered as definitely esta-
blished until several reasonably concordant values have been
obtained by different workers.

The ionization potential, I(A), is usually known
from the atomic spectrum, if 4 is an atom. But waen 4 is a

free radical, the ionization potential must be determined by

- . .+ ;g . ;
direct measurement of AO(A ) (= 1(A)), when 4 radicals are
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introduced into the apparatus.

Frequently there exists several possibilities for
the choice of the electronically excited state for an atom,
Eg(8), or ion, Ee(A+), and obviously the value of U(A-B) will
depend on it. 'The assuuaption that the radicals or radical
ions produced from polyatomic molecules are in tuneir ground
states is often made, but discrepancies may frequently be due
to this assumption. For example icDowell and Warren (36)
found D(CH-Cii) = 112 kcal/mole. However, Stevenson (37)
found this value to be either 159 + 5 or 106 + 5 kcal/mole
depending on winether the CR radical formed was in its ground
states or in the Aznl 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 lons can be determined experimentally by the
use of retarding potentials in the mass spectrometer, a detailed
discussion of this technique has been given by Hagstrum (38).

There are in general two wethods for obtaining bond
dissociation energies by means of electron impact studies,

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

method both the appearance potential and the ionigzation poten-
tial are meazsured directly. The indirect metinod was introduced
by Stevenson (39). Here the appearance potential of the same

ion produced from two different but related molecules are

measured and their difference combined with relevant thermo-
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chemical data to give the required dissociation energy. ror
example, the bond dissociation energy of wmethane, D(CHB-n),
was computed on tine basis of the appearance potentials of the
02H5+ 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).

Chlg + & —)C g + H + 2e Ay = 15.20 ev.
CyHg + e -—902&5‘“ + CHy + 2e A, = 14.50 ev,
C,H, + Ci C.H.,+ 2k AR® = 5, .
CoHg C“h__>°3h8 2 H 298 5.08 ev

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

as L.38 ev., in excellent agreement witn the value of L.44 + 0.2
obtained by dipple and Stevenson using the direct method (40).
These values for D(CHB-H) are also supported by those derived
from kinetic methods (2), (41).

The exact fragmentation process leading to ionization
must be known to calculate bond dissociation energies from
electron impact studies, which cén be illustrated by means of
the following example. Schissler and Stevenson (42) measured
the appearance potential of the benzyl radical ion from three
different sources, i.e. toluene, ethyl benzene, and dibenzyl,
Using these values togetiier with appropriate heats of formation
their results led to the value of €.51 ev. for the ionization
potential of the benzyl radical. DBy 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, ilylander, Myerson
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and Grubb (44) indicste that a possible explanation for tuis
discrepancy aignt be that toluene under electron impact does
not yield the benzyl ion but rather the isomeric tropylium
ion. BSuch rearrangements of ions was previously discussed by
Rylander and siyerson (45) and even the phenyl ion was con-
sidered capable of rearrangement by ring cleavage (46). The
precise value of the ionization potential of the benzyl radi-
cal is needed for the exact determination of tne bond energy
in toluene, 0(CgHrCly-i), which is still not definitely esta-
blisned. levertheless, Schissler and Stevenson's value of

77 + 3 kcal/mole (42) for L{Cgi CHz-h) might still be valid

P
provided tnat the C7H7 ion produced from toluene, etayl benzene,
and dibenzyl in the electron impact studies was the same ionic
specles containing the same amount of excess energy, if any at
all. The latter estimate agrees well with the value 77.5 %+ 1.3
kcal/mole obtained earlier by Szwarc (47) by a chemical kinetic
metnod.

(c) Thermal isethods

I. Equilibrium irethods
The determination of the bond dissociation energies
by the equilibrium method is based on the umeasurement of the

equilibrium constants for the gaseous reaction:

where iy and R, denote the free radicals produced by the rupture
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of the bond in question. Froum tite teaperature coefficients of
the equilibrium constants, the heat 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
eENnergy.

The concentration of the free radicals and parent
molecule must be measured in the reaction mixture while the
ecuilibrium is maintained. The free radicals produced must
not undergo any reactions other tuan tineir recombination to
regenerate tne parent molecule., Unfortunately higih tempera-
tures are usually needed to dissociate sufficient amounts of
the parent molecule to obtain significantly accurate measure-
ments for tie determination of the ecuilibrium constant.

Under these conditions the occurrence of seconadary, complicating
reactions, i.e. reactions otaer than recombinstion, are favoured.
hence the method is primarily suitable for estimating tne bond
dissociatlion energies of diatomic molecules of the type X,
provided additional species sucin as KB are not formed.

The most direct application of this method is the
static manometric metnod. & high degree of accuracy was
obtained by Perlman and iollefson (48) in their study of the
equilibrium between iodine molecules and iodine atoums, and
their value of 35.415 + 0.U50 for D(I-I) compares favouraoly

with the best value obtained by spectroscopic measurements (49).
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The extension of this metnod for the deteruwination of the
bond dissociation energies of browine (50) and chlorine (51)
are less reliable, pecause ol tne very niga temperatures
needed for appreciable decomposition. A4 direct method 1is
needed to measure the concentrations of the fragments pro-
duced, especially wihere the extent of dissociation is small.
If one of the fragments has an intense colour then colori-
metric methods can be used (52), or if the radicals produced
are paramagnetic a magnetic method can be used (53, 54).
lhe dissociation of a variety of diatomic molecules composed
of metal atoms has been estimated by measuring the cnanges in
the intensity of the absorption bands of these molecules
caused by the variation in teumperature (55, 56). Polanyi and
collaborators developed a very elegant metiod by the utiliza-
tion of cnemiluminescence for the cetermination of the bond
dissociation energies of sodium (57) and potassium (58).
Their method is in effect a variation of the manometric tech-
nigque using the changes in lignt 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 thnermodynamic data using the following relationship:

D(lX) = LM + %D(XQJ + %Ahf(xz,g) -,AHf(mX,s) - LMX
where L is the heat of vaporization. It is evident that if
A and li are solids, then their heats of vaporization are

needed to calculate the bond dissociation energy, since accord-
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ing to the definition of bond dissociation energy parent
compound and products must be in the gaseous state. A metnod
to measure tne heat of vaporization of metals and metal
oxides has been devised using a anudsen cell by Chupka and
co-workers (59). By means of a mass spectrometer, designed
to examine the vapour efiusing from tihe small orifice of
the Kknudson cell, they were able to measure the pressure of
the vapour in ecuilibrium withh solid. Using this technique
they determined values for the dissociation energies of
various metallic oxides (60). There has been much contro-
versy and interest in the past few decades over the heat of
sublimation of carbon. Chupka et al (59) deterwined the
composition of the vapour in ecguilibrium with solid carbon
in a knudson cell at 2500°K. The vapour consisted of Cig),

C,(g) and C,(g) and the calculated neats of sublimation were

3
found to be 171, 190 and 20U kcal/mole respectively.
bxplosion, flame, and detonation methods have been
also used to obtain very hign teumperatures 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 assuimed value for the unknown vond dissociation energy.
Tne correct choice for the unknown bond dissociation energy
will therefore cause no discrepancy between the calculated
and ovbserved pressures, Using this technique Lewis and Von

ilve (61) determined the values of 1lh.6 + 1 and 104.3 + 1
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kcal/mole for the bond dissociaztion energies in water, D(H-0H)
and D(0O-H) respectively. These estimates do not agree too

well with the currently accepted values of 118.5 + 0.7 and
100.4 + 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. Their results showed best
agreement wien D(Nz) was chosen to be 9.76 ev. ieasurements

of detonation velocity, which depends on the energy released

in a snock wave, have been used to deteruine the dissociation
energies of CO, CN, and k5 by histiakowsky and co-workers (Ok)
in a cyanogen-oxygen system, ileliable thermodynamic data were
available for all the reactions concerned except tine dissocia-
tion of carbon monoxide, nitrogen and cyanogen. Their measure-
ments were compared with calculations made assuming the various
disputed dissociation energies for these molecules., The best
agreement was obtained with D(LK,) = 9.76 ev., D(CO) = 11,11 ev.
and D(Cn) = 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, wialci are now generally accepted.

II, sinetic wsiethods

Tne dissociation of polyatomic molecules usually leads
to the formation of free radicals which 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 energies of such
molecules.,

For a chemical reaction involving the rupture and
formation of bonds the neat 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:

At =% D (bonds broken) -2 D (bonds formed).

In turn, toe heat of reaction,/2H, is equal to the difference
between the activation energies of the forward and reverse

processes respectively:

A = wp - &g,
The activation energies for the forward and reverse processes
can oe obtained in principle from the temperature coefficients
of tne corresponding rate constants, ke and kr’

Using this relationship, Kistiakowsky and co-workers
were able to deduce the values of a number of C-H bond disso-
ciation energies on the basis of the activation energies for
the steps

Br + i

derived from their study of kinetics of the thermal and photo-
chemical bromination of hydrocarbons (65, 66). This method
can best be illustrated by using tneir study of the photo-

bromination of methane as an example (65). The rate of
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disap .earance of brouine was measured piotouetrically to
establish tue kinetics of tue reactlion. Tioe iidtial rate of
diseappearance of ovroumine was expressed oy tue relation:

r_ o - N
ld(er}]

T LT ar |

t=0
where b is tae totel pressure of tine reactants. The lollowing

sciheme was postulated to conform witn thls eXpression.

Br, + aY —— Br + Br ' (1)

Sro+ Lid ) CH. + 18 )
5] 14 ? O 3 sr (=}
gHB + ar2~————-9 GHBdr + sr » (3)
gﬁ3 + ddr —— CHa + 3r (4}
or + Br + .. — 5r2 + Ik, (5)

applying the ste.dy state wetuod, tils scaeme leads to the
more explicit expression:

d(Brz)_ d(GHydr)

€@ Gny) (o7 = (1 )2

at ct 1+ k, (usr)
wiere I is the lignt intensity, und k is a non-temperature
dependeut cpparatus constaunt. liue recuired depenaence on tne
scuare root ol tne light intensity, ana the dlnniovition by agr
were demonstrated experimentally. a4 plot o1 log k' a.ainst 1/7
cave @ streipht line, tne slope of wiicn led to a value of
17.6 keal/uole for toe activation energy. This temperature depen-
dence of tne rate constant was ascribed to reactiou (2], i.e.
Ly = 17.8 kcal/mole. From tine temperature cependence oi tne innioi-

tion vy aydrogen orowmide tue difference in activetion energies



vetween rezctions (3) and (4) was celculated to ove < kcaljmole
i.e. I, - #3 = 2 kcal/mole. Un tie supposition that reaction
(3) was hignly exothermic tney postulated that its wctivation
energy was zero. Tnerefore, a value of 2 kcal/mole wes assigned
to 34 wiich is in good apreement witn tne value of 1.5 kcal/
mole estimeted by anderson and histiskowsky (41) frow experi-
ments on the puotolyeis of metnyliodide in tne presence of
nydrogen bromide. Tnus the difference, Ef L, for the reaction
petween bromine stows and meticne, is 17.¢ - 1.5 kcal/mole = 1lo.3
«cel/uole.  Frowm tihils result, wnd toe velue ol uli=Brj), tie velue
oi D(Gﬁj—n) was calculated as 103 kcalymole st 45C°% or 101
kcal, r.ole at Ucn.

oluilar studies witi ot.er aydrocarvons yielidec valucs
woilcn agreed well witn tnose ovtadined Dy otuer methods, with
tiie exception of toluene (7). a value of §9.5 xcalymole was
sugzested by anderson, Scaeraga and Ven artsdalen for
D(CDH5GH2-n}, wiercas otner metacas nave yieldea values of wzoout
78 kcaljmole (4<,47). Lhe puotobromination of tolueie was
assumed to follow tie same petiern ¢s tne photooroaination ol
dethane, Toe éssuswption tnat EB = 0 was agaln made.

Loe reaction of a metinyl radicel with oromine is
indeed exotaerwic to the extent of 24 kcal/mole, tuils value

representing tne difference D(brz) - v{GHq-sr)¥®,  Tierelore

J
x Au =73D (bonus broken) - XD (bonds forued)
u(uHB -8r) = 07.5 kcal/wole kOb), J(c d Ci, =5r)=
5C.57kecal/wole (Ly), visry) L5 ACQI/‘Olé (17)
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the assumption that the activation energy of reaction (3) in
the photobrouination of methane seems justifiable. unowever,
the exothermicity of the reaction of a benzyl radical with
bromine is given by the difference D(sry) - D(06HECH2_Br)X,
which is only about 5 kcal/mole and therefore one would expect
that this reaction is associated with some activation energy.
kence, the value for D(06H5CH2-H) should be lower than 89.5
kcal/mole by whatever activation energy mignt be required for
reaction (3). From the studies of analogous reactions (70]

one may reasonably suggest that the activation energy for the
reaction of benzyl radicals with bromine might be of the order
"of 6 - 7 kcal/mole, and hence D(CéH5CHz-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. OUn the basis of tils assumption 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 (1) has demonstrated on the basis of the theory
of absolute reaction rates that 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 some difficulty in defining tne transition stete complex

for a unimolecular dissociation, and distinguisnhed between two

types of decomposition:

(1) Decompositions leading to the formation of two stable
products, the recombination of whicn involves an activa-
tion energy, e.g. CzﬁsBr‘"9 CZHA + HBr

(2) Uecompositions leading to tine formation of two radicsals,
recombination of which reqguires no activation energy,
ek CzﬁsBr'_9 02H5- + Bre

In the dissociation process of the first type there
is no difficulty enccuntered in the definition of the trans-

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

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

The hump of tnis curve represents the transition state which

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

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

tion of the second type, and pecause it does not show & hump a

similar interpretation of the transition state complex is

impossible. In order to avoid difficulties arising from the
absence of description of the transition state complex, Szwarc
adopted for the latter case a sligntly modified treatment of
tne traunsition state metnod, tne outline of wuich is given
below.

All the energy levels corresponding to various modes

of some particular bond in some particular molecule can be



Figure 2

Energy vs. reaction path co-ordinate
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classified into two groups:
(1) Znergy levels which correspond to vibrations
of the bond, i.e. for which the energy is
smaller than the bond dissociation energy D.
(2) Znergy levels which correspond to the trans-
lational modes of motion, i.e. for which the
energy is greater than D,
These two groups of energy levels are denoted by A and B in
Fig, (2b); it is obvious that a particular bond will be broken
only if it is in a state wihich corresponds to Class B, If
we assume that there is no interaction between energy levels
corresponding to various degrees of ireedom, the total parti-
tion function of the molecule can be represented by

iy = f'efy

total
where f! =’ﬁ‘fi and represents the product of all the parti-
tion functions for all i v&lues with the exception of i = k,
and fy, represents the partition function corresponding to the

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

partition function fk can be represented by

f

;Z—e- &/t L e

the summation being taken over all the vibrational energy
h

kK transl.,

levels, the jt of thewm corresponding to tue energy'Bj, taking
E; = 0. D is the dissociation energy of the bond in guestion,

i.e. the difference between the vibrational zero energy level



and tne convergence limit of tue vivrational leveles, and
ftransl. genotes the pertition functions oi trausletionsl
levels velonging to Class o5 ang aeasured from the energy
level of tne convergence limit taxken cs zero.

1 it is zssumed that tne M"centre ol grevity" ol thc
bond in cuestion is restricted to soue se.ment ds along tae
direction oif' tie bond, tuen the partition function for £ .. .. .7

imay oe represented as

ftransl.= (ZHMKT)E.h-l

1%

-
i.e. as for a "gsarticle in & vox"., Lae fraction or the mole-
cules walicn contain tue recuisite adount ol euergy in the oond
to De ovroken and ior wnlch tine centre of gravity oif tnis opond

is confined to the scguent ds is given oy

-+ = puniber of molecules whicn call LEeCOH_0SE
K Total nunver of molecules

. 1. . -L/kU B -
e TL = (T file I et ) ® lds
- ds

1 e N/
(7]fi)(§;}&ﬂwu V7R |

*ttransl.

luis expression is further simplifiea if 1t is assumed tact
energy levels Eﬁ correspond to & uarmonic oscillator. Tnen,

\
Le

waere Yg denotes tne fundamental viocration of the bond in

_‘E-/ 1 i v
J/kl:'(l e an/&l)_l

guestion, LI it 1s assuuwed furtioer tnat half tae nuwmoer of
molecules walch can decompose are moving in tone direction orf

gecomposition witn an average thermal veioclty <?25T€)“, taen

Tl
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the rate constant ku for the decomposition is given by the
number of these wolecules for whici the centre of gravity will

pass the segment ds in unit time,

. 1 AV 74/ 1A 1
i.e. _]é(z‘nuksr)%‘(l - e-ﬂYO/k )h-le-U/kl Eég_kl)z J-__,
nu /) ds

which is reduced to

LK (L - e-hYo/kT)e-D/kT
u~ h

We can now distinguish between two extreme cases:
(1) nY (K KT
(2) hYO)) kl,
For case (1) (1 - e~B¥o/kl) = nYo/KkT and the expression for the

rate constant reduces to

o -D/XT
k, = Y;e

we can write, therefore,

KT%Inku _ D . RT% = KD = D
ST 72

wnere Nk 1s tine Avogadro number, and U the dissociation energy

in kilocalories per mole. The L.,H.S., of tiis expression 1s tne
arrhenius activation energy usually referred to as the
"experimental" activation energy. Therefore, for this case

the experimental activation energy of a unimolecular dissocia-
tion process 1is precisely equal to the dissociation energy of
the ruptured bond. The expression derived for the rate constant
of a unimolecular dissociation demands that the frecuency fac-

tor should be nearly equal to the fundamental vibration frequency



AN
).
L ]

L2

of the bond in guestion, which is about 10 -1013

-1
sec (h9)o
Hence the theoretical treatment predicts the expected value

of the freqguency factor.

