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ABSTRACT

*
-

The pyrolyéfs of anisole has been investigated at
teme;ratures ranging from uu7‘§22 ¢ in a static system in the
presence of excess of toluene as a radlcal scavenger. The rates

of production of the prlmary products. methane.Lphenol dlbenzvl

carbon monoxlde‘ Xylenes and ethyl benzene were measured oveg},,.
a range of pressures and ratios of toluene/anlsole. Hydrogen

was a secondary product . The rates of formation of methahe.

phenol and dibenzyl were flrst order with respect to \stole_

' at each of four temperatures.

. - ’.-‘ .
A mechanism is proposed for thifgecomposifion,of anisole

in the presenCe of toluene which accounts for the experimental

-~

results. The main points of the mechanism are:

!

a) Initiation takes place malnly by the unlmolecular decomp051—

tion of anlsole to give CH3 and CGHSO' radicals, - e

b) Toluene écavénges the radicals by the following‘reactiOns,
Oyt Sy T O Gy chain

' breaking

‘c) Termination takes place_malnly by the combination of two

-

benzyl radicals,

20HCHg . —3 (CgHCH,) ,




'uu7-522°c. From

. L I .
.Erom the rate of 1on of methane. the rate constant

for reactioS.(a)'was mgasured over the range of temperature.
rhenius plot of the rate.constant, the
activation energy for- reaction (a)'was-obtained.: The rate

constant can be expressed as -
e i .

log k\='.(13.u + 0.6) - (57300 + 1900)./2§_303RT'

The measured rate constant was unchanged by'replacing'

the unpacked vessel (S/V=1 cm"l) bylpvpacked reactlon,fiesel
(S/V=;'cm-1)t It was concluded that the reaction was homogeneous
Assuming thefenerpy of activatlon for the recombination reactlon
between CH3 ‘and’ Cé 5O radicals to be zero. the measured

actlvatlon\energy was idéntified with the dissociation energy

“aof the 0-C bond in anlsole.
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CHAPTER 1.

INTRODUCTION

L

1. Bopd diissociation energy .
‘\

. . : . .
, .~ . S
. P Thé d{EE&Cl&‘.'h ene?gy ' D(R1"R2) of a.bond R, -R,

is the change in the energy at absolute zero in the ideal
gaS‘state,.&Eg, for +the rea;tion
RyRp» Ry + Ry (1)

o

the products being in their ground states, The bond disso-

L3 .
ciation energy of a-chemical bond Ry-R, can also be defined

as the enthalpy change of the reactibn (1) in the ideal

pas State, A%t a particular temperature, the relationship
_ becomes. | |
QH?T) =Ai3?T) + ANRT _ C(1Y)

An being +1, in the case of the reaction of the type (1),

Bond dissociatibn energies in polyatomic moleculés are
ﬂ'referred to 298°K(D298),,since this is a stﬁndard temperature
b?for ﬁhermodyﬁamicldata. Corrections.to results obtained at |

other temperatures are usually small and~are.sometimés _—

neglected-when'the accurdacy of the determination is ldw. |

For determinations/where precis}oh is 'high, such as D(C-HJ
values.in the iower alkanes, témperatpre corrections become .

important., The value of aH°(1) at 25°C, when used in place of

5

L




‘Aég(l) for the &isSociatioﬁ energy, does ngk;differ greatly
from the true yalﬁé of .D. The‘fegson is thét the heat Qapacity-

change of reaétibh'(i)-is élwéys positive. so that the value
of AH{1) at normalfxemperature will aiwayé'be greater than
D(Ri-HZ) as defined above by the equation (1). This is_
because reactions of‘fhis typelinvolve the creation of new
translational and rotational degrees of freedom at the

expense of'vibrafional degreés of freedom. For a nonlinear

© polyatomic moléculg dissociéting into two.noniinear polyﬁtOmic
fragments, three new tfanslatidnal énd three new rotational
degrees of freedom are created at the expense of six vibra-
tional degrees of fféedom. iThe increase in'Cv, the molar |
‘heat'capacity at constant volume, at 3R per mole pér degree
of freedom, is‘,. 3R. ‘Therefore A—cp. the change at constant
pressure will be 4R, since one1mole is added in.the disso-

ciation reaction, We know that

r

0 o :
. - A ‘ -
BH{Yy = AH{p ) = AC (1)
» -
or AH398~‘ ﬂEg = URT ~ 2.4 Kcal mole ?

This is of course an upper limit, because in general, the
vibration will contribute something to the heat capacity.
The bond dissociation éqergy, D(Rl—Rz), can be written

in termé of heat of formation of -radicals as follows,

o

o) = AH2(Ry=Ry)  * (2)

X a0/ - o . PR
D(Rl-Rz) —.aH (1) AHf(Rl)-+-%Hf(R

f
the measurements are madeqﬁﬁguld bg specified,

{ o
~ |

s IR

| .. _ .
where 2H® is the heat of formation. The temperature at which
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‘The heats of formation of mOlecuies ére.usually available
from combustion daté. If the heat of formation of one of
the radicals, Ry, is known then the measurement of D(Rl-Rz)
gives a measuremeﬁt of\AHg(Rz). Thus, the determination of
. one dissociation énergy leads to a whole series of dissociation

gnergies involving, a common radical, simply by the systematic

 exploitation of Hess's law, For example, the reliable )
‘detérmination,of any -one bond dissociation energy D(CHB—X)

leads to values for many other dissociation energies involving
a methyl radical ﬁnd an atom, because the heats of formation

of medt of the compounds}concerned.are known, The dgtermination
of bond dissociation energies is building.ub a body of knowledge
of tﬁe'heats of formatidn of radicals and atoms, which can be
combined to give other dissociation energies in just the sﬁme
ways as fébles of heats of formation of more stablé molecules_

can be used to give the thermochemistry of reactions involving

molecules,

1

Bond dissociation energy, commonly referred to as
. 'bond strength', must not be confused with the thermochemical
mean bond energy, E. - The latter quan{ity appliés to compounds
of the general type ABn and is defined from the equation
AB_ = A + nB, Hence |
1 T o RTL-T

E(A-B) = = EA}{f(A) + naHZ(B) AHf(@n)j (3)

or, in other words, the average energy per bond required to

dissociate the molecule ihto its congtituent atoms, -
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. Bdnd dissociation energy is the most‘direét measure
of the strength of a bond and therefore of thé stability, ofﬁ
' the chemleal comblnatlon between two atoms or radicals from
wh1ch it is formed. The stabllltles of chemical 00mb1natlons
are important facts for the study of chemical reactlons.
Rellable experlmental values’ of dlSSOClatlon energles are of -

- fundamental !importance for theories of chemlcal blndlng.-

- It is now established-that many chemical reactions

-

proceed via unstable intermediates, radicals or atoms. In
: - »

order to discuss whether some postulated atom or radical
reaction is-likely to occur, it is necessary.to know something
of the thermochemistry of fhese active épecies, Since we

can rarely have a sufficiently large concentration of free
radicals to carry od% thermochemlcal measurements on them in
bulk, it is necessary to deduce their heats of formatlon