For case (2), the term (1 1 and the
expression for the rate constant is reduced to
- kI ~D/KT
ku F L
The experimentzl activation energy measured by Rszlnku

is given now by
Eexp. = Rl' + D

and, therefore, at 100C%K the experimental activation energy
gives results which are too high by about 2 kcal/mole. The
frecuency factor in tnis case is given by kT which for T

= 500°K is approximately equal to lOlBSec’l. Here again,
the theoretical treatment predicts a value for the frecuency
factor which agrees well with the fundamental vibration fre-
quency of the bond. In a recent review article by Gowenlock
(71), frequency factors for unimolecular rezction were con-

sidered "normal® if they were in the range l“ll‘5 - lull"'5sec"l

It was felt that when reactions have irequency factors smaller

than 1011'5

sec—1 might be attributed to eitner restriction
of motion in the transition state, or a low transmission coef-
ficient due to tne participation of a "forbidden" transition
in tne rate determining step. lHeactions that possess large
frequency factors (greater than lUla‘Ssec'l) may involve either
a "loose" transition state, or a decouposition into three or

four fraguments due to the "spread" of the activation energy
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into more than one bond.

There are many experimental problems in the deter-
mination of the rate of initial decomiposition. LXxperimenta-
tion is limited to the type of deconmposition in wihich the
weakest bond of the molecule is ruptured, and it is desirable,
therefore, that this bond should be considerubly weaker than
any other bond in the molecule., The primasry dissociation is
usually followed by the subsequent reactions of the radicals
formed. idence numerous complications may obscure the Kinetics
of the decomposition and may make their interpretation ambiguous.
ldeally & system should be chosen in which the generated free
radicals are eituner removed irreversibly, ovefore reacting with
the undecomposed molecules, or their concentrations measured
before they can react.

Ihe C-1 bond dissociation energies of various organic
iodides were estimated Butler and Polanyi (3), and Butler,
mandel, mandel (72) who investigated the rate of pyrolysis 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, limiting the decowmposition to a small
percentage and thus minimizing the chances of secondary reac-
tions. This method has the added adventcge 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 other, i.e.
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RI—™ R + I. The rate of the initial decomposition was con-
sidered to be approximately equal to the rate of formation of
iodine resulting from the dimerization of iodine atoms. The
latter step was assumed to occur by three body collisions in
the gas phase or on the wall of the reaction vessel. They
assumed tinat the reverse reaction was negligible and that the
R radicals did not initiate a cnain reaction, and, therefore,
identified the rate of formation of iodine with the initial
rate of decomposition. For many lodides these assumptions
were plausible and the derived bond dissociation energy agreed
well with those obtained later by other methods (7, 41).

In spite of the fast flow used in this system many
complications could not ve completely prevented. Ior exanmple
the organic radicals might react witn iodine molecules or
recombine with I atoms. Furthermore, the organic iodide might
decompose by a molecular mechanism, splitting out hydrogen
iodide. Butler and Polanyi concluded that in some cases the
activation energies calculated from the temperature coefficient
of the rate constant were not reliable. Instead, they assumed
a value of l():Bsec'l for the frequency factor in the Arrhenius
equation and calculated the activation energy from the rate
constants at the lowest temperature, wnere the smallest extent
of decomposition had occurred. In many cases their results
agree well with currently accepted values.

Szwarc extended this technique to the study of the
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pyrolysis of toluene (47). He employed & fest flow system
witn & saourt time ol contact suci that the cuount of decoupo-
sition was low, Uie study was conducted i Thne teuperature
raunge of ©80-¢50°C and over a pressure range of £ ~ 15 mm i

To explain uls experimental data ane postuletea tae rollowing

mecneanlsii,
C i o =2 G H G + i (1)
o5 5 o Pl
He + C i.Ci. ™ t. + C a.ch {2
& U5«
lie * 00;15'\JHB ""> ubné‘i' ‘un’B. (3)
ﬂj' + ;\)Oili‘\)l‘LB—% ‘\JHA‘-" bUnSullfu. (Ly)
< béﬂﬁbhﬁ' > (ubn5uriz)2 (bj
e concluded tnet tue rate-determining step wes

reaction (1) znd tuat its rate was measured by tne rate of
formation ci aydrogeun plus mctnane., woreover, ne found tast

tiie decomposition was & aouocgeneous, rirst-order reaction

witia an activetion energy of 77.5 * 1.3 kcal/nole., The fre-
S S e 2 13 =1

queicy factor was found to ve 2 » 107“sec =, Laking t.e usuzl
assumption that thne recomcination ol radicals requires no acti-

-

: iy TE o . g v s . T . . PR
vatlon energy , Szwarc identified this activatioun energy with

tne U-d bond daissociation energy in toluene, i.e, D(°c“50“2'”) =
77.5 * 1.3 kcal/uole. Siuilerly, Szwarc a.d @sscciates saowed
tnat toe pyrolysis of & series of cowpounds relatea to tolucie
such &s p-, M- ala o= nylenes (7%), p-, - and o- fluorctoluenes
(74) & =,B - cnd ¥ picolines (75) coula oe represcated oy &

similar wecnanism to tuwt oI toluene,

s Tiis conteation is supported 0y Gile TeCelt results ol neoarle
and avrzhaml (97) that tioe recompination of &llyl raclceals,
walen are staonllized to tne extent ol 25 AC3L/Muie, does Aot
regquire sny zctilvation cnergy,



The Toluene Carrier Technigue

From these studies evolved the toluene carrier tech-
nique whichi has been widely used for the determination of bond
dissociation energies. ©Since toluene possesses a relatively
weak C-hi bond, Szwarc expected that toluene would serve as an
efficient radical scavenger, with the added advantage that the
benzyl radical formed would be unreactive and thermally stable,
Thus, if a molecule ﬁlﬂz 1s decomposed into radicals #; and it,
in the presence of an excess oif toluene, these raaicals, if
sufficiently reactive, might rapidly abstract a hydrogen atom
from toluene to form stable products, and the benzyl radicals

tnus formed would eventually dimerize to dibenzyl.
iy LOHSbi —}u i 56R5CH2
R2+Chun ﬁnn+o

5
5un2.———9 (C h5b52)2

According to tinis mechanism the initial dissociation of Rlﬁz

2 Gy H

can be identified witn the rate of formation of dibenzyl, which
in turn would be expected to be equal to tune rate of formation
of Ryl or of i,

For a successful application of this metnod a flow
system witn a sinort tiuwe of reaction is used to minimize reac-
tions of the redicals with the products or the starting material.
Furthernore, the radicals produced must be sufficiently reactive
to abstract a nydrogen atom rapidly from toluene. This process

is favoured by maintaining a high ratic of toluene to reactant.



The activation energy of tne overall reaction may oe ideuti-
fied with the bond dissociation energy only if the aecoumposi-
tion nas veen establisned to ve a unimolecular, nomogerncous,
first-order, dissociation reaction., Tane method is primarily
limited to tne deteruinstion of dissociation energics less
tuan U(Géﬂ5ﬁﬁz—ﬂ) and Szwarc (70) has recoumended tuoat ior
0Dest results the dissociation eunergy be at least 10 kcal/mole
suialler thain that of toluene.

many classes of compounds iave veen pyrolyzed using
tue toluene carrier techniqgue. Cowpounds of the type benzyl-i
wiere R is & reactlve raaical leud themselves niost sultably
for such a study. oSince tune cissociation energy of the benzyl-i
bond is considerably weakened by the larze resonance staviliza-
tion of the benzyl radical (see page 5), it is usuully the

weakest bond in the molecule. The dis

n

ocletion step yilelds
the radical R witn few cowmpliceating reactions. The neat of
formation o1 tuils radical can tien be obtained ii tne heat of
formetion of tne compound is known using the measured ovona dis-
sociation energy. The study oi bengyl bro.ide (20) serves as
an exaiuple of tuis type of study. Siwilar mechanisms to that
postulated for benzyl bromide Lave been saown to nold for the
decomposition of many compounds, e€.g. allyl brouide (20},
substituted ovenzyl broumides (77), n-propyl venzene (78),

benzylamine (79), etayl benzene (80) and l-butene (&1).



L.

The Scope of tihe rresent lnvestization

Lhe b3d3 radical can be represented by at least the
two canonical structures, i.e. that of the propargyl radicel,
Cn=C-Cli,*, and tnat of the allenyl radical, CHpy=C=CH*, lLence
one would anticipate that the CBH3 radical would have a con-
siderable resonance energy and that in consecuence the corres-
ponding C-C bond dissociation energies in l-outyne,
D(Cd?C-CHz-CHB), end 1,2 butadiene, U(CHZ:C:CH-CHBJ, would be
substantially lowered witn respect to tne value of D(GHB—CH3).
moreover, these C-C bonds would ve expected to pe the weakest
in the respective molecules. If indeed the CBHB radical
generated from 1,2 butadiene and l-butyne assumes the same
configuration(s) then the difference in the two corresponding
C-C bond dissociation energies would be simply ecual to the

difference between the heats of formation of 1,2 outadiene and
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AD = b, - Dy =z3ﬁf(CH;c-CHZ-CH3) -Akﬁf(chz C:Cii+CHy)
= 0,71 kcal/mole*
®  Atig(CH :0:CH-Cily) = 38.77 kcal/mole,zlﬁf(CHéC-GHZ-CHB)

2
= 39.48 kcal/mole (&2}.
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From a survey of the literzture it would appear
that only a limited amount of work has been done on the 03H3
radical. Collin and Lossing (&€3) siowed that Cyily radicals
were produced in the mercury photosensitized decompositions
of allene, 1,2 butadiene and 1,3 butadiene. The CBHB radicals
formed from allene and 1,3 butadiene were snown to combine
with methyl radicals to give mainly l-butyne. Un tiais basis
they tfavoured the propar;yl structure for the C3H3 radical.
hecently Srinivasan (84) studied the photochemical decoumpo-
sition of 1,3 butadiene and reported that 03H3 radicals were
produced. In the latter study two different products with a
mass corresponding to Cglly were found and in consequence
Srinivasan suggested that the CBHB radical might react in both
the propargyl and allenyl configurations.

There is some controversy as to the correct values
for the C-C bond dissociation energies in l-pbulyne and 1,2
outadiene. Collin and Lossing (85) measured the appearance
potentials of the 03H3+ ion produced from allene, propyne,
l-butyne, 1,2 butadiene and 1,3 butadiene on electron iumpact.
The heat of formation of the CBH3+ ion was calculated from these
measurenents and tie relevant thermocnemical data. for example,
for the reaction

Ciii G+ CHyCily + e ~2 CHjG+Cliy" + Cly + 2e
the following relation was used

AO(CBH3+) =Z§ﬁf(03ﬁ3+) +Zle(CH3) -Zle(CHfC°C€2-CHB)

Since there was little discrepancy in the values calculated for
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the heats of formation oi the 03n3+ ion, they assumed that

the CBH3+ ion derived from eacih of these compounds was
identical. Irom a consideration of the values calculated

by Coats and Anderson (&6), using group contributions, for

the heats of formation of all possible configurations for

the 03P3+ ion, Collin and Lossing concluded that tne 03H3+

ion had the propargyl configuration. The difference between
tne average value obtained for the heat of formation of the
63H3+ ion and tine lonigzation potential of the propargyl
radical, directly determined previously by Farmer and Lossing
(87), represents tihe heat of formation of tie 03H3 radical,
which was czlculated as 75 kcal/mole. From tais value together
with the relevant thermochemical data the C-U bond dissociation
energies in l-butyne and 1,2 butadiene were calculated as 07.5
and 6&.2 kcal/mole respectively. On the other hand, Coats and
anderson (&6) derived a value of 59 kcal/mole for D(CHEC'CHZ-CHB)
from measurements of the appearance potential of the 63h3+ ion
from l-butyne and the ionization potential of the 63ﬁ3+ ion
measured directly by farwer and Lossing (&87). However, Coats
and Anderson pointed out tnat calculations based on their
appearance potential measurements may be in error by as much

as 10~-12 kcal/mole. If indeed the CBH3+ ions generated from
allene, propyne, l-butyne, 1,2 butadiene and 1,3 butadiene

were tne same lonlc species, then the results of Collin and
Lossing may be consicdered more reliable since they were coli-

puted using an average value for tne heat of formation of the
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C3H3+ ion produced from different sources.

In view of tine discrepancy between the values of
Collin and Lossing and tihose of Coats and Anderson, the
present investigation was undertaxen to determine the oond
dissociation energies in l-butyne and 1,2 butadiene by iieans
of the toluene carrier teciinigue. 1t was anticipated tinat
this study woula resolve this lack of agreement and would
thus establisn a more definitive value for the nest of
formation and the resonance energy of the 03H3 radical.
lhe present investigation is analogous to the study of the
pyrolysis of l-butene wmade by Sehon and Szwarc (8l). Accord-
ing to tnese workers the priméry step in tne decomposition

SN G)

of l-butene yielded a CH, and an allyl radicel. The C-C bond

3
dissociation energy in l-butene was calculated at 6l.5 kcal/
mole and in conjunction with relevant tnermochemical data it
was concluded tinat the allyl radical was stabilized by reso-
nance energy to the extent of avout 25 kcal/mole. Un the
assuumption that the mechanism of pyrolysis for l-butyne as
well as for 1,2 outadiene was similar to that of l-outene,
it was anticipated (i) tnat these two compounds would yield
on decomposition a CH3 and a stable 03H3 radical, and

(ii) that the rate of rupture of the appropriate C-U bond
could be measured by the rate of formation of metnane or the
products resulting from tihe C3H3 radical. rfurtaermore, it
was expected that from an analysis of tne latter products,
some information regarding the chemical properties of the

CBEBIEdical would be gained.
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~aterials

fesezrca grade l-butyne was obtained in a metal
cylinder from Farcnan Co., Cleveland, Chio. It was further
purified by repeated vacuum distillation, wnica ensured tne
removal of any traces of permanent gases, 4 sample of l-butyne
was analyzed by vapour phase chromatograpny, winicn will be
described in detail in a later section. o impurities were
detected by tnis method.

The 1,2 butadiene wés generously supplied by Polymer
Corporation, Sarnia, Untario. The 1,2 butadiene was purified
and tested in the same manner as l-butyne. Again, no impuri-
ties were detected,

nitration grade toluene was generously supplied by
Gulf Fetroleum Co., Fittsburgh, Pa. 7The toluene was dried
and distilled through an efficient colwan and the fraction
boiling at 110.5°C was collected.
apparatus

The pyrolysis was studlied in a high vacuum flow
system shown in Fig. 3 page 49.

The reaction vessel, i, shown in greater detail in
Fig. 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 permitted the measurement of the tempe-

rature along the length of the reaction vessel. The time
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Apparatus
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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 in the reaction vessel was mea-
sured by means of a ciiromel-alumel thermocouple using an
ice-water mixture at the cold Jjunction. Tne thermocouple
was periodically checked against a standard chromel-alumel
thermocouple (calibrated by Therimo blectric Co. Inc.,
Fairlawn, W.J.) and the voltage was measured with a Leeds
and Northrup Kz—potentiominter. A typical temperasture pro-
file along the reaction vessel is shown in Fig. 5 page 52.
As can be seen from this diagram the temperzture along section
B was practicelly uniform, and the temperature gradient fell
sharply across sections 4 and C, taus wminimizing again any
reaction occurring in the latter sections.

The effect of the surface of the reaction vessel
on the reaction was examined by using a‘similar reaction vessel,
section B of waicn was packed witih guartz wool. (The gquartz
wool was obtained from iiicro Chemical Specialities, derﬁgey,
Calif.). The average diameter of the fibres used was 3 x 10“3
cm. and tineir average length was about 15 cm. The weight per

I

fiore was about 3 x 10”7 gm. and about 6.2 gm. were used for
tne packing. The surface area of one fibre was about 0U.1l5
cnn® so that the total surface area of the packing was about
3100 cmz. The radius of the reaction vessel was 18 mm. and

tne total surface area therefore, about 23U cmz. The surface/
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volume ratio of the unpacked vessel wes thus about 1.l cm‘l,

while that of the packed vessel about 15.1 cm—l. The surface/
volume ratio was therefore increased by a factor of about
14 in the packed reaction vessel.

The reaction vessel was inserted in an inconel tube
which provided for equalization of temperature. The inconel
tube, in turn, was inserted in a furnace K (¥ig. 3) consisting
of a nichrome wire wound on a refractory tube. (The refrac-
tory tube was purchased from korton Co., dorcester, lass. and
was provided with a groove). The nichrome wire was divided
in 5 sections to allow for adjustment of the temperature
gradient along the reaction vessel, The furnace was thoroughly
insulated witn rockwool contained in a metal drum of diameter
23 in. and length 2 ft. The temperature was kept constant
within 1200 by a temperature regulator purchased frowm the
Thermo blectric Co. Inc., rFairlawn, h.J. The sensing element
of the regulator was an independent thermocouple inserted in
the tnermocouple well of the furnace.

The toluene was introduced from a 10U ml. round
bottom flask, F, tarough a short, internally sealed capillary
1. buring an experiment the toluene flask was imumersed in
water in a 5 1 Uewar vessel, D, maintained at constant teumpe-
rature within U,1°C,

The storage section, 5, containing l-butyne (or
1,2 butadiene) consisted of a series of two calibrated flasks

separated by a mercury cut-off. This section was connected to
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manometer ml. The total amount of gas which had flowed through
during an experiment could be calculated from the difference
of pressure recorded on kij. buring storage the l-butyne

(1,2 butadiene) never came in contact with grease, being con-
fined by a mercury cut-off, mercury umanometer ml and a needle
valve, V. The gas was introduced into the stream of toluene
via needle valve, LV, and tarougir the tap T2 and the inter-
nally sealed capillary C,. The backing pressure indicated on
[ENOMeLer i, Was kept constant by adjustment ol the needle
valve., The total pressure in the reaction vessel, &, during
a run was measured on tihe manometer nB to +U.UUL cm. using a
catnetometer,

The exit tube from the reaction vessel was heated
with nicihrome ribbon to prevent condensation of tne products
formed in the resction. It contained a lengtin of capillary
tubing, 03, 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 10 mm O.D. fitted with two standard tapered ground glass
Jjoints. Traps V and w were of conventional design and were
provided wita standard tapered ground glass joints. 4 weroy
still (LS), a tilting mcLeod gauge (Tii), a gas burette (G3),
ang U-trap, k, was connected to the third trap via the tap
Ty shown in detail in Fig. 6 page 55.

A high erfficiency idwards - hl mercury diffusion

pump (DP) shown in Mig. 3 compressed the non-condensible
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gases through a small trap, L, into tne collection system

(CS) which consisted of three calibrated bulbs connected in
series by mercury cut-offs. A wmcleod gauge, i1, was connected
to this section to measure the pressure of the non-condensible
products. A Toepler pump, T, was alsc connected to this
section. The Toepler pump led to a small gas burette wuich
was Jjoined to a small U-trap, J, and a small tube containing
copper oxide, CF. Surrounding this small tube wés an electri-
cally neated furnace,

Gas Chromatography Apparatus

The apparatus for gas-liquid cnromatography was
essentially similer to thet descrived by Callear and Cvetanovice
(88). The power input was reguleted witihh a Sorenson a.c.
voltage regulator, model 50US. Tiae d.c. low power regulator
was kindly supplied by the Applied Chemistry Division of the
wational desearch Council of Canada and was a homemade model
providing a current at 6 volts with a noise less than one
millivolt., A Gow-mac thermal conductivity cell model Th11l3
with tungsten filaments was used as a detector. The resis-
tance of this cell was adjusted with a 1,075 ohm imuirhezd
variaoble resistor type a-2-A4, The off-balance signal was tfed
through an amplifier to a pen Speedomax iecorder Type G with
full scale sensitivity of 50 millivolts. The auplifier used
in this work was the c.c. ideithley micro-volt-asmmeter model

1504 with full scale seusitivities of +1 microvolt and +1
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millimicroampere (with a power sensitivity greater taan
L x 1019 watt.).
The apparatus was equipped with three separate
columns all of 1/4" inside diameter:
(1) Separations of light hydrocarbons were
made in a 50 ft. copper column filled with
a mixture of tricresyl phospnate (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
column filled with A4y by weight dinonylph-
thalate on 270 mesh glass beads was used.
This column was kept at room temperature.
(iii) For aromatic compounds an & ft. glass column
filled with Apiezon L grease on fire obrick
was employed. Tais column was hested to 60°C.

Frocedure and Analysis

The system vias evacuated to 1077 mm pressure. After
weighing, the toluene flask was attached tnrougn a standard
tepered Jjoint to the system. The toluene wiés frozen in liquid
alr and melted four times, and when frozen was degassed to
1072 mm. To obtain the desired toluene pressure during an
experiment the water bath was adjusted to the proper tempera-
ture. The pressure of the l-butyne (or 1,2 butadiene) was

recorded on manoueter Ml.
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sefore commencing an experiment the three traps,

U, V and « were surrounded with brine (-500), dry ice-acetone
(-78°C) and liquid air (-188°C) respectively. Liquid air was
also placed around the small 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 tne calibrated collection system.

Toluene was then allowed to flow through the reaction
vessel ifor 4 minutes with the collection system connected to
the main vacuum line. This ensured the removal of any traces
of permanent gas still dissolved in the toluene. Fumping into
the main vacuum line was continued for a few minutes to com-
pletely remove 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 by a mercury cut-off.,

Tne needle valve, WV, was opened. Then taps Tl and

m

L, were opened simultaneously allowing the toluene and l-butyne
(or 1,2 butadiene) to mix and flow through the hot reaction
vessel. The l-butyne (or 1,2 butadiene) was made to flow at
a convenient rate which was determined oy the backing pressure

as indicated on manometer w,. The total pressure of the

mixture of toluene and l-butyne (or 1,2 butadiene) as indi-
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cated on manometer in., was usually kept at about 1.3 cm. The

3
partial pressure of l-butyne (or 1,2 butadiene) varied from
about 1 to 5% of the total pressure. In order to change the
pressure of the toluene in different experiments the tempera-
ture surrounding the toluene flask (F) was varied from 10U to
26°C. The time spent by the reacting mixture in the reaction
vessel, i.e., tane time of contact, could be varied from about
U.2 to 1.5 sec., by cnanging the capillary (03) in the outlet
tube ol the reaction vessel.

Usually the temperature and the pressure in the
reaction vessel as well as the pressure in the collection
systeil were recorded at 5 minute intervals throughout an
experiment, For experiments snorter vnan 10 minutes these
recordings were made at intervals of apout 2 minutes., when
a sufficient amount of non-condensible gas was collected,
taps T1 and T2 were closed simultaneously stopping the flow
of both toluene and l-butyne (or 1,2 butadiene). To return
the l-butyne (or 1,2 butadiene), confined between tap T, and
the needle valve (NV), to the storage section it was condensed
by means of a cold "finger'" surrounded by licuid air. The
needle valve was then closed, the gas was allowed to expand,
and the final pressure was recorded.

Tne pressure of the non-condensible gases was then
measured by means of the licleod gauge. In order to estimate

the amount of non-condensible gases wiich were generated by
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the decoimposition of toluene itsell, tap 1y was again opened
and the tolueune alone woes allowed to flow for apbout 5 minutes.
Ine increase in pressure was a nmeasure of tie awount ol non-
condensible gases tormed from tiae decomposition of toluene
zlone. at the higznest te.uperatures usea in these experiments
(61700) tils caount was less than 1l0p of tae total quantity
of non-concensible gases produced by tue decocwposition of
l-butyee (or 1,2 butaaiene) and it was negligiole at the
lowest teuwperatures (07406). at tne eud of tne experiumcnt
the toluene flask was reioved ana welg.aed.

1,08t of tne dibenzyl, ideutified by its iuira red
spectruwi, was recovered in the trap weintainew at —5Ou. The
difference in weilght of tne trap veiore and alter cleaning
wita toluene and etuyl etiner represented tne welght of divenzyl.
ine aibenzyl had a slight yellow colour when tihne experiuments
were conouucted 1. tne algnest temperature range ol these
experimnents (790-81706). A aescription of zun attempt to identiiy
tuis impurity will pe given ian & later section.

The trap &t -80°% contained wost of tie toluene.
The contents of tne trap were reuoved for particular tests
descriced in detail later,

Tne coutents of the trap walntained at liguid air
teaperature were distilled tirough tap 1 into the smwall trap,
n, wilcn formed part of the gas ourette (GB) suown in Fig. o,

pége 55. Tne amount of watericl was estimeted. The aatericl



61.

was then analyzed by vapour pressure measurenents using a
Leroy still (89). dIndividual components were separated and
measured in the gas burette. These components were removed
and their identity was confirmed by mass spectrometry or by
infra-red spectroscopy. iiost of the unreacted l-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 infra-red spectra.

A portion of tne non-condensible gases was removed
from the collection system with the Toepler pump (T) and
compressed into the combustion chamber filled with copper
oxide (Fig. 3). Trap J was kept at -80°C., It was possible
to compress the gaseous mixture from about 1-2 mm to about
300 mm in a few strokes of tne Toepler pump. The initial
pressure was recorded. The furnace surrounding the tube
containing copper oxide was neated electrically to BUOOC,
and about 2 hours were allowed for complete combustion of the
hydrogen to water, which was condensed in trap J. The fur-
nace was allowed to cool to room temperature and the residual
pressure, due to methane, was measured in the original volume,
Thus, the cowmposition of the non-condensible gases was deter-
mined. This technique was checked with known mixtures of
methane and hydrogen and tihe accuracy was estimated at about

2=3p0e
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Froducts and Results

T'he decomposition of l-butyne was studied over the
temperature range of 674-817°C., The analysis of the non-
condensible gases, shown in Taole I, page ©3, showed that in
addition to metnane various amounts of hydrogen were produced.
The nydrogen content of tinese gases increased from 30U to
about LUy with increase in temperature.

The amount of dipenzyl was always less than the
amount of methane formed as snown in Table I, page 03. As
previously mentioned the dibenzyl was slightly yellow coloured
in the temperature range 790-81708. This was especially so
when a low ratio of toluene to l-butyne was used. Inira red
spectra was tsken of tnis dibenzyl using carvon tetracnloride
as a solvent and compared to the spectrum of pure dibenzyl
also using carvon tetracihloride as a solvent. The spectrum
was not distorted in any way from that of pure dibenzyl.
dence the impurity could not be identified and it may be con-
cluded tnat its presence must have been in very small amounts.

The unrcacted toluene was trapped at -76°9C. It
always contained soume unsaturated compounds dissolved in it,
as shown by positive "spot tests" using a solution of potassium
permanganate iun acetone, and ovromine dissolved in carbon
tetracnloride. Blanks were done with the pure toluene with

eacn reagent and gave negative results. 7This indicated that
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Products from znd rate constants
for the Decomposition of l-butyne



Taole 1

Products of the Uecoumposition of l-sutyne

Partial Partial hon-

) Total press press cond o kl k2
Lxpt  , press toluene l-butyne ¢ l-butyne® gases wCH  Dib/CH -1 -1
wo I n cin cm ci sec m.moles m.moles L sec sec
82 948 1.0 1.56 u.u5 1.40 1.270 0.111 68.7 - U.U5 U,L02
16 949.5 l.z22  1.17 V.05  U.30 4.380 0.072  73.9 - 0.03 U.02
83 949.5 1.84 1,61 U.03 1.23 U.631 0.073 03.6 - U.U5 0.U3
R2 954 1.39  1.35 U.UL U.29 2.694 U.054 79.1 - U.U5 U.02
28 956  l.4U 1.32 V.08  U.28 6.779 0.130 78.8 19.7 0.05 0.03
79 967  1.69  1l.55 ol 1.34  2.002 Vo412 73.9 - V.13 U.UL
90F 908.5 1.83 1.77 U006 1,27 1.234 U.106 72.0 - U.u8 .03
80 969 1.67 1.06 .01 1.31 1.115 C.219 02.5 - .10 v.02
8L 969 1.08 1,59 U.09  1.31  1l.414 G264  73.0 - Ul V.04
21 969  1.34  1.33 v.01  0.28 0,815 0.293 &U.0 - U.lz2 U.UL
6  975.5 1.34  1.33 .01 U.30 2.11U U.083 67.1 31.2 0.12 0U.02
84  976.5 2,02 2.00 vu.U2  1.09  U.970 U.179 63.5 - V.11 U.U7

* Total amount of l-butyne flowed through during time of experiment.



Tavle I (Continued)

Fartial rartial NOIl~

LxXpL g?ggi tE{EZie lggisine t l-butyne® 32225 T ? o kl k2
o 19K cm eI cm sec m.moles i.moles ”Vnh UIb/Cnh sec™! sec™l
2L 977 1.27 1.25 U.02 U.R8 1.451 0.069 77.1 9l U.13 U.U4
<3 977.5 1l.32 1.29 C.03 U,.29 2481 U117 77.8 1l.4 0 UL13 ULUL
19 980.5 1.47 .44 v.03 V.29 el (0 U.136 83.3 22.1 U.lo U.04
17 9863 1.16 1.10 U.00 Vel 56450 V.205 77.0 39.2 V.20 C.U0
&9 986 1.83 1.09 V.14 1,20 U.93%2 U.255 70.0 - U.19 0.U8
78 994 1.603 1.58 V.05 V.53 2.U58 U.281 71.4 - U.20 U.08
26 595 1.35 1.33 UluZ U.28 1.271 U.U98 71.2 3L4.8 U.20 0.8
27 999 1.41 1.39 U.UR C.26 1.3865 U.lU5 8u.2 - U.23 0,05
08 999.5 1.49 1,43 U.Ub U.51 24461 U.L455 00.0 - UV.27 U144
25 1001 1.40 1.38 V.02 U.28 ReRLU U.2UL 75.0 Z27.0 U.28 U,U7
64 1lu02 1.34 1.28 V.06 0,28  4.125 U.389 73.8 - .25 U.U8
67 1ou2 1.47 1.43 U.03 U.52 2.285 U 4U5 67.1 - V.25 UL.13
66  10UZ.5 1.32 1.24 U.08 U.RY 4,001 U.402 74.1 - U.28 U.U9
65 1ou3. 1.21 l.1lo U.U5 V.30 2,090 U.259 T71.4 - U.24 UL1U



Table I (Continued)

rartial Partial on=-

- lotal press press | . cond . Kk Kk
EXpt . press toluene l-butyne ¢ l:butyne gases oy Uibeﬁ l_l O_l
No L cm cm cm sec w.moles u,moles L L sec sec
5 1003 1.34 1.29 U.05  U.R27 0.490 0.552 78.1 32.5 0.206 uU.06
L 1oud.5 1.37  1.33 U.0L  0.20 5,040 U.030  79.9 L3.7  UL.36 0.10
g5 1u08.5 1.96 1.91 U.0U5 1.13 U.338 U.202 58.1 - UJh7 UL34
L1 1ull,5 1.32 1.30 U.u2 Ue2l 2.190 Vo242 7044 30.3 U2 GL13
L2 1013.5 1.33  1.27 U.00  U.27  2.002 U.205 74O 19.5  U.34 VL1
88F 1014 1,90  1.89 V.07 1,10 U484 U.2206 0ULLL - Ue32 U.22
02 1Ul7 1.28 1.2 U.u7  UL3U 2.501 U.052 04U R8.0 US54 UWLS
43 1017.5 1.34 1.31 .03 .27 3.51u Uub20 70.4 19,0  U.40 U.14
77 10l 1.59 1.50 U.U3 V.53 1.119 U.336 09.7 38.0  U47 U106
76 1018.5 1.62 1.79 U.03  UJL7  1.156 U.375 72.0 L1.U L.OU U.22
LO 1020.5 1.32  1.30 C.02 (.29 U900 U.1l54  6U.5 - Ue51 Uuih
69 1022.5 1.46 1.43 U.03 U.51 U.837 U.308 59.7 - Uebh  UL37
3L 1uzs 1.49 1l.46 U.03 0.29 1.155 Ue25U 7U.2 38.2 U.6U (.25
63 1uz7 1.11 1.0l 0.10  U.,30  1.829 U455 o7.7 - U.02 U.34



Table I (Continued)