L

from dissociation energies,

2. Methods of measurement

¢ ' _
Bond dlsso¢1a§&on energies can be determined by a

variety of me&hods. The most common ares
a) Thermal equlilbrlum methods,

b) Spectroscopic methods,

c) Photochemical methods,

d)} Electron impéct methods and

e) Kinetic methods.,
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a) © In thermal equilibrium methods, the heat of dissocia-
tjion can be determlned thermodynamlcally if the eéuilibrium
concentratlons of Rl' R and R1R2 are known over a range of -
temperature or lf the entropy is known from their values at
one temperature. The dlfflculty here is to determine the’
concentratlons whlch can often not be measured dlrectly.
. An example of this method was the determination of D(I-I) from
the_eqnilibridm system I2§===§ 21 by vapbur dénsity measure-
ments at high tempsratUres'by Perlman and Rollefson 2; They. |
found D(I-T) to be 35,514 Kcal,mble_? in excellent agreement

with the spectroscopic result 3 or 35.556 Keal mole T,

b) : The ultraviolet Spectrum of many diatomic‘molecnles
offers the most accurate method.of measuring their dissocia-
tion energles, because of the great accuracy with, whlch wave
length measurements can be made., If the‘products OfrdlSSO"
‘ciation are known at-a wavelength at which dissociation takes
placé, the éccuracy of the dissociation energy is often
limited only by the accuracy of the measnrement of tﬁe wave -
lengths of the'absorbing'light. Unfortunateiy,.howergr, the
lack of knowledge of the dissociation products may lean td
two equally plausible and equally precise values of the
dissociation energy. Less accurate but nnambiguous fhermal.
methods may often be used to decide between the spectroscopic
values, Often spectroscopy may only provide an upper limit

to the true value,




 - g -

The $pectroscopic method has been succesfully ;ppliéd
in the determinétidn of the bond-disspciatioﬁAenergy of the -
' I2 molecﬁaq 3 in compiete agreement, with those obtained by |

other methods. On the other hand, dissociation énergieé of
.such impdrtant'molecules as‘CO, N, and NO were for mény yeadrs
undecided. The speétra’of'polyafomic molecules are usually
too complicated ﬁb-be.used to determine the dissociatioﬁ

energies,

c) In a phbtochemical reaction, a substance may be
decombosed by the action of radiation. It is sometimes
possible to iﬁentify the minimum energy of radiation reqﬁired
'for_dissociati&n‘with a bopd dissociation energy. - This can

be reliably done only if tﬁelmechaniSm of the absorption of

. radiatign and the subsequent decompbsition caﬁ be established
and if the usual kinetic assumption of zero activation energy
for the reverse reaction is accepted, Definite evidence of
the initial step in a photochemical reaction was obtained by
‘Terenin aﬁd Neujmin'u,r They obtained D(H-OH) = 115 kcal-mole—

in agreement with fhg result obtained by the other methpds.

‘é) In the electron impact method, electrons of knéwn

- energy are allowed to intefacf with molecules to produqe
ionization aﬁd dissoéiation. If certain conditions are
fuifilled,‘the Towest electron energy requiredtto produce
- giveﬁcﬁon by dissociation and ionization is equal to the

sum of the dissociation energy and the ionization potential

- of the fragment,

1
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If AO(A,) is the appearance poteritial of the ion A’ at
rest, T(A) is the ionization energy of A to AT ana Ee(A) is
the electronic energy above the ground state of atom or
radical A, we have the fobllowing relationship between
‘appearance potentialé and dissociation energies for the
following type of dissociative ionizations
AB +e” ~———3 AT + B + 2e” |
A(AT) = D(A-B) + T(A) + Ee(A") + Ee(B) ()
The determination of AO(A+) from mass-spectrometric experi-
ments, together with a knowledge of I(A) and of the electron
excitation energy Ee of the products, is sufficlent to give

D(A-B) as shown in equation (4).

The electron impact method has been used for both
diatomic 5 and polyatomic 6'?‘molecules, but for the latter
identification of the process taking place is often difficult
and the requifed know;edge of ionization potentials of radicals
‘is not easily obtained, Howevef, apart from very few equl -
librium results, if is the only method‘dthér than the i}ﬁé%ié
method forlobtainiﬁg the dissociation energies in polyatomic

molecules.

e) Phis method can be applied to unimolecular reactions
involving a single bond rupture as shown in egquation (1).'
The enthalpy change for this reacﬁion~is related to'the
.activation energies (Eq, E_;) of the forward and reverse

reactions by the equatién
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- AHO

p =AE *+ RT = E; - E_j +RT | (_5)_

The RT term_aliows for the change in the number of moles, but
this is approximately offset by thé'correction which should

be'applied to Ellto bring it;ﬁo 298°K- for pyrolyses done at

0
T

The reverse of equation (1) is a radical-radical combination

temperatures of about SOOOC. Hence, aHy ~ Ey - E_q»
reaction for which it is usually assumed that the activation
energy is zero, The enthalpy change which defines 0298(R1-R2)

is thus directly givén by,El.

There 1is considefable experimental justification for
the assumption of zero energy of activation fér recombination
réaCtions involving atoms or radicals 8-13, The situation |
for polyatomic molecules is more complex, mainly 5ecause of
the experimental difficulties invélvéd in measﬁring ‘the rates
of recombination of radicals. A number of these rates have
been measured and the activation energy of recombination
has beeri found to be zero, or v; y nearly zero 8-13,.
Furthermore, Béhson 1k has illustrated the validity of the

zero activation energy for radical-radical recombinatibn

from the standpoint of heat capacities. ‘

+

The precise relationship of the experimental activation

-E/RT

energy (derived from the Arrhenius equation, k = Ae ~ where

k is the first order rate constant fbr the dissociation’

reaction) to the dissociation energy has been'discussed'by

‘Szwarce 1. He has shown ‘that. on certain assumptions about the

L\
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shape of the potential energy curve, if kT > hy ( where v

b

is the fundamental vibration frequency orzthe bond broken),
the oBsefved activation energy Ea is exactly equgl to D, the
dissociation energy and if hv0>> kT, E, =D+ RT. The first
condition corresponds'to a very weak bond or very high
temperaturd, The second'assumption probably applies more
often, but the final result is uncertain because of the
assumptiqns made, which are certainly not exactly valid.

Tt is sufficient that this treatment Shows that the experi-

mental activation energy of the dissociation reaction gives

a pgood éiproximatioh_tb the bond dissociation energy.