Partial Partial Norne-

. lotal press press ) . cond 7 ky kK,
mgpt .o, bress tolyene l-butyne t lfoutyne £ases  Ch piby/Ch 1 -1
o I~ 5 cm cit cIn sec m.moles rni.moles L sec sec
86 1030 2,00 1,95 U.05 1.06 U.250 G, 206 55,0 - U.OU UL74
33 1031 1.58  1.57 U.UL U200 U.022 Vo131 79.7 L1.5 0,73 U.19
91p 1031  1.95 1.8, U.11 1.11 .63l Uul55 5744 L2.4 U060 U.49
32 1C33.5 Lohh 1043 v.Cl  U.27  U.116 0.033 79.2 - U.96 U.25
< 1034  Ll.42 1.33 U.U9  U.2R1 24160 U.394 75.9 - U.70  U.20
3 1035 L.57  1.17 UofU  U.22 24730 U.551  78.7 - .00 C.12
75 1035 1.73 1.70 u.U3 VLY 1.203 U.585 60644 57.0  0.90 04O
7L 1035.5 1.58 1,52 C.C6 U488  U.994 U460 59.8 35.6  U.79 ULL9
70 1036 1.58  l.54 U.0L  U.LS  U.632 U.2768 58,2 24L.& U.09 (.50
29 1039 1.35 1.33 U.0U2  U.20  1.435 0.351 ©06.7 L43.1 U.8U U.37
50 1039 0.8L  U.78 0.03 0.9 1.369 U431 09.06 ©4.5 0.91 U.40
L8 1uL2.5 1.25  1.23 V.2 U9 UL 70D U.186 69,0 LZ2.4  U.79 U.29
11 1044 1.34 1.29 U.U5  U.26 2.990 U.632 09.3 23.2 U.80 .39
49 luLs  1.21 0 1.15 v.Ub  U.27 1.292 U378 05,8 29.9  U.85 U.hh



Yaple I (Continued)

Fartiagl Fartial nNOT~

- thal press press . gond G0 ky Ko
mfgt TO%h pz;ss to%;ene l—bg;yne sZc l&?igigz m%ﬁifZS ”Gﬂu Uib/Chh sec-l sec-l
L7 1OL5 1.1u 1.07 U.03 U.32 1.364 U.391 ©7.8 30.4 OU.74 U.30
35 1046.5 1.41 1.38 U.03 U268 U.803 U378 02,0 Lh.k 1.20 0.27
55 1050 1.57 1.56 U.0l U.R0 U, 524 U.R48 09.2 0Z2.4 1.08 0.9
©1 1050 1.206 1.23 v.U3 Uo7 U.0691 C.316 02.2 51.8 Lok, 0.87
57 1053 l.44 1.42 U.02 U.27 0.819 U 437 02.5 0OL.5 1.77 1l.04
8 1U53.5 1.35 1.3U UJU5  U.R5 2,67V U.805 07.3 34.9 1.U7 V.49
00U  1U55 1.31 1.20 U.ll Ue2l 1.277 U.032 59.8 - 1.74 1.17
54 1056 1.17 1.10 U.U7 U.20 1.768 U.000  77.U - 1.36 U.41
36 1Ub6.5 1.24 1.21 U.U3 UeY/ U.934 U450 o©l.1 51,7 1.53 1.12
53 1057 l.02  U.97 U.U5 U.27 1l.1hZ Uu433 77.3 20.3  1.36 U4
39 1058 1.37 1.34 u.03 U.27 U.893 U408 0U.3  50.7 1.66 1.10
9 1000 1.1, 1.11 V.03 U.29 1.740 U.081 09.3 31.5 1.17 U.53
58 106U.5 U.98  U.90 U.U2  UL31 U797 U500 oh.l 38.1 2.0y 1.16
7L 1063 1.603 1.00 U.U3 U.48 Uoli'75 UJLlu 0l.5 5U.l 2.52 1.59



Table I (Continued)

Partial Partial Hon-

Total press press ~ cond ‘o k k.

Lxpt press toluene l-butyne t l-butyne® gases ... . o 1 <
Lo L T cm cm cin sec m.moles m.moles ““Hu UIb/b“h sec™t sect
13 1U64.5 1.39 1.33 U.06  0.286  3.12u 1.380 60.0 51.9 1,386 u.72
37 1oto.5 1.30 1.27 U.U3 U.23 U915 U514 59.9 - 2,16 1,45
59 1068 v.85 U.61 U.0L .16 1.278 U.036 57.0 38.7 2.586 1,70
15 1069 1.39 1.37 v.U2  U.20 1.220 U.012 0.0 54.8 2.43 1.02
7 1071 1.43 l.42 .Ul U.22  1.050 U.81h  70.3 - 2,68 Ll.14
14 1072  1.37  1.31 U, 07  U.29 1.390 U.099 9U.L4L 23.6 2.18 U.23
12 1074  1.25  1.24 V.Ul 0L18 UL8LU U.323 705 6UL5 3,21 1.28
38 1U74.5 1.33 1.30 V.03  U.26 U735 G524 ©7.U0 449 2,98 1,78
Ly 1090 1l.1o  1.14 v.02  0.20  U.598 U.514 ©1.3 - 5.32 4,10
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some of the unreacted l-butyne and probably some of the
products were dissolved in the toluene. 1o deteralne the
extent of soluoility of l-butyne in toluene several experi-
ments were done under identical conditions used for tne
pyrolysis except tnat the furnace was &t room temperature.
Unly about ©Up of the l-butyne was recovered in the trap
immersed in liguid air, tne rest remaining dissolved in the
toluene. In later experiments a drop of toluene, recovered
from trap V, was passed through the 1,0.r. gas chromatogra-
phic column and was snown to contain part of the unsaturated
products of pyrolysis (allene, propyne and vinyl acetylene)
in addition to tne unreacted l-butyne dissolved in it.

bven repeated distillation of tihe toluene recovered from
trap V did not lead to quantitative removal of the l-butyne
and the unsaturated products from tne toluene, wiica was in
a 10U-1000 fold excess. Hence it was difficult to establish
a mass dalance in terms of all tie reaction products.

The liquid air trap contained most of tiae unreacted
l-butyne togetner with some of the products of pyrolysis.
These compounds were separated frow tihe l-butyne by means
of the Leroy still. By vapour-pressure analysis the products
were found to be ethane, propyne, and a Cg-fraction. The
identity of the ethane and propyne was confirmed by mass
spectrometry. The amount of etnane was extremely small and
never more than lw of the methane formed and was, tnerefore,

neglected in the calculations of rate constants. The Ce=
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fraction was found to nave a mass of 75 by mass spectro-
metry. In later experiments this fraction was also passed
tnrough the Apiezon L grease column oi the gas chromato-
grapny apparatus. Two compounds, of different elution time,
were separated from each other and were identiflied again by
means of the mass spectrometer. Doth compounds had a mass
of 78. Since tihe formation?benzene was expected (from the
decomposition of toluene itéelf according to the scheme shown
on page 41) it was concluded that a compound of mass 78
(other than benzene) was formed in the reaction. By wmass
spectrometry tne Ch fraction was saown to contain a compound
of mass 52 in addition to l-butyne but it could not be
separated from the latter using tne Leroy still.

In the latter stages of this work, when the appara-
tus for gas ciaromatography was built, the contents of the
liquid ailr trap were transierred into the gas ciromatography
apparatus. s typlcal separation for the lignt hydrocarbons
is shown in ¥ig. 7, page 66, Ais can be seen, the presence
of ethane, allene, propyne, l-butyne and vinyl acetylene™
was demounstrated. The allene was separated out and its
identity was confirmed by inira-red spectroscopy. The ratio
of propyne to allene was 3/Z under various conditions of
experimentation. This estimate was made from a comparison

of their peak areas, with no correction made for a possible

¥ Vinyl acetylene corresponds to the compound of mass 52
previously reflerred to.



Figure 7/

Separation of light hydrocarbons on
T.C.P. Column oif the gas chromatography
apparatus
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difference in their sensitivities. 1ne total quantity of

the 03 compounds (allene and propyne) was estimated to amount
to about 1/0 of wvne methane formed at the nignest tempera-
tures employed in these experiments. A similar estimale was
obtained using the lLeroy still in combination with the gas
ourette. 4t the lower temperatures tine amount of the C3
compounds formed appeared to be less than 1/0 of the methane
formed; however no definite estimate of the amount of CB
compounds formed at the lower temperatures could be made in
view of the small peaks given by these compounds., The com-
pound of mass 52 was separated out and its infra-red spectrum
'as demonstrated to be identical with that of vinyl acetylene.
he vinyl acetylene® wes obtained from Dupont Co., Louisville,

kentucky, as a 50w solution oy weight in xylene to which had

* Vinyl acetylene is a very dangerous material to nandle and
the following hazards are quoted frowm the specification
sheet obtained I'rom Dupont Co.

(1) Under certain conditions it will form explosive
acetylides in the presence of copper or copper-bearing
alloys, silver, or mercury, or the salts of tnese metals.

(2) It forms explosive mixtures with air over a wide range
of conditions, resenbling acetylene in this respect.

(3) It can be exploded in the apbsence of air if strongly

enougn incited, especially under pressure,

e . - O ‘ . L .

(4) lemperatures above 1U0O”C must be avoided vpecause it
may oe extremely unstable under tihese conditions.

(5) It will form peroxides in the presence of air and
they are violently explosive.

(6) It gradually polymerizes during storage and the
polymers will also peroxidize.

(7) It will polymerize with violence if it is exposed to
polymerizing catalysts (e.g. polyvalent halides).
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been added P-tertiarybutylcetecihnol. The vinyl acetylene was
technical grade and contalned from 4y to 0,0 by weight of
acetaldehyde and from lp to 2p chlor bodies. It was purified
by repested distillation at low pressure in a chemically

clean apparatus containing no mercury, and subseguently passed
through the T.C.¥. column of the gas chromatography apparatus
for further purification. It nad the same elution time as the
Ch compound in question and showed an identical infra-red
spectrum. ‘The amount of vinyl acetylene accounted ior was
usually larger than 70% of the hydrogen produced. 'his repre-
sents only a lower limit of the amount of Vinyl acetylene
formed in the reaction since some of tils compound could not
ve readily separated from the toluene. As will be snown later
on the vasis of the proposed mechanism lor the pyrolysis of
l-butyne it is reasonable to suggest that in actual fact the
amount of vinyl acetylene formed was ecual to the amount of
hydrogen formed.

DISCUSSIUN

mechanism of Vecomposition

From tnese results it is suggzested tanat the thermal
decomposition of l-butyne could pe accounted for by two

simultaneous, rate~determining, unimolecular processes,
_ !
-—En_wr' -\‘? = :r‘\_/‘“\i . + fan™ .
CH=C bd2 LhB————}bh—u ud2 uh3 (1)

CHEC—CHZ-CHB-————} Ch=v-CH=CH, + i, (2)



reaction (1) being predominant and that each CHB radical
produced in reaction (1) yielded subseguently one iolecule
of methane by abstracting a hydrogen atom irom toluene.

Cliye + Cgil g0l ) GHy + CgilgCHye (3)
The rate of formation of metnane was considered to be a
measure of reaction (l). Similarly if it is assumed thect
hydrogen is formed exclusively by reaction (2), then the
production of hydrogen is a measure of reaction (2). 'The
rate of disappearance of l-butyne, A, may then pve written
as

d.ﬂ__ L !
v (kl + kz)a = KA

vihere k is the overall rate constant for the disappearance

of l-butyne. Then,

where Ao is the initial concentration of l-butyne, and the

rate of formation of methane is given by

d(CH, )
L' . . =Kt
t
k
A _ 1. -kt
or (bllbr) = F Ao(l - )
OV

The overall rate coustant, k, wés calculated from the rate

of formation of (idp + CHA),

i.e. k = £33 log 0 9
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and the rate constant kl could then be calculated from the
measured yields of methane. The rate constant, k2, repre=-
sents the diiference between the two rate constants, k-kl.

A list of the calculated values for kl and kz are sinown in
Tavle I, page 63. The rate constant kl at a given temperature
was not affected, within experimentel accuracy, by the varia-
tion of the reaction time by a factor of four, of the partial
pressure of l-butyne oy a factor of three, and of tne toluene
pressure by a factor of up to two. 1Thnese results are shown
in Tables II, III and IV on pages 71, 72 and 73, respectively.
It is also evident from Table V, page 74 that the increase in
suri'ace to volume ratio by a factor of 14 did practically not
aftect tiie rate constant kl.

Calculation of Activation snergies

Ine plot of log k) vs. 1/T, sihown in fig. 8, page 75,
was linear over the temperature range studied. From tihe slope
of this line the activation energy of reaction (1) was cal-
culated as 67 kcal/mole and the frequency factor in the
Arrhenius ecuation as l.4 X lOlhseC—l.

the lergest source of error in the experimental
measurenents was considered to be the uncertainty in deter-
mining the exact teuwperature of the reaction vessel during an
experiment. Tanls uncertainty was due to fluctuations of the
temperature in tne reaction vessel in spite of the large heat
capacity of' the furnace and to the variation of tne tempera-

ture along the length of the reaction vessel, Thae estimated



Table I1

bffect of deaction Time on rirst-Crder
itate Constant, kl

Time of kl
LXpL o vontact -1
No Tk sec sec
16 949.5 U.30 U.U5
21 969 U.28 U.12
81 969 1.31 0.12
2L 977 U.28 C.13
&l 976.5 1.09 U.11
26 995 U.28 U.20
78 994 U.53 U.20
27 999 0.28 U.<3
68 999.5 U.51 U,27
oL 1002 U. 28 U.25
67 1602 C.52 U.25
43 1U1l7.5 U.R7 U460
77 1016 U.53 Uo7
LO 1C20.5 V.29 0.51
69 1022.5 G.51 V.54
3 1035 0.22 0.90

75 1035 UL9 U.90



Table IIL

sffect of Fartial kressure of l-sutyne
on First-Urder nate Constant, kl

l-5utyne kl

Lxpt o Press 1

Lo TV cm sec”
o 975.5 V.Ul U.12
2L 977 0.02 C.13
5 1C03 U.U5 0,26
66 1002.5 U.U8 U,.28
3L 1025 U.03 U.00
63 1027 0.10 U.02
75 1035 U.03 0.90
3 1035 U.40 U.90
L& 1042.5 U.02 .80
L9 1044 U.Ub 0.85
36 1056, 5 U.U3 1.53
54 1056 U.U7 1.38
1z 1074 U.ul 3.21

38 167445 0.03 2.98



Table IV

Lffect of Toluene Pressure on First-Urder
itate Constant, kl

Toluene k

. , 1

Lxpt Fress
o %% cm se—;c"l
63 949.5 1.84 .05
16 949.5 1.17 U.0U3
81, 976.5 2,02 U.11
2L 977 1.25 U.13
76 1016.5 1.79 0.60
LO 1020.5 l.30 U.51
75 1035 1.70 U.%0
56 1039 0.78 U.%1
3G 1058 1.34 1.66
53 1057 U.96 1.36
74 1063 1.60 2.52
58 10c0.5 U.96 2.U%
37 1066.5 1.27 2.16

59 1068 C.81 2,58



Table V

sffect of Facked iteaction Vessel on
irst-urder anate Constant, kl

k

nxpt o 1
o Tk sec—1
&0 969 G.10
S0F 968.5 U.08
17 g83 U.20
89p 966 U.19
L2 1013.5 0.34
88P 1ol U.32
33 1031 V.73

91f 1031 0,66



¥igure 8

Flot of log k. vs. 1/T

1

Filled circles denote experiments done in
packed reaction vessel
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fluctuation in the temperature was not umore taan 120h.
altuoougu tuls represents a swall percentaze error in the
teaperature raige used, tile resulting percentage error in
the rate constant is large. For exaaple, from the plot of
log ki vs. 1/T given in rig. o, page 75, the corresponding
rate constants st tie teuperatures 1023°%. and 1025% (wnich
are approximetely in tune midale or the teuwpersture range

. s : . ; . s . -1
used 1 these experiments) are 0.54 and 0.57 sec
respectively., Tue error in tue rate constant resulting
from an uncertainty of 2° is thus about 6ﬂx. rlowever,
from the graph the greatest deviation would correspond to
a tewperature uncertainty of 70 zid tnerefore one aust con-
clude tnat saditional sources of error alght nave been
involved. For nost experiments the deviations from the line
could be accounted for to a large extent by the fluctuztion
of temperature.

In order to ilmprove tae accuracy of tne computed
activation energy one could either extend tne temperature
range or increase the accuracy of the estimated rate con-
stants. The extension of thne temperature range is limited,
nhowever, by technical problems. As in the present study
tne reaction at ailgher or lower teaperatures nay ve unsuitcole
for experimentation oeing too rapid or too slow. alternately,

tne values of tie rate constants can oe made wore reliavle by

¥ an error of wbout cp in tine rate constant, <y, would
result in an error ol not wore tnan 1 kcal/wole in the
activation energy for reaction (1).
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frecuent repetition of individual runs. depetition of indi-
vidual runs leads to improvement of the results only when the
experinental errors are of the random type.

Another source ol error may result as a consecuence
of assigning an activation energy to a specific reaction,
since there may oe some uncertainties inherent in the assuup-
tion of a reaction mecnanism. Side reactions may affect the
products by which the rate of tne primary step ls measured.
The magnitude of such errors are difficult to assess, parti-
cularly when some ol tne possible side reactions may not nave
been accounted for. Tne plot sihown in Fig. 8, page 75
represents all the results obtained in this study under a
variety of experimental conditions including variation of
the time of contact, of total pressure and partial pressure
of the reactants, and of tne surface to volume ratio. OGUbviously
some of the side reactions may becouwe uore pronounced under
certain conditions and tine effect of "lumping” all the results
togetner may explain some of the scatter.