Whereas thermal equilibrium methods are most suited

to diatomic molecules, the kinetic methods may be used for

4 b
b -~

polyatomic molecules., .The dissociation products &f diatomic
‘ 1 R

molecules are étable enough for equilibrium measurgments to
be made, The products from polyatomic molecules , ;:§the
other hand, aré usually very_reactiﬁe, énd the kinetic metﬂod
is often the only way of obtaining the'diséociation enerey.
Althpﬁgh i1t is often easy épough to measﬁre'a rate of decompo-
sition, it may be difficult to.relate this to the rate of the
desired reaction. Here the correct interpretation of the
kinetic results is very important and techniques which can

give unambiguous bond dissociation processes are particularly

valuable,
t
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Kinetic methods can be classified in several ways::
1) Direct thermal ‘decomposition

Under favourabie circumstances the thermal
,decomposition of a compound may occur by meﬁns,of an
initial split into radicals, followed by fast, non—chaih-
reactions to give the ultimate products. If the initial

bond fissiom is rate determining, the overall kinetics of

formation ¢f the products will be first order, and the
observed gctivation energy will belthe.dissociation
energy of the-bond éoﬁcerned. 0ften tﬁe interpretation
of-the results of kinetic measurements on the thermal
decomposition of aAsubstance is yefy difficult, and the
allocaﬁion'of the activétion energy to a particular
reaction is correspondingly uncertain.< In some cases,

the initial step may not be bond scission, but a uni-
molecular rearrangement, and the activation energy will
then be less than the boﬁd dissociation energy. Sometimes -
both types of reaction may occur together. The presence of
radicals may be detected by various methods, although- this
does not suffice to show that all or even the major part
of'the reaction is proceediﬁg_by'a radical mechénismﬂ

The thermal decomposition of di-tért—butyl peroxide 15-17
has been fairly extensively studied in order to obtain
theé dissociatioﬁ energy of the peroxide 1link, which is

| expected to be the weakest in the molecule. ’ .




ii) Metathetical reactions - , L (gj’
&L " The enthalpy change of a mqtﬁi?etical‘reactio is
given by the difference in activatio energies of the

forward and reverse reactiong., Hence for the generalised

reaction

R + R;X = RX + R, O (6)

we have AH6'_6 = Eé - E—6' there being no change in the
number of moles in the reaction. From fhe definition of

bond dissociation energy, it follows that

. ' D(Ry-X) - D(R-X) = Eg - E_g Y
In other words, the difference in dissociatiqn energy ©
between the bond broken and th; bond formed is equal” to
~ the différence in activation energies of_ the forward and
reverse reéctions. If one of the bond dissociation
 energies is known, tﬁe other can be determined from the
gctivatibn energy difference. Kistiékows%iﬁmﬁf

Van Artsdalen 18

weke first to use this general method
which has subsequently beeﬁ applieﬁ'in many férms. Bond
dissociation enérgies determined by thié p#ocedure are
amoﬂg th€ most reliable known for polyatomic molecules.
This method iS‘parficularIy suited to determining

differences in bond dissociation energies in a series of

related compounds. ) S : -
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There are many ways for measuring the activation
energies of metathetical reactidns of the type.describéd“
above, It is impo;tant»to réalize that equilibriuﬁ ié
never estébligﬁed and that these are rate measurements

and not the thermodynamic equilibrium studies. This
' “

method is illustrated by the determination of D(CHB—I)
from kinetic measurements “h the_system 19
— . N
CHBI + HI &= CH), + I, (8)

iii) Shock-tube reactions
| !

Reactions in shock tubes have sométimes proved
useful in deciding between different values obtained
spectroscopicélly for dissociation energies in diatomic
molecules. The major advantagés of the method are the
high temperatures obtainable and the completely homo-
geneous realtion conditions, but againét this must be
set the difficulty of measuring the exact reaction
temperature and exact reaction time. The method consists

-5

~competitive reactions

d : .
involving pairs of reactants ih.a single-pulse shock tube,

of carrying out comparative-or

where one of the reactions, withﬂpreviously established

kinetics, serves as an internal thermometer and timing-

20-21

device., Dehydro-halogenation reactions were first

o

studied with.the decohposition of isopropyl bromide,

i-cjg?Br — 03H6 + HBr (9)

as the reference reaction.

A
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A
The results obtained by this method are in
excellent agreemehtlwith previous values obtained by

conventional 22

inetic methods, Benson'aﬁd DeMote have

\ noted that prob eme.may arise with the competitive shock

tube method, owing to fall-off in the rate constants at
hirgher temperature, if the two\reactions do not have the
same fall-off characteristics. With a prdper choice of

systems, however, the method shows considerable promise

S in detéfmining bond dissociation energies.

iv) Toluene carrier technique

 Mdst of the accepted bond dissociation'energieé
from pypblyses have been derived -from flow experiments,
which dvercome the disadvantage of complicating.sidé
a reactions that beset measuremenfs'in statié'systemSa
- The most widely applied flow system is the toluene
carrier techniqﬁe developed by Szwarcilb_and recently

mpdified by replacing toluene with aniline 23‘24}

¢ found that toluene acts as a radical scavenger
accoriing to the following reaction
C6H50H3 + R — C6H50H2 + RH (10)
é&m benzyl radicals are particularly stable and unreactive.

They neither decompose nor initiate chain reactions but

eventually dimerize to form dibenzyl outside the hot
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- zone of the reaction vessel: If a dissociation reaction
is carfigd out in a flow system using toluene as cénrien
.gas, the radi.cals‘R1 and 32 formed react preferentially
with the toluéne.which is present in very 1érge excess.
The étable moleculeé RlH and_RzH are_formed thus
suppressiﬁg chain reactions. The rate éf-initial de-
composition may be measured by the rate of formation of
RLH or R,H or dibenzyl. Moreover, the molar ratio of.

L e~ .
" RyH : R,H ¢ dibenzyl ought to be 1 : 1 ; 1, The-
appearance of dibehzyl among, the products'of decomposition
makes it possible t0 distinguish between two modes of
decoﬁpositiqn}\pamgly tﬁe.decomposition iﬁto radicals

and the direct decomposition into molecules.

o

'To eliminate possible secondary reactions, it is
essential to prevent the‘fqrma%ioﬁ and'decomposition of
aibeﬁzyl in the hot' zone.. This cﬁn be achieved by using
veryrshort contacf times. The pre#ehtion of dimerization
is also aiéed by wérking at. low preésures, high tempera-

tures and low fractions of decompositions.

The method .can. be illustrated by the pyrolysis of

cumene ¢ where the initial disSdgiation is the following

CGH5CH(CH3)2 ———}06HSCH;ﬁQH3) + CHB' ‘ (1;)

In the presence of a large excess of toluene, the highly

»
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8

t

‘reactive methyl radicals are removed from the §ystem by'

the)reaction

CHy + C6H5CH3 —> cnu + 06HSCH SN 2)

Chain reaotions are prevented since the benzyl dicals.
‘which are resonance stabilized andrmuch less react' £ than -

meth&l, eventually dimerize outside tme reaction'zome.