Uoviously amongst the additional sources of error
contributing to the scatter of the rate constants one could
include the inaccuracy of the determination of the composition
of the non-condensible gases, and errors involved in the cal-
culation of thne time of contact. The latter source ol error
is primarily due to small fluctuations in the total pressure

in the reaction vessel during an experiment. No attempt was
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.gde to sssess the wmagnitude of tuese additional errors,
since it was aifficult to estimate tneir contributions.
In spite of these errors which are reflected in
the scatter of the values for tihe raete constauts the active-
tion enerzy of 07 kcel/uole was considered to be accurate
witiin +2 kcal/wole. T.is estimate is based on tiae fact tiat
the extreite values for tie activation enerygy calculatea from
the points in Fig. &, pare 75 were 09.0 and ©5.0 kcsl/umole.
Ine plot of log k, vs. /T is given in fig. 9,
page 79 and tine "pest™ line was drawn somewnat arbitrarily
in view of the rather large scatter of tue experimental
results. an examination of tunls graph snows tiat tae reaction
was not affected within experimental accuracy by iuncreasing
the surface/volume ratio. From tne slope ol tie line the
activation energy of reaction (2] was calculated as 78+ (7)
kcal/mole and the frecuency factor ia correspgonding arraenius
, . 10 -1 . : -
ecuation as 107~ sec . The plot of log ko vs. 1/T shows uuch
fore scatter tuan the corresponding plot for reaction (1).
Tnis 1s to oe expected since rate constant k, represents tne
small difference between two larger rate constants k aud kl,
The errors involvec in the celculation ol k, are .aguified
as compared to tie errors involved in tne calculation ol K.
Hence no atteupt wes made to evaluate tie error for tne acti-
vation energy of reaction (2) since it was felt that the
cslculated value of 78 kcal/imole can obe considered at best &

rouszn estimate for tne activation eunergy of reaction (z).



Figure 9

Flot of log k, vs. 1/T

Filled circles denote experiments
done in packed reaction vessel
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fate of the Fropargyl dadical

As stated in the introductory section the 03h3
radical may be considered to resonate between at least the
two canonical structures, i.e. one corresponding to that of
the propargyl radical and the other corresponding to that

of the allenyl radical:

CHEC-CHy« é—> CH =C=CH* (L)
in fact the form&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 both as a propargyl

radical and as an allenyl radical:

‘11’?; ’\_"v A. i: \- 1 + "\/Y' SYTT .
CHEC-CH» + 5c,H —) Ci=C HB bon5uhz (5)
CH,=C=CH. + G i CH —) {,=C=CH, + CHCi, (6)

The ratio of propyne to allene formed was found to ve 3:2

under varying conditions of temperature. I both ends of

the C.H
373

would expect to find equal awmounts of propyne and allene

radical were equally reactive with toluene, one

formed. It is difficult to visualize why one end of the
radical saould be more reactive. 1n principle, another possi-
pility to be consicdered is tnat the activated coumplex result-
ing from the collision of a bq 3 radical witn a toluene
molecule can rearrange to form tiae more stable product. The
heats of formation of propyne and allene are 44.32 and 45.92
kcal/mole respectively (82). Therefore to all intents and

purposes the stability of the two products, propyne and

allene, may ve considered identical, &nd one must conclude
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that propyne is found in excess of allene because tne CBHB
radical approximates wore closely the propargyl configuration.

The sum of tne C3 products, (allene and propyne),
was estimated to be 1/6 of the metnane formed at the highest
temperature used in tnls investigation (617°C). These C3
products are a result of a normal mode of recaction of free
radicels with toluene, i.e. the abstraction of a hydrogen
atom, But apparently a large proportion of bB 3 radicals
were removed by reactions other tiian (5) and (6 ), i.e. by
reactions involving their dimerization or combination with
benzyl radicals:

u3r13 —)u‘/n (7)

Cliy + CgHgCHy» —3 Gl CllyUstiyg (&)
Indeed tnis was confirmed experimentally. & compound of
mass 78 (other than venzene) was found by mass spectrometry.
nowever, atiempts to isolate it from the large excess of
toluene were not too successiul and hence sufiiciently large
samples could not be obtained to aetermine its exact struc-
ture using inifra-red spectroscopy. The coumpound frou several
experiments were accumulated but could not ve characterized
since it seemed to disappear with time. This may have been
due to its abLsorption in the grease or to its polymerization.

Collin and Lossing (83) saowed by mass spectro-
metry that tne 03H3 radicals, produced in tne mercury photo-

sensitized decomposition of allene, dimerized to give a C6H6



compound. Ffarmer and Lossing (87) also found a Céﬁb compound
by mass spectrometry in their study of the tnermal decoinpo-
sition of propargyl iocdide. Altnough identification of tuils
06 compound wes not made, thiey assumed that this compound
resulted from the diwerization of the generated propargyl
radicals and had the dipropargyl structure. iwore recently,
Srinivasan (84) suggested that the 03n3 radical derived from
tne photodecomposition of 1,3 putadiene dimerized to give
two difrerent products of mass 78, wnlch he was able to sepa-
rate by gas ciaromatographic methods. The weight of all this
evidence demonstrates taat the CBHB radical is reluctant to
aostract hydrogen atoms and that it dimerizes. Since in the
present system tilere are at lezst as many benzyl radicals

as 03H3 radicals, it is not unlikely that these two radicals
nay combine to give a ClO product according to reaction (&).
A product of this type would be expected to condense in the
trap maintained at -SOOC, along with the unreacted toluene,
No attempt wes made to isolate the Clo compound(s) since the
toluene was ooviously in a large excess. Levertieless it
cught to ve mentioned tnat a trace amount oi a C1p compound
was detected oy mass spectroumetry in a Iraction isolsated by

the Leroy still, wnici contained primarily ¢, compounds and

6
toluene., This compound wmay actually ove the ClOﬁlO coupound
expected according to reaction (8},

Formation of Uivenzyl

Dibenzyl is formed from the dimerization of the



benzyl radicals produced in reactions (3}, (5) and (6):

2 CghiCtiys = (Cyriglhy) 4 (9)
Stoicniometrically the amount of divenzyl rormed would be
expected to be equal to the amount of methane formed in the

] X . . . .
reaction if all the CH3 and C.ii, radicals aostracted hydrogen

33
atoms from the toluene, and if all the benzyl radicals dime-
rized to give dibenzyl. From an inspection of Table I it can
be seen thet the amount of dibenzyl was wmuch smaller than
that of metnane, Tlis supports tne supposition tnat a con-
siderable amount of 03h3 radicals is removed by taneir
dimerization (reaction 7) and by their combination with
benzyl redicals (reaction &).

Thermal Stability of the CjH, Radical

if the CBH3 radical decomposes in the hot reaction
vessel, then one might expect to find ethylene or acetylene
amongst the products, and also the reaction vessel wight be
coated witn caroon. Acetylene and ethylene were not formed.
4lso an examination of the reaction vessel and of tae tubing
leading from it did not snow any presence of carbon. nence
it can pbe concluded that the 03h3 radicals do not further

decompose under the experimental conditions used.

¥  abstraction of hydrogen atoms from toluene by methyl
radicals will be treated in the discussion of the
decomposition of 1,2 butadiene.,
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uydrogen Froducing Step

It was suggested earlier tuonat tne hydrogen produced
could be accounted for by reaction (2) involving the molecu-
lar mechanisms:

CHEC=CH,-CH—> CH=C-Cn=Cii, + H, (2)

< 3 2 £
nowever the production of hydrogen could be also explained

by an alternste, free radical mechanism:

CHsu-caZ-CHB——) CHEC-Ciu-Cliy + He (10)
CHEC-CH-CHy — CHEC-Cli=CHy + k- (11)

Generally, the temperature needed to rupture a normal C-d
bona is much higher than those used in this study. 1t can
be argued, however, that tine CAH5 radical, which might be

'
{

produced by the rupture of the secondary C-i pond in l-butyne,
would be stabilized by resonance due to its ability to exist
in at least the two canonical structures similar to those of
the 03H3 radical, i.e.

Cch-éH-CHBH +CH=G=CR-Ci (12)
and that 1n consequence the corresponding C-h bond dissocila=-
tion energy is lowered appreciably with respect to D(GHB-H).
The CAH5 radical could then lead to a stable product by one
of the following reactions:

(1) it could apstract a hydrogen atom from toluene

to reform one molecule of l-butyne, or to
senerate a molecule of 1,2 butadiene.

‘\-*: _.‘A*_ i + A NTT ',*':—__ Ol -W‘I OO0 CH .
CH=C-CH Cn3 Cbﬁsbnj——}bh C-Ch,-CH, + C_H.CH

273 5Yia
‘U (R =0= . + SIS e Rt CH=0=" !_"11' T, .
CHy-CH=C=CH bbn5uﬂ3—)bd C=CH-CHy + GyHCH,

(13)
(14)
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(2) it could dimerize or combine with another free
radical participating in the reaction system.
(3) it could further decompose by splitting off
one i atom and thus generate a wmolecule of
vinyl acetylene (reaction 11).
Case (1) can be ruled out since 1,2 butadiene was not detected
ariongst the products of the reaction. Case (2) can be ruled
out on similar grounds, since the corresponding dimer C H

g 10
was not detected in tie fractions isolated by ges chromato-

-

grapny. oimilarly, neither a bll nor G, compound, wiilch

7
could have been derived from tne combination oi the 04@5
radical with either a benzyl radical or a 03h3 radical, was
cdetected.

however case (3) cannot be easily disposed of since
it could, in principle, account for both the formation of HZ
and vinyl acetylene:

OR=C-Cli= iy CHEC-Cli=Cii, + Il (11)
'he hydrogen atoms generated in steps (1U) and (11) would be
expected to be removed by reactions with the excess of toluene,

according to thne following scneme:

B+ CghglChy ™ Hy + Cpilglig: (15)
i+ Conglliy 7 Celg + iige (10)
e + CggCHy™>Cghge + iy (17)

Furtnermore, for eazca umole of hydrogen produced by reaction
(15), a wmole of benzyl radicals would be formed and thereiore
if reactions (1U) and (1l) occurred one would nave expected

thet the dibenzyl produced would nave peen larger taan tihe



amount due to reaction (1) provided tanat soume of the openzyl
radicals had not veen removea Dy combination wita 03H3
radicals. From an inspection of Table I, page 53 it can

be seen that usually the dibenzyl amounted to only 30U-4Up

of the methane Iformed. hence tnis evidence does not supgport
reactions (10) and (11). & more definite conclusion cannot
ve wmade on tine basis ol tne results obtained in tnis study
since the low yields of dioenzyl have previously been
explained as being due to the combination of a benzyl radi-
cal with a CBHB radical. however, some indirect, but

sufficiently plausible arguments against the participation

.o

of reactions (10) and (11) can be offered
Lhe values for the rate constant, ki& were cal-

culated on the assumption that reactions (10) and (11) did

actually occur.®  According to resctions (16) and (17)

some i atoms would disappear and generate instead methane.

Szwarc (47) stated that the ratio of hydrogen to methane

formed as a result of reactions (15), (16) and (17) was

3/2 and independent of temperature. Tnerefore the amount

of methane formed by these reactions is ecual to 2/3 of

tne amount oi nydrogen produced. Taking into consideration

that for every mole of l-butyne disappearing via reactions

1
®x ok represents the rate constant of reaction (1) cal-

cilated on the assumption that reactions (1U) and (11)
are exclusively responsible for tihe production of
nydrogen.,



(10) and (11) two moles of (n2 + CHh) would be formed, the
following relationships can pe deduced for the overall
rate constant for tne disappearance of l-butyne and for

the rate constant of reaction (1):®

2.303 Ao
Ko T o MO8 (LT - ((Ga,) * 1/6(n,))
L k(o)) - 2/3(,))
ko= -kot
Ag(l = e )

The rate constant for reaction (1) was calculated by tiils

method for several temperatures and the logarithms of these

87.

values were plotted a;ainst 1/T as shown in fig. 10, page 88.

lhe activation energy, determined from the slope of the

line drawn in Fig. 10, page &8 was 02.5 kcal/mole wita the

usual assumption that the recombination of the radicals pro-

duced in reaction (1) requires no activation energy, the

activation energy of 62.5 kcal/mole could be identified with

D(CH?C»CHZ-CHB). This value is essentially identical with

the corresponding C-C ovond dissociation energy in l-butene

. . . o 2.3 A
% ror a unimolecular decomposition k = £23Y3 15, 20
. t A =X
¢
where x 1s equal to tne numoer of moles decouposed in
tine t.

The number of moles of l-butyne decomposed due to reaction

(1) = total Cil)-Cli) generated by reactions (16) and (17)

= CHL+ - 2/3 Hy.
The number of moles of l-butyne decomposed according to
reactions (10) and (11) = 1/2(l, + Ck, ) formed due to
reactions (16) and (17) = 1/2(H, + 2/3 H,)

Total number of moles of l-butyne decomposed = x =

CH, ) + 1/6(n,).



Figure 10U

Flot of log kil vs. 1/T
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for wuich Senon and Szwarc (81l) proposed tiue value of ©l.5
kcal/mole., If the C-C bond dissociation energy in l-butyne
was indeed identical to the corresponding bond dissociation
energy in l-butene, the resonance energy ol the CBHB radical
would be equal to that of the allyl radical, CH2=CH-CH2- .
tiowever it seems reasonable tnat the resonance stavbilization
of tne 03n3 radical should be considerably less than that of
tine allyl radicel, since thne latter radical ought to be
maximally stabilized due to its aoility to resonate between
two identical canonical structures. This reasoning is also
supported by the fact thnet the dissociation energies ior

the propargyl nalides are 8-10 kcal/mole grester than those
of the corresponding allyl halides (&7, 70). Therefore it
seems very likely that the C-U bond dissociation energy in
l-butyne is greater than the corresponding bond in l-butene
and that nence the production of hydrogen cannot be explained
satisfactorily by resctions (1U) and (11).

Moreover even if one assunied that the resonance
energy of the CQH5 radical were ecqual to that of the 03H3
radical, on general grounds, the C-i bond dissociation
energy, D(CHE“-%H-CHB) would be expected to be stronger than

3}

the corresponding C-C bond dissociation energy, U(Uhiﬂ'CHz-GHB),

by some 15 to 1& kcal/mole, and taerefore, under propitious

conditions for reaction (1) reaction (1l0) and consequently
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reaction {(1l) would be neglizible. This argument would be

valid only provided the frequency factor in tne arrhenius

equation for reaction (1lU) had a "normal"™ value of lUlz-lGlhsec'l.
In conclusion, it is felt that on the pasis ol all

these arguments, reactions (1lU)} and (11) can ve excluded from

the mechanism of decomposition and tn&t the production of

hydrogen can be accounted for by the molecular mecnanism

represented by reaction (2), and that the metunod of calcu-

lating ky was justified.

CGonclusions

In suwmnary, the complete mecnanism for the tnermal
decomposition of l-putyne in an excess ol toluene can de

represented by the following scheme:

k

ko
Ch—EC-CHZ-CHB——)u{EC-CH=CH2 + Hy (2)
LHB' + L6H5Cn3———}0ﬂ4 + Uén5CH2° (3)
CHEG-CH,» &) Ol =C=Cii (4)
CH=C-Cuye + Céh56i~13-——) CH=C-Ciiqy + CplglHpe (5)

CH =C=Ch- + CéHSCHB“——>CH2=C=CH2 + 0655052- (6)

Ugitge + CpilgClipe — Gyl gCil O iy (8)

2 Cghisliipr 2 (Cliglhy )y (9)
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It was shown that the rate oi production of
epresented adequately the over-all rate of the
homogeneous, Ifirst-order disappearsnce of l-butyne. The
rate of formation of methane was considered to be a measure
of reaction (1) which was found to be first-order with
respect to l-butyne. The activeation energy of tals reaction

was calculected as 67 + 2 kcal/mole and tie corresponding

L 1

frequency factor in tne Arrhenius equation was l.4 x 1U *sec™ .

#iaking the usual assumption that the recombination of Ifree
radicals requires no activation energy, the value of 07 * 2

e -

kcal/mole was identified with D(CH; C*CH,~CH ).

3
Sample Calculation (e.g. Zxperiment 777)
killimoles of toluene f{lowing through in 14 min = 79.23
millimoles of toluene flowing through per min = n, = 5.0659

killimoles of l-butyne flowing through in 10 min =

—.__.Pv O = 1'78 X 10183 ~ SO =
7T X 000 = 0 Es % 30T ¢ VW = L1z,

where F 1s the pressure change in the storage bulb in cn,

V 1s the volume oi tne storage vulb in 1, 1 is room temperature

in °K.
lillimoles of l-butyne flowing through per min = n, = v.l12
n
The partial pressure of l-butyne is then —2 __x P

np *on,

_ 0.112 ) —  im _
= —_ x 1.59 = G,03 cm
5.659 x U.11%2 2

where P 1s the pressure in the resction vessel in cm.

Total number of willimoles of gas flowing through per second



+ ~
Ill nL,

5.059 + ©.112
60 ¢

00

Volume of gas flowing througn per second =

9%<.

= 0,0902

nit
r

lo59

where T is the temperature of the reaction vessel in "A.

The reasction time in seconds

= 20l.5 cc
38L.06 cc/sec

0053

Total yield of non-condensibles

= 07.14

jo Gl
= 32.86
U.249

= 0.122

.
2

70
millimoles of CHA

fillinoles of HZ

llon-condensibles due to the decomposition of toluene itself =

U.U32.
riillimoles of

i, due to toluene

Fillimoles of 5

millimoles of

Millimoles of

C,122 - 0,019 = 0,103

0.236 + €.103

Corrected 5% CH

1+=

Volume of reaction vessel

CHA due to toluene decomposition = 5
Chh due to l-butyne decomposition

H2 due to l-butyne decomposition

Weight of dibenzyl = 0,01636 gm=0.090 millimoles.

U.370 millimoles.

2

x U.032

decomposition = x 0.0319

RN W)

x 100 = 69.7

Volume of gases flowing thnrough/sec

J,0Ul3

U.Ul9
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Hate constants:

k t a - x
1 o . . 1.12 - =1
0.53 ¥ 24303 log,l'l2 VRS U.03 sec
k(Cii, )
- L _
kl = =

(l-butyne) (1l - e~k

U.63 x U.230
; ""- 2 o A. 2
1.12 x (1 = e Ur0%Y X U.5%5

)
= 0.47 sec—t.

ky = k - ky = 063 - 047 = 0.16 sec T,

2



4.

1,2 pl'fagluil

rroducts and itesults

ihe pyrolysis of 1,2 butacdiene was studied in
temperature range 688-810°C, ‘'ne main non-condensible pro-
duct wes metnane., Smaller amounts oi hydrogen were also
formed. Tae proportion of metnane ana nydrogen varied with
temperature. At the lowest temperature used 1or the decompo-

. . .,0
sition (6868

C) about 70, oif the non-condensiole products was
uethane while at the highest temperature used (510°C) the
methane was aocout 55, oi thne non-condensible gases. The
yields ol hydrogen and metinane are sinown in Table I, page 95,
Tne separation of the condensible products was
done exclusively by means of the gas caromatography épparatus
described previously and tney were identifiied by their infra-
red spectra, except wiere indicated otinerwise. woti allene
ana propyne were f'ound amougst tihe reaction proaucts. Tne
ratio of the amounts of propyne to allene produced in tihis
reaction was as in the case of l-butyne approximately 3/2
as estimated from tine area under the gas chromatogram. 1hne
amount of allene plus propyne was much less than tine amount
of wetnane formed. At tae nlghest temperature used for tue
cecollposition (810°C) tie ratio of (allene plus pl"opyne)/(JHIP
was estimated to pe about 1/0; at the lowest temperature
(6687C) this ratio appeared to pe lower but in view of the

large errors involved in determining tie area ol small gas



Table 1

Products from and rate constants
for the vecomposition of 1,2 Butadiene



Table I

Froducts of the ULecowmposition of 1,2 sutadiene

Purtial Partial lion-
5 pross toluene 12 bus  © 1,2 but. nees g Lt L. K2
igt TR pg;ss Lo%;ene l’cm sec m:molesx mfaoles anh bib/CH sec sec'l
2 90l.5 1.23 1.17 .06 0.28 4926 U.0U58 70.8 13.2 U.03 V.Ul
9 965.5 1.30  1.27 U.03 U330 3,170 U.u4k2 700 - U.0L G.01
30 909.5 1.90 1,92 V.04 1.1l U979 U079 OULU - U.05 LLU3
29  975.5 1.99 1.82 U.l7 1.15 2,382 U200 02.4  27.3 U.UO U.UL
19 964.5 1l.15 1.12 U.u3 U.31 2.074  G.UT0  08.0 - V.0 ULU3
3 985.5 1.25 1.22  U.03 U.31 1.877  U.06U  03.5  2h.1 G.06  U.OL
33F 986 .08 2,04 V.04 1,16 1,205 U.136 ©3.7 - U.U7 GLWUL
10 990.5 1.35 1.31 U.UL U206 2,216 0,082 06,2 11.0 011 0C.U4
8 990.5 L.k Lok2 U.02 0.32  1.943  0U.L03 08.0 - V.08 U.UL
18 994.5 1.29 1.2 V.05 0.31 1,936 U.U50 74,9 18.7 0.07 U.U2
20U 997 1.42 1.34 U.08 U.52  1.776  U.135 03.5 15.5 G.lu U.06
% Total amount of 1,2 sSutadiene flowed tiarougn during tiwe ol experiment.



iable 1 (Continued)
Fartial Fartial hon-

] lotal press press cond jo ky ko
bxpt o bress tolgene l,2_5ut t 1,2 But £88€s - CH  Dib/Ci -1 -1
i\Te) LI7i cm ci cim sec ml.ioles™ n.moles l, sec sec
17 99z 1.26  1.23 V.03 0.31  1.983  C.074 69.9  15.8 C.09 U.UL
21 1o0C.5 Ll.45 1.36 U.U7 UJLb 2.203  U.273 58.0  15.5 U.l7 0O.12
25 10Ww.5 1.85 1.80 .05 1.11 U734 U191 03,9 30,9 C.17 U.1lU
32F 1010 1.85 1.80 U.U5 1,20 0,839  U.242 58.5 -  L.Jlo u.ll
L luz3.5 1.30 1,27 U.03 U.3u 1,995 C.149 63.1  38.4 U100 ULlU

1024.5 1.45 1.40 V.U5 U206 1.859 04176 OZoh 22,4 U.24 UJLS

31F 1uz§ 1.99 1.91 U.U8 145 UL787  UL3G1 59.8 - C.26 .19
5 1030 1.45  1.40 U U5 UeR9 1,246  UJLlLE 03.2 18.9 U.28 U.106
23 1ozl l1.00 1.54 U006 U0 1,305  U.240 ©5.0  29.1 .28 U.lo
& 1u33.5 1.29 1.23 U.UO U.27 1.207  U,L85 Ol.1 2o.5 UL30 CG.23
22 1035  1.63  1.54  U.09 U.46  1.133  0.295 60.8 - U.38 0.2k
13 1039.5 1.23 1.20 U.U3  U.R9 1.790  U.253 00.4 32,1 V.30 U.18
24 1040 1.06 1.59 U.U7 UJ45  1.405 U.309 ol.b Lo.0 UJLh2 U,.20
26 1UL5 o1l 2,02 v.l2 1.04L  U.Y70 Ulhb5L 57.1 - UJL9 .37



‘table I {(Continued)

Fartial FPartial hon-
LYotal press press cond Yo ky k2
LXpL press toluene 1,2 But t 1,2 but Lases . e g
<P (0.t : ) N x o ~ClL,  bib/CH -1 -1
1o fiN cin cll cin sec m.,moles™ m.ooles L I, sec sec

16 1045 1.22 1.18 G 04 L.29 1.977 U,

D
a0
I

OL.7  35.3 G40 G.24
27  1ULY 2,11 2.01 V.10 1.U2  U.0BL UL393  63.9 - U.53 U.3U
14 1U54.5 1.24 Ll.21 0U.U3 U.29  U.okL U130 56.5  46.8& U.47 U.3L
34F 1U58 1.986  1.93 U.05 1.13  U.Lho G309 54.7 - ULST7 UWLT
15 1ub7 1.19  1.17 U.02 U.26 U700 U.198 05.2 5Shok U84 U406

7 1uo&.5 1.24 1.1k U.lu U.26 U.532  U.l30 57,

28  1073.5 2.UL 1.97 U.U7 1.0L U.309 U.320 5%,

1

11 1ue9.5 1.22 1.20 u.02 U 3u U.SG04 U210 0Z.5 - U.56 U3k
2 - 1.01 0,93
2
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chromatogzrapnic peaks this could not be establisined accura-
tely.

Large auounts of vinyl acetylene were produced
in the decowposition. as in tie case of l-butyne, the
amount of vinyl acetylene was usually larger than 70p oi
tne hydrogen iormed. 7Thls represents only a lower limit
oi the amount of vinyl acetylene formed 1in tne reaction
since some ol this compound could not be readily separated
from the toluene. 4aAs will be sinown later, on the oasis
ol the proposed mecnanism for tne pyrolysis of 1,2 butadiene
it is reasonavle to suggest that in actual fact the amount
of vinyl acetylene was equal to the amount of nydrogen formed.

as in the pyrolysis of l-butyne a compound with a
nmass of 76 was seperated out on the gas chrouatography column
containing Apiezon L grease. Thne determination of its mass
was made by mass spectrometry., Since the elution time for
this compound was not tihe same as tnat ior benzene it can
be concluded thnet this compound was not benzeune.

The yielas of dibenzyl produced also in this decompo-
sition were low, varying from about lu-5A4» ol tne methane pro-
duced (lable I)., at the nigher temperatures used in these
experiments tne divenzyl was again slightly yellow coloured.

Irace amounts of etnane were also Iormed and, as
in the case of tne pyrolysis of l-butyne, the amount cif ethane
never exceeded lj» of the amount of metanane formed. Consequently,

the awount ol etuane formed was neglected for the calculation
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of rate constants.

rost of tie products from the decomposition of
1,2 butadiene are thus similar to those obtained from the
decomposition of l-butyne. iowever, the cecomposition of
1,2 butaciene led also to tae iformation of 1,3 butadiene
which was absent in the pyrolysis of l-putyne. The amount
of 1,3 butadiene formed at tne highest temperatures used
for the pyrolysis ( 81000) was estimated to ve of the same
order of inagnitude as taat oi tne methane formed. The
amount of 1,3 butadiene formed decreased rapidly with
decrease 1in temperature. At tne lowest temperature employed
in this study (6680“) tie amount of 1,3 putadiene formed was
almost negligivle.

7

DISCUSSION

o

recnanism of Uecomposition

These results sugg est tiaat 1,2 butadiene decouposes,

as l-butyne, by two simultaneous, rate deterwining reactions

o =0=0a0H —%l ’ H=C=0CHe + (CH . »
Caiz U=01L 113 ; Calz UEur UX_B (l)
) k,
CH2=C=CEL—CI‘13"——'> CH=C=CH=CH , + Ho (2)

and tiaat, in addition, a taird process, the ilsomerization of
1,2 butadiene to 1,3 vutadiene occurs:

T Sy T k aim st ST e i

uf12=b='uﬂ-(4h3-——1-> bn2=bd—bﬁ=un2 (3)

iteactions of the kethyl dadicals

The methyl radicals generated in step (1) are

removed Dy tae fest reaction with toluene to give methane
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and a benzyl redical:

Gy + 06H5CEj———?bh4 Gt sCliy (L)

From a study of the thermal decomposition of
acetone by tne toluene carvier tecnnique, Szwarc and Taylor
(90} concluded that toluene is not a sufiiciently effective
trap for metayl radicals, and tney speculated that at 761°C
about 253 of the metnyl radicals formed in the decomposition
wight have been removed by combination witn penzyl radicals:

CHB- + Gy 5bnﬂ —)bbn5uuzuh3 (5)
nxperimentsl proof for the occurrence ol reaction {(5) at a
temperature about 100°C lower tnan used in the present study
weas obtained recently in this laboratory (91). For this
purpose a technique wes developed to separate etnyl benzene
irom a large excess oi toluene., The detgils of the procedure
used are given oelow.

In the standardization of tunis procedure it was
snown that the smallest detectavle corncentration of ethyl
benzene in toluene with the gas caromatographic apparatus
was U.2 mole je. OSince its actusl concentration amongst the
products was expected to be still lower than tnat, a wodified
procedure, in wnich most of the toluene was initially removed
by fractional distillation, anad to be used. Fortions of 5 cc
of different synthnetic mixtures of ethyl benzene in toluene,
ranging from U.U4 to U.lw, were degassed in the usual way
and coununected evacuated trap kept at licuid air temperature.
@wost of tie toluene distilled over in 30 minutes. 'he last

few drops remaining in the first trap were separated on the
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Apiezon L grease colunmn described previously. The contents

of the trap at -78°C collected during an actual experiment
were treated in an identical manner, and the caromatographic
pattern obteined was compared with taose given by the stan-
dard solutions. Using tnis technique, no etnyl benzene was
detected in the present investigstion. Tne discrepancy
between the present findings ana those obtained by Vroaski

et al (91) might be due to the difierence in temperature in
these two independent investigations since the activation
energy for reaction (3) is 8.3 kcal/mole (S2). woreover

the absence ol ethyl cenzene in this investigation may be due
to the lower concentration of benzyl radicals produced in the
present system, since some ol them, as shown later, are removed
by reactions witia C3H3 radicals. The absence ol etnyl benzene
in the present study may also be ascribed to the removal of

methyl radicals by the back-reaction with CrHB radicals:

3
CH,+ + CHEC~CH,e—) CHEC-CH, -CH (6a)
3 2 < 3
Clige + CHy=C=CH - ~—7 CHp=C=Cii-Cii4 (6b)

According to tinis possibility one would expect that l-butyne
would be a product in the pyrolysis of 1,2 butadiene, and
similarly 1,2 outadiene would be formed in tie pyrolysis of
l-butyne. hLowever in spite of careful gas chromatographic
analyses ol the products in these two reaction systems,
these alternate products were not detected and therefore it
can pe concluded that tne back reaction (6a and ©b), if any,

was not significant.
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Fate of tihe Allenvl itacical

As previously shown in tne introductory section,
tne 83H3 radical can ove counsidered to resonate ovetween the
allenyl and propargyl configurations:

Chip=C=Cii+ € Cii=C-CHy (7)

‘‘he products formed in tiis pyrolysis demonstrated
as in the case ol tae decomposition of l-butyne, that the
CBHB radical can react both as a propargyl and an allenyl
radical, i.e.

)
)

o

G3C=Chye + CghgCliy—) ChEC-CHy + Cgligllips

CH, =C=Cii+ + 06550}13—% CHp=C=Chp + Cphigbhpe |

[

Ne}

The ratio of propyne to allene formed was again 3/2 under
varying conditions of temperature. These results demon-
strate again that the propargyl configuration is sligntly
t'avoured for the CBHB radical (the properties of the 03n3
radical nave been discussed 1n greater detail in the previous
section dealing with l-outyne).

The amount of propyne plus tnat ol allene Iformed
would oe expected to be ecual to the amount of methane pro-
duced if all the CBHB radicals reacted via reactions (&) and
(9). But since the amount of propyne plus allene was only
about 1/6 of the methane generated at §10°C it cen be con-
cluded that the CBHB radical is reluctant to abstract hydrogen
atoms from toluene and that it disappears by other reactions
sucn as its dimerization or its combination with benzyl

radicals:
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2 CBHB' —>bok16 (10)

Cytige + CyhigCilye — CpitsCiC 3y (11)
iteaction (1l0) was confirmed experimentally; the pressure of
a compound of mass 78 (other than benzene) was confirmed by
mass spectrometry. Since the type of compound generated in
reaction (11) would be expected to trap togetiher with the
toluene, no atteumpt was made to isolate 1t. nevertheless,
supporting evidence for such a reaction can be found in the
low yields of divenzyl. 4lso nmass spectrometry nas indicated
that such a compound may have veen actually formed in the
pyrolysis of l-butyne.

nydrogzen Froducing Step

The hydrogen produced in the reaction could be
accounted for oy reaction (2). 4s in the case of l-putyne
the awount of vinyl acetylene formed was considered to be
ecual to the amount of naydrogen formed. 'The possibility that
hydrogen is produced via a free racdical process,

CH2=C=CH-GH3—-—)CHB-CH=C=CH- + He (12)

Cil 3-CH=C=Clis — Cil ,=Cu-CZCH + i (13)
was ruled out for the saume reasons as given in the case of
l-butyne., wmoreover tne conclusions of the study oif the
mercury photosensitized decomposition of 1,2 obutadiene by
Collin and Lossing (83) are particularly adequate for the
discussion of the present results., In the latter study tiie

reactant and products were samplea directly into the ioni-

zation cnamber of a mass spectrometer. Collin and Lossing



stated tnat the C H5 radical was not detected by mass

L
spectrometry and that a compound with a mass of 5%, pre=-
sumably vinyl acetylene was formed. however they detected
the formation of tne CBHB radicals. These results are
therefore consistent with those obtained in the present
study. In general there may not be a correlation between
the mechanisms of a thnermal and a mercury pnotosensitized
decomposition in as much as the energization step(s) lead-
ing to reaction may be different™, llowever the similarity
of the products formed in voth tihls study and that of Collin
and Lossing, wuich can be accounted for by reactions (1) and

(2) would support the view that the same mechanisu underlies

botnh decompositions.

*x In this connection it might bpe worth mentioning that
most mercury photosensitized decompositions of hydrocarbons
involve the Iission of only one C-d bond by a free
radical mechanism (70).