. ‘206HBCH2-——{ (06H56H2i2 | (1) 3
‘To qeiermine the unimolecular rate constant kll'for th?//{//aﬂﬁ\
'reaotion'(ll)} the rate of formation‘of methane is | |
‘ measﬁred,.since this is the,exclusive-oroiuct of the
methy; radicals‘!rom‘the decomposition. The rate constant

'is then calculated from the first order equation,

11 t a-x

5
-~

k.. = +ln 2 o | (14)

where t is the contact time, a is the amount of cumene
'lpassed through the furnace during the experlment and x is
the gield of methane in time t. It 1s also p0351ble to
follow the decomposition by measurlng the amount of
‘dlbenzyl f;rmed in equation (13), the analysis of Whlch‘
has become p0551ble with the . use of gas chromatography.
It is 1mportant that the rate constants be shown %o be
'-1ndependent of contact tlme partlal pressure of reactant
in the carrm'f‘gas and surface to volume ratio of .the
reaction v&@iﬁl,,ln order to establish that the reaction

is truly unimolecular and homogeneous. The'activatiom\\\\
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energy 1s then obtained from an‘Arphenius plot of the ’w-o
rate constants determined over the widest possible range

of temperatures.

This.ﬁechnique"is partfculorly suitoble for
‘studylng decomp051tlons which give rlse to a resonance-
stablllzed radlcal (8) as well as a reactlve radical (R).
The bonds 1n such compounds (S-R) are c0n31derablv
weakened by the effect of resonance, thereby av01d1ng the

[

necessity of a high temperature study. At the same time
the mechanismT

is simplified as there is only one reactive.'
radical. N

| ~ The advantage of toluene as a carrier is seen in
.its high thermal stablllty. Bglow ?00 9%, the decomposition
of toiuene is negligible, being less than 0.01% 2
contact time:of about one seoond and approaching 1% only
at 800°C. |

.The thermal decomposition of toluene haé been

studied by several workers 25-30 " Ipe mechanism proposed
isrvery compiex._ The first order rate constant for the
thermal decomposition of toluene was given by Price 25,

. ‘ )

log k(set™!) = 1.8 - 85000/2.3RT . (15)

Many of the experimental difficulties experienced

by these workers. have arisen out of the use of a flow
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system wherp_mixtufe compositions cén;not.be easily

. varied and the residence fime-is difficult to measure.

Mulcahy anq Pethard 31Ahave“discusséd.the errors due to
'non-tufbulent flow and -thermal inertia of the entering

gases, ywith particular reference to toluene pyrolysis.

| . Recent work on toluene-pyrolysis using a static
systéﬁ. operating'at lower temperatures and highef-
reaction times thén previouslqused, has been fépbrted
by Brooks, Cummins and Peacock 32. The'resﬁlts agreed
substanfiallg with previous studies in a flow system.
The most important result was tﬁe'autocat@lytic nature
of the reaction Whi@h'explained the increase of the rate
constant with incrgasing‘residence time observed by
Bladés'27 and Price 25. The.rate constant k of initiation |

was giveﬁ by _
kK = 1015'9_6f—:,xp(—88900/RT)-sec_1 - (16)

From thése'parameters, an important 1imitation of the
toluene carrier technique can be seeﬁ._ The method can
not be used for the determination of ?oﬁd digsociation
energies greater than that for the cafbon-hyérogen.bond
in toluene. The decoﬁpdsition of toluene gives an
édditional sourcé of methyl radicals and hence methane
via equation'(lz) and can make studies of the p&rolysis

of compounds containing labile R-CH, bonds ambiguous.

3
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As 3 general rule, the most fevourable caée is that in'.
whidh'the_dissociatiOn energy of the bond to be broken -

is at least 10 Kcal mole—lt;ower than D(C6H H)

5

Recent studies both by the ‘toluene and aniline
carrier technlques 33-34 have shown that the results on -
" the decompositions of small molecules are sometimes
misleading. Inlthe range of pressure available for
carrier experiments,lfhe rates of decomposition of these
molecules can be affected by the overall pressure in the
'system. as predicted by the.thebries of Unimplecular.
:eactlons. Aecordingly, the:activation energy observed
'experimentally in the pressure fall-off region may be
several Kcal/mole less than the limiting high pressure
actlvatlon energy (Egp) which is identified with 'the bond
dlSSOClatlon energy. ‘Generally the. study of pressure
effects on first order rate constants is not readily

achieved in .flow systems.

Although the abstractioh of a hydrogen,atom-35
occcurs predominantly from the methyl group, ring abstrac-
tion has also been observed to the extent of about 4% of

the overall abstraction 25, 29, 30, 36.

It was'initially thought that the stable benzyl
radicals did not react in the hot zone under the experimental .
conditions used. More recent studies -/~ 27 have shown that

recombination of benzyl and methyl radicals may occur to a
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-significant extent.. This implies that the formation of
.ethyl benzene must be included ‘in the‘decdmposition_
mechanism for it agcounts in part for the removai:of 'i
methyl radicals. It has been considered that eQuilibriuq‘uO
may be establiéhed between the behzyl radicals and dibenzyl
e, 26gHCHy == (C4HLH,),. | The extent of this .
_equ}librium has .been estimated at a toluene pressure of
10 torr and temperature of 1000%K where the ratio of
benzyl to dibgniyl is very near to unity. This accounts

for the presence of free benzyl radicals in the system.

In conclusion, it may‘be said that toluene cafrier
experiments can lead to reliable rate data and hence
reliable bond dissoclation energies provided i) the
mechanism is well established, i1) the decompositiqn is

not in the pressure sensitive region,kiii) the initial

. S e d s SRS
bond scigsion process 1s shown: t6“be homogeneous and
iv) values of first order rate‘constants are determined
. *

over a wide range of temperature.ﬂ

3. Introduction to the present research

The object of the present research has been the
.defefmination of the dissociation energy of the 66H50-0H3
bond of anisdle and'hence the measurement of the heat of
_forméfion of the phenoxy qadiéal. As the phenoxy radical

.igs iso-electronic with the benzyl radical it is of
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interest to compare the resonance stabilization of the

phenoxy radical with that of the benzyl radical,

The uncatalyzed thermal decomposition of ethers
has not received much attention in the past. Reviews
. L ‘ . 1L
of thermolytic mechanisms by Steacie %1 and by DePuy

42 reflect the general scarcity of information

and King
on this reactidn up to 1960, ' Numerous. contributions by .
Stavely and Hinshelwood uB, Magram and Taylor uu. Lossing
and Ingold ¥5 and Elkobaisi and Hickenbottom *© have
established the free radical character of'the thermal
cleavages taking place in di—élkyl.-di-aryl and alkyl aryl
ethers._ Even cyclic ethers u7_such as dioxane.'dioxalane
and tetraﬁydrofuran react in this fashion. Finélly,

48 of divinyl

preliminary reports on the thermolysis
ether also suggeét the operation of a free radical
.mechanism. Unsatur;ted ethers, -on the other hand, with
the exception of divinylzethef, undergo gpimolecuiar
rearrangement with simplé étoichiometry.t The Claisen
rearrangement . is one of the best known examples of this

type of reaction taking place in aryl allyl ethers u9_

In the radical chain reaction, the C-0 bond is
-the point of 'initial decomposition., Subseguent reactions
follow the general Rice-Herzfeld pattern. The reported