Formation of divenzyl

The formation of dibenzyl is accounted for by the
diuerization of oenzyl radicals, presumnaoly outside the
reaction zone vroper:

2 Cliglips — (661i50112)2 (14)
The low yields oi divenzyl can ode explained in the sane
manner as that proposed for the pyrolysis of l-butyne. It
nas oveen saown that the CBHB radical is relatively stable
and reluctant to avstract a hydrogen atom from toluene
(reactions & and 9) and in comsecuence it is likely thet the
concentretion of C_H, radicals is larger tnan that of the

33

CHB radicals produced in reaction (l). As a result of tiils
tne yield of benzyl radicals is low. @oreover since it is
likely thet penzyl radicals may couwbine with 03H3 radicals,
the concentration of benzyl radicals is further reduced,
resulting in tne low yields of divenzyl. Tnis explanation
would also account for the absence of ethylbenzene amongst
the products and thus one must conclude that reaction (5)

does not occur.

formation of 1,3 butaacilene

Various amounts of 1,3 butadiene, accounted for oy
reaction (3), were found amongst the reaction products. At
low temperatures, only a negligivle awount of 1,3 butadiene
was formed. The ratio of 1,3 butadiene to methane increased

with increasing teumpersture, and at the highest temperature
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used (811°C) the amount of 1,3 butadiene formed was estimated
to be egual to the amount of methane formed. This would
indicate that the isomerization™ of 1,2 butadiene to

1,3 butadiene reguires a substantial activation energy.

In the study of the mercury pnotosensitized decoinpo-
sition of 1,2 butadiene by Collin and Lossing (83) no mention
was made of the presence of 1,3 butadiene amongst tne products
of reaction. LkLevertheless in thneir study of tihae uercury photo-
sensitized decomposition of 1,3 butadiene (&3}, 1,2 butadiene
was proposed as a product. a large amount of l-outyne was
also formed as a product in the mercury pnotosensitized
decomposition of 1,3 butadiene; therefore the identification
of 1,2 butadiene in tuae presence oi both 1,3 butadiene and
l-butyne wuas not unambi,uous. oince l-butyne was also formed
as a product in tne mercury pnotosensitized decomposition of
1,2 outadiene the detection of 1,3 butadiene as a product may
have oveen obscured.

It is of interest to see how 1,3 butadiene behaved
in the present reaction system. GConsequently a few experi-
ments were made using 1,3 butadiene (watheson, research grade)

under conditions identical to tnose used for 1,2 butadiene.

x This isomerization (re ction 3) is exothermic to the
extent of 1l2.4 nCdl/ﬂOleo
Zﬁnf(l 2 Outaulene) 38,77 hcal/mole VAVE! (1,3 butadiene)
20.33 kcal/mole (uz)
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The extent of decomposition of 1,3 butadiene was estimated
to ve only a small fraction of the extent of decomposition
of 1,2 butadiene., No extensive studies were made witn 1,3
butadiene and therefore no kinetic data can be derived from
tie pyrolysis of tinis compound. The non-condeusible pro-
ducts consisted of methane ana hydrogen, and tae ratio of
CHQ/MZ was slightly lower in the case of 1,3 butadiene.
Again botn propyne and allene were found as reaction pro-
ducts, and the ratio of propyne to allene was about 3/2.
Small amounts of 1,2 butadiene were also found. These
results indicate thnat the conversion of 1,3 butadiene to
1,2 butaclene is slow under tne conditions used for the
pyrolysis of the latter, and that the otuer products formed
are a result of the subsecuent pyrolysis of 1,2 putadiene.
This explanation is also consistent with the mechanism pro-
posed by Collin and Lossing (&3) and the hydrogen saift
involved in these isomerizations is illustreted in tne diagranm

given below.

\/ \/
oo =~ |
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Sunmary of mechanism

The overall mechanism for the pyrolysis of 1,%7
butadiene in a stream of toluene can then ve sumigrized in

terus of the following reactions:

k
Cil _=C=CH~C H =0=CH* + © .
Gil ,=C=CH bn3——9u12 C=CH Cli (1)
K, ,
CH,=C=CH-CHy — =3 Clf C-CH=Cil, + h, (2)
ky ‘
CH p=C=Cii-Cii 3 —=— Chi;=Ci-CH=Ci, (3)
Ciig® + 06;4;5%3—)0% + CgligCHpe (4)
CH,=C=Cli. ¢ Cli=C-Cliye (7)
Ciiy=C=Ch+ + Cyiglly T 7Cu,=0=Chiy + ColisCup® (&)
CHEC-CHp* + CghisCliy T CHEC-CHy + CgligCliye (9)
2 Cillys =7 Tghg (10)
Cgtge * cénSan.Hub%Un?BuB (11)
2 CghgCHy =7 (Ctilily ), (14)

kinetic considerstions

To obtain the caroon-carbon vond dissociation energy
in 1,2 butadiene, ﬁ(UH2:C:Ch-CHB), vezlues for the rate con-
stant kl are recuired over a range of temperature. The methane
produced in reaction (4) measures the extent of reaction (1),
i.e.

d(CHy)

= ky (8)
dt
where (3) represents the concentration of 1,2 butadiene.
liowever, gccording to tihe postulated mecnaniswm tne 1,2

outadiene aisappears simultaneously by the three unimolecular

processes, reactions (1), (2) and (3) and taerefore one may
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write

d(D — {1 ' )
—"——L"’ lx{l+k2+k3} (.n..))

k, (5)
where kK, 1s the rate constant for the overall removal of
1,2 butadiene. Upon integration of this expression (between

zero time and time t) tne following expression is obtained:

fience,

d(CH, ) _ -k~T
- 0
__dtj’_ = kl(B)Oe

wiiich upon integration gives:
t

- KO‘UIA.) o

L (8),(1 - e75ob)

Consequently, in order to calculate kl at any temperature, an
estimate must first be made of the overall rate constant, ko.
iln theory the overall rate constant ko may be calculated from
the amount of 1,2 butadiene consumed during the reaction, or
it may also be estimated from the rate of formation of the
sum of metnane, nydrogen and 1,3 butadiene. DBut due to
tecianicel reasons ko was not easily obtained. The amount of
unreacted 1,2 butadiene could not be estimated accurately due
to the difficulty of separating it from the large excess of

toluene and due to the difficulty encountered in trying to
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megsure accurately tue awmount of 1,3 butadiene Iormed in the
reaction.

nevertneless, calculations were made on tnls system
by neglecting reaction (3), i.e. assuming k3 = 0, The overall

rate constant, k, can then ve written as

= £:393 1., ) ‘
t °& ((5)0 - (Cﬁh + ”2))

Assuming tnen that tae methane formed in the reaction resulted
from tne reaction of ChB radicals generated in reaction (1)
only, the rate constant ky can be represented as follows:
~ k(Chh)Ot

((B) (1 - e
inhe values of kl suown in Table I, page 95 were calculated in
tiis manner. These rate constants were lound to be insensitive

—kt))

to cnanges in toluene pressure, partial pressure of 1,< outa-
diene and time of contact. Tnis is illustrated in Tables II,
III and IV, pages 109, 110 and 111, respectively. The effect
of variation of surface; voluue ratic on kl is shown in Table
V, page 112. 'lhe values of k2’ shown in Table I, was cal-
culated from the expression:

K =k-kq

2

Calculation of activation energies

A plot of log k, vs. 1/1 is shown in Fig. 11, page 113.

1
From the slope of this line an activation energy of 60 + 2
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Table LI

wifect of seaction Time on first-Urcer aate Constant, Ky

. . kq
axpt o lime of 1
O Tk Contact sec”
Koo 5.5
9 965. 5 0.30 0.0 U.0L
30 969. 5 1.11 G.05 U.CL
K1000.5
21 1000, 5 045 G.17 G.17
25 1007 1.11 G.17 U.16
k1030
5 1030 G.29 0,28 U.28
23 1031 046 C.28 U, 27
K.
1039.5
13 1039.5 U.29 G.36 0.36
21 1640 0.45 0.42 G4
k1045
16 1045 G.29 0.40 U 40
27 1049 1.02 G.53 O L7
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Table 111

~ffect of rartial rressure of 1,2 putadiene
on first-Urder date Constant, ky

" 1,2 sutadiene Kk
Lxpt o Fress 1
o TYK cin sec
kogs, 5
9 965.5 0.C3 0.04 0.0
2 961.5 U.06 U.03 0.03
k969, 5
30 969.5 U0l 0.05 C.05
29 975.5 G.17 0.06 .05
k1030
5 1030 G.05 G.28 0.28
23 1031 V.6 U.28 C.27
%1039.5
13 1639.5 U.03 0.36 0.36
21, 104U U.U7 U 42 0. 42
K1083.5
12 1083.5 G.02 1.15 1.15

28 1073.5 U.u7 1.01 1.25
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wifect of Toluene fressure on First-Urder

nate Constant k

1
‘ioluene kl
LXpt press _
o 19K e sec 1
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 .17 0.17
25 1007 1.80 0.17 0.16
k1033.5
6 1033.5 1.29 0.36 U.36
22 1035 1.63 U.38 U.36
K 040
21 1040 1.59 U.L2 O.42
26 1045 2.02 O 49 0.42
k1015
16 1045 1,18 0. 40 0. 40
17 1049 2.01 U.53 0,47



Lable V

affect of Facked rmeaction Vessel on

rirst-Crder fzte Constant, k

1
. k
axpt 1
o 7O sec_l
Kogs, 5
3 985.5 U.06 U.U6
33F 986 0.07 0.7
k1030
5 1030 0.28 0.28
31F 1029 U.28 U.29
k1007
25 1007 U.l7 .17
32F 1C10 U,16 U.14
k10545
14 1054.5 U.47 C.47
3LF 1G58 U.57 Ce51



Figure 11
Flot of log ky vs. 1/T

¥illed circles denote experiments
done in packed vessel
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kcal/mole was calculated for reaction (1) in the same manner
previously described in the corresponding section for l-butyne.
also the discussion relating to the errors involved and pre=-
sented in thet section is equally applicable to tnls case.
The frecuency factor in the Arraenius expression was cal-
culated as 3.0 X lOlBSec_l.

This activation energy of 66 *+ 2 kcal/mole cannot
be considered to be absolutely correct since it was derived
by neglecting reaction (3 which was responsible for the
formation of 1,3 butadiene, i.e. the assumption was made
that k3 = U. 4s stated previously, at the lowest temperatures
the amount of 1,3 butadiene formed wss negligible and tiere-
fore at these temperatures kl was mucn greater than k3.
Consequently the error made in calculating kl at these tem-
peratures is insignificant. DBut with incresse in temperature
the ratio of 1,3 butadiene to Cii, formed increased and

L

therefore k3 shoulc no longer be neglected in the calculation
of kl. The amount of 1,3 butadiene formed at tne hignest

. 37000 s e , ,
temperature (81l0°C) was estimated to be of the same order of
magnitude as the methane formed. Taking into account this
addaitional reaction (3) the value of the rate constant ky at

1 to 1.50 sec™l., Thus even

O s s ; -
8107C is increased from 1.15 sec
at the highest temperature used in this decomposition the
rate constant is luncreased only by about 35%. The log of

this rate constant was plotted on the graph of log ki vs. 1/T
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and was extrapolated back to the lowest temperature as snown
by the dashed line in Fig. 11, page 113. 7The value of the
activation energy calculated from tine slope of this line 1is
66 kcal/mole. This value represents a maximum for the acti-
vation energy since, even at the lowest temperature, k3 is
not quite equal to zero, and therefore tne dashed line sinould

t

A5}

theoretically not intersect the line of log kl vs., 1/T
the lowest temperature. oStrictly speaking the plot of log
kl vs. 1/T should show some curvature, but since this could
not be ascertained because of the scatter of the experimen-
tal data a straight line was drawn, 1t is felt that a line
ol intermediate slope would represent more adeguately the
true activation energy and therefore, the activation energy
of reaction (1) may be considered to be equal to 07 + 2
kcal/mole (i.e. intermediate between 06 kcal/mole and
68 kcal/mole).

4 plot of log k, vs. 1/T is shown in fig. 12,
page 116%, 1t is evident that the increase in surface/
volume rztio by a feactor of 14 had no effect on reaction (2).
The slope of this line corresponds to an activation energy
of 80+ (?) kcal/mole. The frecuency factor in the Arrhenius

Olésec'l

equation was calculated as 1.5 x 1 . Taking into

account the amount of 1,3 butadiene formed in the pyrolysis

®x  The k, values were calculated on the assumption that
reactIon (3) did not occur.



Figure 12

Flot of log k, vs. /7T

#illed circles denote reactions
done in packed vessel
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at 810°C the rate constant k, is increased from 1.09 to
1.49 sec"l. The log of this latter value was plotted on
the log k2 vs. 1/T graph and was extrapolated as snown by
the dashed line in rFig. 12, page 116. The value of the
activation energy calculated from the slope of the dashed
line is 83 kcal/mole. 4as above, one may thereiore consider
the activation energy of reaction (2) to be within the
range 80-33 kcal/mole.

Conclusions

It is considered thnat the rate of production of
(CHLP +il, + CH2=CH-CH=CH2) represents adequately the overall
rate ofbthe nomogeneous lirst-order disappeerance of 1,2
butadiene. BSecause of tne technical problems involved in
estimating accurately the condensible products formed, the
rate of formation of 1,3 butadiene was initially neglected
in the calculations used for the evaluation of the rate con-
stant of reaction (1) and the value of 60 + 2 kcal/mole was
deduced for the activation energy of this reaction. IiHowever
on taking into account tne rate of formation of 1,3 butadiene

the activation energy of reaction (1) was estimated as 67 + 2

\

3¢

kcal/mole which is identiiied with D(CH2:C:CH-CH
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Ubalital 9150 USS.L Ul

valculation of dissociction energies

The relstion vetween tne experimentel activation
eneryy lor s uuimolecular reaction, involviug thne decoumpo-
gition oi a molecule into two radicals, and thne uissociation
energy oi the vond wiich is broken nes veen ciscussed. 4t
was coucludea that U + {l') B) b, wiere U is tae dissocistion
et xp o, - . e
ener,y at 0L, For wmost compounas, ior wilch tre pre-
exponential term 1 tue arrienius rete expression is close
t 1013 . -1 . . . . PR
o sec , the measured activation energy was considerea
to be very neerly equul to J. To coimpute tue neats of lorua-
tion of {ree radicals usii. ste..dard reference neets of
‘”"t" N t ”ir:o—». . . . - . - - o

L @ PRV L >t cl H il I e >d.eveal
Iorumation < , tue activetion energy for tine relevent
dissociation processes ought to be calculateu for 2500 als0.
This wmay be done as suggested by Lrotman-Lickenson (93) oy
considering only tne increase in translational degrees of
freedomn resulting frow tine incresse in the number or particles
of dissociation., Since tie wolecule is cuanged ounly by the
rupture of one ovoad, tie casnge in the specific neats arising
frow vivrational and rotational terws may ve neglected. Un
tiils Dzsis tie ueasured actlvation ecunergies siould ve increwsec
by 3/ 2T. iowever thls correction is of tne sswe order ol

ma_nitude as the uncerteinty of the order of T mentioned

o

coove, 1o view of tuls snd the experimental errors involve

4

Tuls correction aws oeen nejlected. Therelore, tae nessured



119.

activation energies were used togetner with appropriate
iileats ol tormation at 2500 in calculations of the neats of
formation oif free radicals.

It was snown previously taat il tae b3 3 radical
generated frowm tne pyrolysis of eitner l-outyne or 1,2
butadiene can be considered to be an identical species,
the difference between tne C-C bond dissociation is given
by the relation

AL =Z§Hf(l-butyne) -Zlhf(l,Z butadiene) = U.7 kcal/mole
Ine values derived ior the two C-U bond dissociation energies
in the present study were identicel witihiin the accuracy of the
method used, i.e.AD = O, This agreeuent between the experi-
mentally deterwmined difference in C-U bond dissociation
energies and that obtained {rom tuermocanemical data is good
considering tiie assumptions umade in tine two uecnanisiis and
the errors associated with thne analytical procedures used for
tie quantitative deteruination of the uh hydrocarbons.

The heat of formation of the u3h3 radical can be

calculated from two independent sets of data:®

(1) Aipl35Hy) = BICHIC-CHy=Chig) + iy (CHI G- CHyCii5) = Allp (ti5)
= 07 + 39.5 - 32.U = 74.5 kcal/mole
(2) Arig(CgH3) = DICH0:CH-Cly) + Db (Cnpi0iCi+Oliy) -All(Chiy)

73.6 kecal/mole

£y ln tnese ColChldthMS, the iollowing data were used:
Aidp(Cu Zié .0 kcal/mole (9#),wk“f‘uH2:C:Ch'Ch ) = 38.77
kcal/ngle dp(Ci; CCrye u%B) = 39.48 kcal/mole %82
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It would seem, therefore, reasonavle to assign the average
value of about 7L kcal/mole to the heat of formation of the
03H3 radical.

Using tiis value and the relevant therumodynamic
data the C-C bond dissociation energles in l-butyne and
1,2 butadiene were calculated to be 66,5 kcal/mole and
67.2 kcal/mole respectively frow the two above expressions.
As mentioned previously, from tne electron impact data
ootained for allene, propyne, l-dbutyne, 1,2 butadiene and
1,3 butadiene, Collin and Lossing (&5} calculated the C-C
bond dissociation energy in l-butyne, D(CHEC‘CHZ—CHB), and
1,2 putadiene, D(“h:C:CH-CﬂB}, to ve 07.5 and 08.2 kcal/mole.
“hese values are in obviously a close agreement with those
obteained in the present investigation.

The v-i oond dissociation energy in propyne,
J(CHICCHp=11), can oe calculated irom the neats of formation
of propyne and hydrogen atom, i.e.

D(CH;i CCilg=il) =Alip(35Hy) +Allp(s) -AkHp(CHICCHy)

= 74 + 52,1 - L4.3 = 81.8 kcal/mole
Sluilerly the C-u bond dissociation energy in allene,
U(Chy:C:Chl-h), can be calculated by using the appropriate

tiermochemical relation:™

* In tanese calculations tie following data were used:
zlﬁf(ﬁ) = 52.l.kcal/mole (94),1kﬁf(cn§c.g53) = Lh.32
keal/mole, Nidp(CHy=U=0i,) = 45.92 kealjmole (82).



D(UhZ:C:CH-h) =Zlnf(63ﬂ3) +zkuf(n) -gxnf(cn2=c=0H2)

Th + 52.1 - 45.9 = 80.2 kcal/mole

A few remarks concerning tne C-H bond dissociation
energies in allene and propyne seem in order. At first
sight one might expect the U-H bond in allene to ve con-
siderably stronger than in propyne since the d atom in the
former case might be considered to be "etaylenic". however
since the loss of a b atom from either allene or propyne
results in the formation of the same free radical, and since
the heat of formation of allene and propyne differ by only
1.6 kcal/mole, the difference in the bond dissociation
energies of tihese two compounds is consequently within this
range.

ilesonance wnergy of the 33H3 radical

It was shown previously tiiat the lowering of the
i-H bond dissociation energy in the molecule in with respect
to the C-li bond dissociation energy in methane represents

the resonance energy, it., of the radical &, i.e,.

e’
g = D(CHB-H) - D(R-H)
The resonance energy of the 33H3 radical can hence be cal-
culated from the values obtained for the C-d bond dissociation
energies in allene and propyne respectively,
Re = D(CHB-M) - D(CHZ:CH-H)
= 102 - 80.2 = 21.8 kcal/mole.



i D(CHB-H) - D(Cﬁiboan—h)

i

102 - 81.8 = 20.2 kcal/mole.

The difterence of 1.6 kcal/mole petween these two values,

the correctness of wnich will ouvviously also depend on the
accuracy oi the relevant heats of formation used, might

be interpreted as being due to the strengtaoening of the C-I
bond in propyne relative to allene by factors such as aypercon-
Jjugation.

Stability ol tne 0353 radical

Lhe C3H3 radical, as wes shown earlier, is stabi-
lized by a large experinental resonance energy which was
explained as being due to tine C3H3 radical resonating between
the proparsgyl and allenyl contigurations:

CHEC~-CH,« € Chy=C=Ch
It was shown that the 03H3 radicals produced in the decomposi-
tions of both l-butyne and 1,2 butadiene abstracted aydrogen
atoms from toluene to yield propyne and allene,

Catlge + CglisCH3 7 CRSC-CHy + CpiigCHye

C3Hye + CgligCHy™ Cliy=C=Cliy + Gl CHye

These results are in airect couilict to those
obtained from the mercury piotosensitized decomposition of
allene oy Collin and Lossing (83). 7These workers concluded
taat the CBH3 radical had predomiunately the propargyl con-
Iiguration, since the C.H, radicels generated from the

373

mercury pnotosensitized decosiposition of allene were found
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to combine with wmethyl radicals to form primarily l-outyne

as a product. idowever, Srinivasan (84) has recently demon-
strated that the CBHB radicals generated in tne photo-
decomposition of 1,3 butadiene dimerized to give two different
products of mass 78 and nas suggested that the CBHB 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.ii, radicals were generated in the

33
reaction:
,‘\T"r‘ + ;‘\ __;n= '1=f’\T'r LT . + Ty r .
Ch, vhé U uid—) (.;n3 u3h3

rrey assumed that the 03\3 radical nad the propargyl con-
figuration (tnis assuuption was based on itne conclusion of
Collin and Lossing mentioned above] ana explained the
forwation of l-putyne in his study in terms oi tne reaction
involving the combination of a Ch3 radical with a 63H3
radical. However, for thne formation of 1,2 butadiene which
was also produced in iis system ne postulated tne reaction:

Chy + CH,=C=Cii, ™7 CHBCH=C=CH2—? CligCH=C=CH,
aowever, tine results of Srinivasan (o4) and tnose ol the
present work sugzest that the 1,2 butadiene may nave peen
also formed py the combination of a CHB radical and a G3H3
radical:

CHB. + CHZ=C=CH-——9'0h2=C=CH-CH3

1t is very difficult to visualize why the GBhB
radical is stebilized to such a great extent if it existed

only in the propargyl configuration. The weight of all tnis

<
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evidence supports thereiore the view tnat the CSHB radical
resonates between the propargyl and allenyl forms and reacts
in eitner coniiguration.

irrespective ol the source oi the 83d3 radical
(i.e. from both l-butyne and 1,2 outadiene), tie ratio of
propyne to allene was 3/2. rurtnermore, this ratio wes
found to ve temperature independent over tae temperature
range studied. Tnis may indicste that the interconversion
from the allenyl to the propargyl configuration occurs with-
out or wita a very small activatvion energy and consequently
the activation energy for the abstraction of a nydrogen aton
from toluene by this radical is orobably similar for either
form. This conclusion is siuilar to that of yce and sryce
(Go) who proposed that the interconversion of tihe butenyl

radical

[3b)

3 s

T T . T
Ciin=0n=-CH=0H, > » uuz-uu—v'u—uu»
< . 3 3

TTT

recuires an activation ener;y of about 1-2 kcal/mole. lowever,
in their study the ratio oi the two possivle reaction products
resulting from the combination of a metinyl radical with a
butenyl radicel wes 0, wnereas in the present investization
the ratio of propyne/allene formed wes only 3/%. ilence one
may state that the interconversion between the two forms of
the CBHB radical would require an activation energy smaller

than that postulated by these workers for the localization of

thne free electron in the butenyl radical.
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The activation energy for the reaction of a Ui3Hj
radical with toluene was evaluatea in tae followin, manner.
It was estimated that tue ratio of uHh/(allene plus propyne]
tormed in tue decompositions ol botn l-butyne aunc 1,2
butadiene was © at tne hi;.est tewperztures and therefore

on the assuiption that the activation energies of tue reac-

tions
kl
Ca_h . T U I’i_‘vH _—_—A, bﬂ:b—ul‘i" + O u"’uvhﬂ.
37377 Yoy 3 TolsT
CBuB. + Cci‘i5Ch[3~———n m-\} uﬁé'—"u:;nd + Joi15uH-‘;.

are ldentical one uay vwirite tioe relation:

rate ol forwation of bdh k (UHq)(toluene)

rate of foruation of (zllene + propyne) kll(UBr ) \(toluene)
A3 2

according to tile wecnaulsm proposed, tiie corncentration of

tne CHB radical can ve considered equal to tne conccutration

of' tue 0353 radical to a first approximation. Taererore,
§i _ Ale_igl/n‘f

— = - =6
ktl Lle-bo/ il

4

if it is furtiier assumed thet this ratio ariscs
solely obecause of the dift'erence in activation energies for

these processes,
: 1
il

o o~

- & 23,9 kcal/mole
. . : L : : ‘ s
ihe sctivation energy, L , ior tne rezsction of uetayl radiceals
with toluene was estimated oy LTrotman-bDicsenson (Y¥<) to oce

5.3 kcal/mole, and nence the activetion energy for the recction

¥  Tue niguest tewperatures used in tae decompositions of
l1-butyne and 1,2 butadiene were 10%0 end 10¢3° respec-
tively. ‘Tae average velue oi 10c¢7 i wes used in tne
calculat_on.
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between CBHB radicals and toluene is about 12 kcal/mole.
This value is considered to be only a rough estimate in the
light of the assumptions méde to derive it. Tne true value
may be greater than 12 kcal/mole since tine steady state
concentration of metnyl radicals would be expected to be
lower than that of the 0353 radicals, which are relatively
stable and probably disappezr to a large extent by diweriz-
ing and by combining with a benzyl radical in the colder
regions of the reaction vessel.

1t is of interest to compare the properties of the
03H3 radical with those of the allyl and venzyl radicals.
The large resonance energy ( 24.5 kcal/rmole) of the benzyl
radical is explained by the conjugetion of the p-electrons
of the carpbon atom oi the Cﬂz group with tnose of the carbon
atoms of the ring, wnlcn results in alaost complete delocali-
zation of the electrons tarougnout the radical. 7The allyl
radical has been snown to be stabilized to tiie same extent as
the venzyl radical ( 25 kcal/mole). This lar.e resonance
energy for tihe allyl radical is acceptaole since this radi-
cal may resonate between two identical structures:

Ci,=CH-CH,* ¢ *Cli-CH=Ci,
The resonance energy of 22 kcal/mole calculated in tnis study
i'or the 03H3 radical can be also explained on the ovasis of
tnls radical resonating between the two structures

CHEC-UHZ'%——>CH =C=CH-*

2



wnose energy levels are proobably close togetaer. 'The

thermal staoility of the CBM radical is greater than that

3
oif tne allyl radical even though the C3H3 radical is stabi-
lized to a lesser extent than tne allyl radical. The allyl

radicel is capable of dissociating further and the dissocia-

Iy

tion energy, U(CHZ:?-ChZ-), was calculated (&l) as only

H

68.5 kcal/mole. Un the other nhand tue Cqfig radical does not
decompose furtiier in the temperature range used. 4in this
respect the C3H3 radical is siwilar to the benzyl radical
and therefore it is proposed that either allene or propyne
might prove suitable as radical removers. 1o test this
hypothesis tne pyrolysis of propyne was investigated in a
preliminary fashion., Thougn sufiicient results were not
ootained 1or postulating uneguivocally a iechanism for this

pyrolysis, tihney indicate that furtner study is warranted.

vonclusions

The tnermal decomposition ol l-butyne, as well as
of 1,2 butadiene, in the presence of an excess of toluene
was Iound to Le complicated as is eviaent from the mecananisms
postulated for these pyrolyses, Ui tihese two decoiipositions
the pyrolysis of l-outyne appeared to oe the less complicated.
nevertneless, even in the study of l-butyne, wany assumptions
and oversimplifications were made in arriving at a value for

1

the U-C bond dissociation energy. Ferihaps, the assumption



whicih is wmost seriously open to criticism is tnat tne hydro-
gen wus produced by a molecular wmechanism. 7The validity of
this hypothesis weas based priuarily on indirect evidence.

In the study of 1,2 butadiene, tine formation of
1,3 butadiene was an additional complication. The analysis
for 1,3 butadiene was associated with tecianical difiiculties.
wven at the highest temperature used, wnere tne amount of
1,5 butadiene formea was maximal, the rate constant for
reaction (1) was not substantially aflected winen the 1,3
butadiene Iorned was taken into consideration. Thereiore,
it was felt that the rate of isomerization of 1,2 butadiene
to 1,3 butadiene could be neglected I'or the calculation of
the rate constants of reaction (1l). As in the case of
l-butyne the formation of hydrogen was assumed to occur by
means oi a molecular mecnanism., Tne arguments made in favour
of such a mecnanism were the same as those made for l-putyne;
and in adaition, in support of tihis mechanism one could cuote
tiie ludependent results of Collin and Lossing's study of the
mercury pihotosensitized decomposition ot 1,2 butadiene (83).
from a comparison oi the structures of l-butyne and 1,2
butadiene it is obvious tnat the mecnaniswm underlying the
mwolecular elimination of nydrogen is more couplicated in
tae latter case.

In spite of tine inability to define more precisely

some of the reaction steps participating in the overall
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decomposition of l-vutyne and 1,2 butaciene, it is gratifying
to find suci a good agreement between tne difference in the
two C-C bond dissociation energies derived on the basis of
the kinetic dgta presented nere and tueir diif'erence calcu-
lated from thermochemical data. It is difiicult to see how
tals agreement could be simply fortuitous and one can tiere-
fore conclude taat the value derived for[kﬂf(CBHB) is
reasonably accurate and that the toluene carrier technicue,
in spite of its limitations provides a useful method for

tae calculation of bond dissociation energies.
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SUbHARY AND CONTRIBUTLONS TU KiOWLEDG

The tuaermal decompositions of l-butyne and 1,2 butadiene
were studied using the toluene carrier tecianique,
The products of tne decomposition of l-butyne were
methane, hydrogen, allene, propyne, vinyl acetylene, a
Cpilg compound other than benzene, dibenzyl and pro-
bably a Cloth coupound, and were accounted for by the
mechanism:
k
CHEC-CHp=CHa —%3 CHEC=CHoe + Clige
= iy qu ————} iv= 2 i 3
1{2
fx?j_»:-; 'w_,»“n';, _-s’“ ,«,;r:{‘-{-va—:q,_«n + "L
Lil=U uhz LJHB—H LilmUu—=Lll Uilé F2
X e + OHL.OH \A' T OH O e
bﬂ3 Ubﬂ5bd3 “\L——? LIH[{’ bon5blié

CHEC-CH,» —— Cli,=C=CH-*

{t

Ci=C-CHye + CplisCliy — 2 Cii=C-Ciy + C HeClip:
CHy=C=CH+ + CplsCdy —2 Ciip=C=Chy + CyilsCiye
Catigs —2Cglig

3

2)2

The rate constant ky Ior the first-order, homogeneous

2 Cgligliips — (Gl (L

decomposition of l-butyne,
CH=C=CH=CHy— CHEC~Cl,e + CHye
2 3 2 3
which was measured by the rate of formation of methane
over the temperature range 674-817°C was found to be
represented by the expression

, 67,000
ki = 1.4 x 101ke- Ly o0 sec'l
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L., This activation energy was identified with D(CH;C‘CHZ—GHB)
and the heat of formation of the CBHB radical was cal-
culated to pe 7h.5 kcal/mole.

5. The rate constant k2 for the homogeneous decomposition of
l-butyne

CHEC-GHZ-CHj———)GHEC—CM=CH + iy
deternined from the rate of formation of H2 over the
temperature range 674-817°C was represented approximately
by the expression
16 78,000 -1

k, = 10 e L sec .

6. The products formed in the pyrolysis of 1,2 butadiene were
identical to those formed in tne decomposition of l-butyne
except for the formation of 1,3 butadiene which was apbsent
in thne latter case., The following mechanism was postu-

lated to account for the products

k
CH,=0=Cli-Cly =1 Clig=C=CH. + Cii

k
- YT T 2 T Y T 3 T
=C=Cn—Ch3-————}un:u-ud=6n2 + iy

3.
k

Cil p=C=CH-CHy—2—5Cis ,=CH-Cil=C

Ciip=C=Cii+ + C_HCH

Cnz0=-Chge + Cbﬂ50h3'———-}855“-cﬁ + C.H _CH.*
—ﬁ i .
—
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) i . + ' i o LT . "3 - I '“1‘;__1‘,_ “\ﬁH

u31 3 boﬂ5bﬂ2 —)bbh5uu¢u) 3
P4 bO‘HECHZ '—ﬁ (UOHBLJIiZ) 2

The rate constant ky in the latter aechcnism was determined

from the rate of formation of methane over the temperature

range 688-610°C and was given by the expression

67,000
ky = 3.6 x lOlBe’—ZﬁT—~ sec_l.
This activation energy was identified with D(CH2:G:CH—CH3)
and tne nest of formation of tie CBHB radical was cal-
culated as 73.8 kcal/mole.
I'ne rate constant k2 for the homogeneous decomposition
of 1,2 butadiene,

Cil =C=CH~-CHy— 7 CliEC-Cil=Chiy + Iy
determined from the rate oi formation of ﬁz was estlmated

to oe represented by

16 _82,000
1.5 x 10 e RT sec .

It was demonstrated tiat the CBHB radical can react as oboth
the propargyl end allenyl radiczl and that it resonates
between tanese two structures.

The propargyl structure was shown to be the favoured
structure,

The C3H3 radical was shown to be reluctant to aostract
hydrozen atoms from toluene and were removed primarily by
dimerization and combination with benzyl radicals.

The average neat of formation of tne CBHB radical was
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calculated as about 74 kcal/mole from which in conjunction
with the relevant theruocineitical data the following bond
energies were calculated:

D(CH?C’CKz-H) = 81.8 kcal/mole

i

D(Cli,:C:Cl-id) = 8U.2 kcal/mole

A comparison of the latter bond dissoclation energies
p g

witn D(CH,-H) showed that the 03H3 radical is stabilized

3

by about 22 kcal/mole of resonance eneryy.
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