Arrhenius parameters of the two ether-bond fission
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-
reactions - those of diethyl ?O and dimefhyl 51’ethérs -
have been obtained from a detailed analysis of freé
'rad;cal. chaiﬁ decompositién mechanisms. In those
investigations, Arrhenius parameters were based on
assignments of parametefé for the pertinent elementary_
réactions in thelpropbsed mechanism, The final error
is.probébly large. Nevertheless, few reliable
experimental data for the bond dissociation eﬁergies in

52

ethers are avallable

In the present study, in order te¢ eliminate
complicating chaihlreactions; a radical scavenging
process has been adopted using toluene as radical
scavenzger. A simpie radical écavenging mechanism may be
proposed‘fof the decomposition of anisole in the preseﬁce
of toluene. .

k ‘ :

1 _
CGHSOCHj — CéHgo + CHB' (1n1t;atlop) (17)

CHB‘ + C6H5CH3 ———y CHu + CéHSCHZ' (Chain '
' breaking) (18)
CéH

0 + 06H CH, —> 06H50H + C6HSCH2' {(chain -

5 5773

breaking) (19) 
2C6H5CH2'_-w> (06H5CH2)2 (termination) (20}
- Under conditions where this mechanism was operative, the

rate of reaction (17) may be obtained from the rate of
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formatioﬁ of methﬁne or phe d'from\measuremehté over
a fange of temperaturef the activation energy for réaction
" (17) may be obtained. The reéults feported in this fhesis
descrlbe the 1nvest1gat10n of thls system and the |

measurement of tAe rate of reaction (17) over the

temperature range of hr7-522°C,
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CHAPTER 2.

' EXPERIMENTAL METHODS AND TECHNIQUES

1. Apparatus

The experiments were performed in a conventional
static svstem, which is shbwﬁ SChematicaliy in Figureil.
All glass stopcocks were lubricated with high vacuum
silicone grease. The ehtire system could be évacuated
‘to pressures less than“io-smm Hg by means éf the mercury
diffusion pump Dl which_Was in series with a liquid |
nitrogen trap‘Tl.and g single stage Welch rotary pump

Pl' The res}dual pressure was measured with a McLeod
gaﬁge G. A single manifold connected all'parts of the

- apparatus.

A cylindrical quartz reaction veséellRV, which
had a volume of 342.73 cc and a surface/volume ratio of
i.O ém"l, was enclosed in an electrically heated iron
cylinder, the walls of which were about 2.5 cm thick.
The iron cylinder was‘well insulatéd with ésbestos.
Temperatures Were.measured with a chromel-alumel
thermocoﬁple connected with a potentiometer POT, which

can be read to +0.025 millivolt, corresponding to iO.SDC

in the range of temperature studied. The température was




CONT  POT
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FIGURE 1:

‘Schematic diagram of the apparatus

i

-
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controlied with a Tﬁermoéleqfric thermb—fegulator CONT -
cohnected with control relay " The controller was activated .
by means of a chromel alumel thermocouple placed half-way
along the reactlon vessel in the wall of the furnace.

The temperature Yarlatlon during a run was not more théﬁ
iO.SOC. A temperature gradlent élong the thermocouple

wall of the reacﬁion vessel was not-detected.

The‘reactants-were mixed in a 3 litre vessel Ml'
Anisole and toluene were stored.in flasks A and T

respectively, connected to the mixing vessel M, by two

1
Hoke diaphragm-seal stainless steel valves.

The pressure-in the mixing vessel was measured
with a glass-diaphragm gauge DG. The gauge waé opérated
by adding a balancing preSsure.to the outside of the '
gguge‘sucﬂ that zero deflgcfion of the light beam was
observed. The balancing ﬁréssuée was measured on

_ manometer MZ'

The mixing vessel and the storage flasks were o
enclosed in an oven which was maintained at a constant
temperature'of about 11600..£0 ensure sufficient pressure
of toluene and_ahisélé. - Small holes were'provided.in the
oven door; so that the three metal valves inside the oven

could be operated from outside with a torque meter.
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In or&e; t; minimize dead space;‘capillary tubing
" was usqd to éo;necf the reaction vééSelvwith stopcock Ci
and with the mixing vessel;Ml. The dead space-bf the
reaétion vessel was less than 1% of tﬁe volumé of thé
reaction vessel.. The connecting tubes from outside the
heated mixing.veéselfto the reaction vessel and to the
first removable trap Tz'were heated with heating tape to
prevent copdensatipn of anisole and toluene as well as

high molecular weight products. .

Low molecular weight products were analysed with a
fggas chromatographic system assembled from components used
f?r the manufacture of the Perkin-Elmer vapour fractometer

oy, ' "
model 154. As a detection unit, the Gow-Mac Co. thermal

1

conductivity cell was used, supplied by power from Trygon
Electrohiés Inc. powér supply. fhe cprrent through the -
filament in the detector was 150 m.A. The siénai from the
bridge was recorded with a 1 m.V. Leeds and Northrup Co, h
Speedomax recorder, Model S, Edwards pressure Controllefs
were inserted in both the reference flow and the samﬁle
flow of the chromatograph. Samples were admitted through

U-trap IS.

High molecular weight products wére analysed on an .
F.M. Model 720 gas-chromatographic apparatus. Samples

were injected with a syringe. The injection port and
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‘detector block temberature were maintained at 170°C.
 Helium was the carrier gas for all éhromatographic_'
énalyses.‘ To remove water' vapour and 002, He was

v

passed %hrpugh an ascarite trap.

2., Materials

The toluené,used was research grade (99.9% pure)
obtained from Phillipé ?etroleum Co.. Anisdle was .
reagent.grade_from Fisher Scientific Co.. Analysislby
gaS'chrométography showed that the most probaﬁla
impﬁrities. benzene, toluene, methyl ahisole and'phéneﬁole
'WEre absént. The limits of these impurities, 1f present,
‘were less than 0.1%. Anisole'and toluene were intfoduced
“into the storage flask by vacuum disfillation..-A.middle |
f;action ;as retained. Hydrégen, mefhane..carbon monoxide
and ethane, used for calibrations of the chromatograph
were obtained from phillips Petroleum Co.. Their purity
was stated as research grade and they were not SUbjected-'

to further purification.

Table 1 contains other materials used for

calibration.

3. Procedure for experiments o

A mixture of anisole and toluene was made by first

\ .
admitting anisole to the mixing vesséi_ﬂg the required




' Name of the compound

. 10.

11,
12.

13.

Additional materials

*

Benzene\
Xylenes (o, m & p)

Ethxl benzene
Cresols (o & m)
Cresol (p)
Phehyl ether
Dibenzyl ether

Dibénzyl_

Phenol

Benzaldehyde

.
p-Methyl anisole

Phenetole

+.

d~Phenyl p-cresol.
&
&~Phenyl -o~cresol

)
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TABLE 1

ugsed for calibration with source and purity

-

Source
J.T. Baker Chgmic?l
Eastman Organic

Chemicals

Fishgr-Scientific

Fisher Scientific

-British Drug House -

Fisher Scientific
British Drug House

Eastman Organic

Chemicals

British Drug House
I.T. Baker Chemical

East Organic
Chemicals

Eastman Organic

Chemicals

Eastman Organic
Chemicals

Purity
Spectrophotometric
reagent’

Reagent grede

Reagent grade
Reagent grade
Reagent grade

Reagent grade

“Reagent grade

Reagent grade

Chromatographic
special ‘

Reagent grade

Reagent grade
Reagent grade

Reagent grade-
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pressure. Toluene was then admitted as a gas since its
pressure always éxceeded that of anisole. The final
pressure 1ess‘£he'initial pressure of anisdle was the
pressure of toluene. Thé féagents Qerg"gllowed fo mix

for at least 18 hours.

Before each experiment, the system wis. evacuated
to a pressure lower than 10" °mm. The mixture was
introduced into RV .by opening momentarily the metal
valve V3. _The final pressure in thg mixing vessél was.

equal to that in the reaction vessel.

At the end‘of_an experiment, the préducté and the

- reactants were fractionated through a series of traps. _
Tge first fraction was col&ecfed at -?BOC iT a removable t?ap
o+ The second fraction was céllected at -196°C in the

traps T, and TS.‘ The non-condensible gases were 

collected in the gas burette GB with a Toepler‘puhp TP1

aided by a mercury diffusion pump D, After co;lectioﬁ

Waé éompletéd, fhe products were transferred by-means of

the Toepler pump TP2 and the Edward vacuum pump P, into the

U-traps IS.

L4, Analyses of produéts

Non-condensible products were analysed on a 3 metre
silica gel column (60/80 mesh) of %2 inch diameter

maintained at 43500 (dry ice and dichloroethane).. The
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rtemperature of the column could be malntalned to within
+2 %. o obtaln a good resolution of all products, the
5111ca gel was 1n1tially heated 53 for several hours at
 600°C, The order of elutlon was H,, air, CO and CH.
The determlnatlon of hydrogen in helium poses a problem
because the thermal conduct1v1ty of hydrogen is higher
than that of helium and a negative peak should result.‘
In actual fact, at low concentratlons. the thermal.
condgctivity of H2 shows anomalous behaviouf and a
positive response peak ig obéerved. These peaks are

reliable for quantitative determination of H

e 5“"55.

> in
Large amounts of H, give rise to peaks o b
‘corresponding tb‘both difebtions - S0 Calléd.wépeaks - v
and these double peaks aré not reliable fér quantitative
measurements. Forfunately, in the present expériments,

the amounts of H2 formed were small -and the response was
linear énd reproducible. In some exﬁeriments} the amount
of H, was calpulated‘és the difference between the total

"volume of- all non-cohdensible rases and the sum of

volumeslof CH# and CO'obtéined chromatbgraphically.

After the analysis of the non-condensible ases,
the silica gel column was brought to room temperature.

The fraction condensed in liquid N, trap waé-collectequgd

2
measured in the gas burette and then analysed on the silica

gel column at room temperature.
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The fraction collected at -78°C was weighed

. accurately. The volume was caléulated by assuming that
since more than 90% of the ligquid Qas toluene, the densit&
may be taken equal to that of toluene. The column was
3 metres of 4% silicone gfease SE 30-6n chromosorb G.

- The temperdture of the cclumn initially was 100°%.,
Férty minutes after injection, it was raised qﬁickly to
l?OOC. In the first 40 minutes, the major prdducts.
phenol, xylenes together with reactants toluene and
anisole were eluted. After the éhange in' temperature,
the output.was stabilized after about 5 minutes and the

product dibenzyl was eluted.

5. Calibrations

Non-condensible gases were calibrated using the
gas burette B.. Tﬁe‘capillary and the three smallest
bulbslbf the burette were calibrated by weighing with
mercury. The error iﬁ'the volume from this method was
about 0.1%. -The number of holes of gas was caicglated
assuming the ideal gas law. In the calibration procedﬁré.
the peék height was plotted against the number of moles. -
This relation wés élways linear. The reproducibility of.

the calibrations, except that of H,, was within +2%.

N
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For the calibrations of the dondensiblelproducts.
solutions of known concentration were made iﬁ tolﬁene; A
measured volume of solution was injected with a syringe.
~ Peak heiéhts were plotted against the number of moles
and a linear relation was obtained, The repfoducibiiity

of these calibrations was about 15%..
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CHAPTER 3.

'RESULTS AND INTERPRETATIONS

1. Decompositﬁon of pure toluené

- In order to éheck‘the.experimental procedure and
to-obtain iﬁfofmation about the formation of methane in
the absence of anisole, under, fhe experimental conditions
of this work, a seriles of exﬁeriments was made'with pure
toluene at different temperatures. First order rate
constants for -the decomposition of tolﬁene Qere caléulated

 from the integrated rate expression

'—.1 .
k=21,,-23 sec (21)

t a-x)

where t is the reaction time in second, a is the initial
éoncentration of toluene and x:is the.amount of (CHu-+ HZ)
which was produced in a period of time t. The total amount
x of non-condensible products. of de#omposition of toluene
were measured by the calibrated gas'burette GB shown in
Figure 1. The amount of Hz present in-the samplé could

nof be éstimated by the gas chromatogréphic anélysis,

. because the amount obtained was at fhe limit of measurement.
It was shown, however, that oxygen or nitrogen was not
present. Taﬁle 2 shoﬁs the results obtained. The rate

constants for toluene decomposition and for anisole

decomposition .are given in the last two columns.
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= TABLE 2
a | .

Kinetic data for the decq@pdsition of pure toluene

Temp. o?rigiﬁgﬁé Time , \&H4+H2' Xtoluene | kanisole'
(°c) - - (em) (sec) (moles) ({sec™l) (sec™1)
46k 1646 1800 5.50x1o'8' 1.68x1070
w67 | | 0.295x1077

522 : b, 57%1072
528 20.0 3600 | b 16x1075
557 18,6 3600 5.24x1077
560 16.8 13600 6.55x107
560' 20,5 '3690 6.49x1077
567 19.3 3600 6.56x10"7 )

It is difficult to compare the above K, ]yene-Yalues with

the-similér.results available in the literature 25-30+ 32 45 the
corresponding pyrolyses were carried out at_tempepature'ranges

higher than that of the present study. However, extrapolating
ot _

Price‘é 25 ﬁalues, which agreed well with those of Brooks et al'32'

1

it was found that k -value for the homogeneous and hetero-

toluene _ ]
geneous processes, both at 52800, are 3.80}(10"’9 sec—1 and 5.01x10"
sec'1 respectively. IFrom the comparison with the present value

at the same temperature (4-16X10_8 sec—l), it may be inferred

that a certain amount of heterogeneous decomposition is taking

.
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place at this low range of temperature.

In both sets of experimenfs, Jifh and without
anisole, the pressure of toluene ranged from i2cm to 30cm.
'Comparlng the rate constants, it may be concluded that
decomp051t10n of toluene i1s insignificant in the

" temperature range of hu?-522 C where the decomposition

of anisole was studied.

2. Products of decomposition

The major produots were methane, phenol, hydrogen
and dibenz&l. Carbon monoxide, ethyl beniene. xylenes
ltogeﬁher‘with benzyl phenyl ether, 06H5CH2096H5' were
minor products. Xylenes, phenol and dibenz&l were
'identified by the'coincidence of retention time on two
columns (a) 3 metre column of 4% apiezon grease M on
oelite ano (b) 3 metre column of u4% silicone SE 30 on
chromosorb G. A small amount of the cross combinaﬁion
product, C6H5CH OC6H5, was not positively identified
but was assumed to- have a retention time lntermedlate
between that of C6H5OC6H5 and C6H50HZOCH206H5. The
amount of xylenes and ethyl benzene was aloays less than
5% of methane or phenol formed in any particular experiment.

Benzaldehyde and cresols were shown to be absent.
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3. Effect of toluene'pressure on
the rate of formation of products

To determine the pressurelof toluene necessafy.
to scavenge all the methyl radicals formed‘bybthe
decomposition-of anisole by equatiohl(17). a range of
ratios of toluene to anisole was studiéd. The variation
of the rate constant for the formation oflmethane aé a
function of tﬁe ratio of toluene/anisole at 522°C, is
shown in Figure 2. For this calculation, the rate of
'formaéion of methane has been assumed to be first order
with respect to anisole, Evidencé to support this‘ |

assumption will be presented later. It can be seen that

complete scavenging of the methyl radicals starts at a
ratio of toluene/anisole’around 30, In the'subseQuenx
series of experiments. the ratio of toluene/anisole was

kept in this region,

L, Effect of time of reaction on yields of products

The yields of methane and phenol werélstudied as
a function.of time and the results are shéwn in Figures
3 and u-for.méthane,énd in Figure 5 for phenol. The -
individual points in these Figures 3 and 5 have ‘been
interpolated for a particular préssﬁie of anisole from
several series of éxperimeﬁ{s each done for a particular

time but with decreasing pressure of anisole. These plots

.
——
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FIGURE 2

C

'Variation of rate constants for the formation of methané

as a function.of the ratio of toluene/anisoie at 522°C

N
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FIGURE 3

yYield of CH& as a furiction of time at different temperatures
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, EIGURE 4
|

log TE%ET against time at different t?mperatures
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FIGURE &

Yield of'C6H50H as a function of t‘imeiat 522°%
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-or vield against pressure are presented in Section 6,
The yleld time plots show clearly that both methane
and phenol are primary products of the decomp031tlon.
From the yield-time plot of Flgure 3, the lntegrated
first order rate'equatlon has been used to test the
order of the peacfion and obtain a rate constant.
Figure &4 shows the plo? Of'lOSZE%ET againgt t for
methane at 522°C and 489°C. These plots show that the
" rate of formation 'of methane is a first order reaction.
The rate constants obtained are #,22 x 10f3 sec™? and
1.08 x 1072 sec™! at 522°C and 489°C respectively.

\

5. Stoichiometry

'Accbrdiﬁg to the simple ﬁecﬁanism outlined "in
ﬁage 23;'thé yields of phenol‘and méthane shouid be equal
and the ratlo of (phenol + methane /dlbenzyl should be.
equal to two. Table 3 shows the ratios of phenol/methane.
dibenzyl/methane and’ hydrogen/methane under various
conditions. The ratio of‘phenol/methane is close'tb one
under most conditioﬂs and is independént of time, wﬁich
also ‘indicates that they are beth prlmary products, On
the other hand, hydrogen was a secondary product. The
ratio of hydrogen/methane is shown as a function of time

at three different temperatures in Figure 6. The. ratio

3

a
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FIGURE 6

K

HZ/CHLL as a function of time at different temperatures.
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of hydrogen/methane clearly becomes zero at the start of
the reqctlon whlch shows that hvdrogen is a secondary

f
rproduct of the decomposition.

The ratlo of dlbenzyl/methane has been pldtted as
a functlon of tlme in Figure 7. This ratlo decreases
with tlme and the decrease is more prominent at higher
temperatures. ?he Value of the ratios extrapolated to
t=0 appears to be less than one. According to the simple
meehanism shown in page 23; the ratio of dibenzyl/methane
should be equal to one., - The linear'extrapolation may ,
however,. not necessarily be correct. The shape of the
curves of Figure 7 could not be escertained from fhe‘
present results. Nevertheless, some difficuity wes
experienced with the aﬂalysis for dibenzyl which maf
account for the low ratio of dibenzyl/methane. The
complete collection of dibenzyl was difficelt because of
its low volatility. Small amounts might_ﬁave been lost
in the tube bbnﬁecting the reaction vessel with the
first removable trap in spite of care being taken to
heat the connecting tube. Also, the error in the
calibration of dibenzyl was sometimes more than +5% whereas
the reproducibility of the methane-ealibration was always
withiﬁ +2% The reason for this dlfference was the
temperature programming required for the analysis of

dibenzyl. For the analyses of the high molecular weight
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FIGURE

Dibenzyl/CHu as a function of time.at 4890(3 and 467°C
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products, the column was maintained at 100°C for 40
minutes énd then the témperaﬁure was.quicgly raisedlto
l?QOC. The dibenzyl peak sometimes appeared before the
column.became stabilized‘éf l?OOC. Ahothér féctor
contributing to a iow vield of_@ibenzyl is a logs due to

ldéoomposition.H That such loss is important in our system

L - P -
1s 1llustrated by Figure 7., The deobmposition may occur
by two possible ways: . 3 -

a) molecular decomposition of dibenzyl giving hydrogen

~and stilbene, ' : . . T
. . )‘ ° ’

‘C6HSCHZCH206H5 -f4>'H2 + 06HSCH-= CHC6H5 (22)

b) ‘primary decomposition o

C6H CH CH206H5 H. + H. (23)

5772
Since the main seconddry product observed in our
experiments was HZ' it seems reasonable to conclude that

H, is a‘decompositioq product of dibenzyl.
: _ s

Horrex ano MilLs studied the pyrolysis of.

dibenzyl in a flow system in the presence of N, at low
prossures of 0,01-0.4 torr in the temperature range of -

. 6j0a??4°C. A primary dissociation into benzyl radicals

was suggested, In-the absence of a_scavonger. H2 was a minor

product. But more relevant to this work are the results of

Blades et al 27 where in a few experiments dibenzyl was
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 pyrolysed_in'thé presence bf toluene in the fempérature
rangé of 860-9uO°C They found H2 as.an important product
In the present system therefore, it is reasonable #to
suggest that H2. which was the main‘secondary-product
observed in our exﬁefiments, was produced - by the |

decomposgition of diben;yl.

6. Effect of pressure on yields of products

The ylelds of methane, phenol and dibeniyi'are
shown as a function of anisole pressure in Figures 8-13.
These plots show that the rates of formation of methane,:
phenol and dibenzyl are Tirst order with respect to
anisocle doncentration. The, first order rate constants
for methane have been calculated from the integrated
first order rgte,equation (21) where in this case a is
thé”initial concentratior of anisole and x is the amount
of CHu formed-in the time period t. These first order
rate constants are shown in Téble 4., Thu$ both the time
and concentration dependence of the rate of formation
" of these ﬁrodﬁcts show that they are formed in a‘first

order reaction.

7 Test for surface reaction

‘In order to test for a heterogeneous reaction,

the unpacked reactiqn vessel was replaced by one-packed
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FIGURE B8
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FIGURE. 9

"Yield of CHy, apgainst anisole pressure at 119°%
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FIGURE 10

Yield of CHy, against anisole pressure at 467°¢c
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FIGURE 11

Yield of Cﬁ“SOH arainst anisole pressure at 522°C
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FIGURE 12

Yield of dibenzyl against anisdle pressure at 489°C
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FIGURE 13

Yield of diberzyl against$anisole pressure at 46700
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TABLE 4

r

First order rate constants for the formation of
methane in unpacked and packed reaction vessels .

Temp. Pressure Time Yield of X, Mean k
' ‘of anisole 'CHu CHM } CH&
(°c) (cm) (sec) (molesx10’) (sec™1x107) (sec'lxloj)

Unpacked reaction vessel of volume 342.3 cc

0.54 287 - 4,91
- 0.51 _ 256 o b.29
/ 0.47 . 300 230 h,13
}_ . 0.39 S 207 4,89
522 0.33 175 L.73 hson
| 0.47 T 122 4,72
0. L4 - 100 109 - h.50
0.41 103 b,56
0.38 200 156 . 4,44
1.03 302 . . 1.04
0.96 289 1.08
0,90 ; 256 1.00
0.84 500 248 1.05
0.79 239 - 1.09
sy 074 ' 212 . 1,01
: 0,69 215 | 1,13
489 L _ 1.078
- 0.94 co 1920 g 0 l.i2
0.88 . 300 185 1.16

0.82 173 t.16
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TABLE 4 (cont'd)

Temp., Pressure Time Yield of k -~ Mean k

| of anisole -CHu CH), : CHLL
(°c) (cm) ' (sec)'(ﬁolesxlo?) (sec"lxloj) (sec'1x103)
0.76 59 1.13
0.71 © 57 1,17
0.66 . ' 52 1.14
1.26.. "100 91 1,06
1.17 89 1,12
1,08 " 80 1.09
1.01 | 78 1.14
489 : : ) 1.078
C 0.94 *- 224 1,00
0.87 Loo . 205 0.99 /
0.81 194 1.00
0.76 - 177 0:98 -
0.8 | 33 0,27
0.78 132 3 0,28
0.72 -~ 200 31 0.30
0.67 : 31 0.32
£ 0.63 . 29 0,32
0.9 . - 28 0.33 |
467 | - | 10,295
| 1,02 ' 59 0.27 :
| 0,95 300 55 0.27 . w0
0.88 51 0,27
0,83 50 0.28
0.77 77 0.29
0,72 500 76 0.31
0.67- 69 _ 0.30

0.63 69 0,32
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TABLE 4 (cont'd)

Temp. Pressure Time Yield of Kn

‘of .anisole | CHy, | CHy. HMean kCHQ
(°c) {cm) (sec)'(mplesxlo?) (sec"1x103) (secf1x103)
t,00 | 50 0.11 o
0,93 ho 0.12 '
10,87 600 L5 0,12 '
0.81 By 0.12 -
0.75 1 - 0.12
R , -+ 0,118
o 0.56 38 0,10
0.53 900 ] . 0.12
. 0.49 - . I 0.13
Packed reaction vessel of volume 150.4 cc
. 135 75 0410 .
448 1,30 1800 b 0,10 0.108
1,26 78 0,11 '
1,22 o 77 0,12
' 1.25 900 95 | 0'29\% B
468 1.20 - 700 70 0,28 0,282
S Y1 600 70 027
1.06 o 81 0.54
479 1,03 500 77 0.53 0. 540

1,09 : . 8L - 0.55




‘of the reactlon s heterogeneou Rate constants,
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with glass tubing in order to increase the surface to

volume‘ratio. The pqcked vessel had a S/V ratio equalp

to 9 cm . The rate will be observed to increase in

proportion to the S/V ratio if 2 significant proportion.
— )

calculatod from the formation of methane, are included
in Table 4 E’d are in pood agreement with thOuQ reported"

in the same table for the fonmatlon of methane ln the

unpacked reaction vessel (S/V = 1 cm 1). thus conflrmlng

A P .
the absence of a surface reaction.

i}

'S, Arrhenius plot

The Arrhenius eouqtlon for h“”a as function of

%K has been computed from a least squares fit of the d
: . “_ ' ) :
data shown in Fipure 1, The rate constants k,

CH,
l—
packed reaction vessel have also been included in this

combutqtibn from which E and log A hwve'been found to be
(57 3 +. 1 9) Kcal/molc and (13.4 + 0.6) respectlvelv,‘the

correspendlnﬂ unit for A being sec” \

The e¥rors involved in the mﬁtivation energy and

: frequencv factor are dlscussed in Section 10,

- . . -

L]

9, Minor primary products d v

—

Althéugﬁ the abstraction of a hydrogen atom

»
occurred predominantly from the methyl ﬁroup.'the formation

> ' l' K

-
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o~

_ Arrﬁeni,l,y{: plot of log kCHu arainst 1/TOK
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of xylenes sugrested that rins abstraction 29, 30, 306
also ocqurred. From the relative yield of xylenes, it
was estimated that.ring abstraction was about 5% of the

overall abstractiom from the side chiin. The fbrmation

of the xylenes may occur by the foliowing reactions:

.a) abstraction of ring hydroren by methyl radical <7’ 20
CHB' + 06H5CH3 — CH,, + Céﬂu.CHB(tolyl radicarfjj

Cpify -CHg + Cllgu —> Qi (CHa) (2h)

L 4

b) addition 202,

L,n CH. CH
3 e
3

cu + CH), (25)

SO M- - {alSo m- & p-
isomer; isomer)
\

Trotman-Dickenson ané-Steacie 26D (rave data for the
rglative rates of abstraction from benzene énd-toluene
by methyl radical at 177005 On exfrapolation'fo 522OC.
thése data sugrmest that about 8% of the radicals will

. abstract from the ring in the temperature rance of ouf
experiments. « It therefore appears that mechaqigh {a)
is a probable source of xvlenes. lNevertheless,
mecﬁanism (b) Has also beenjsuggested by Wilen and

36a

Eliel at lOfer;temDeraturc range and in solutlon.

-




Ethylbenzene was also found to a very minor
amount (~2%) of the yield of methane, The most probable

sogfce of ethylbenzene is combination of benzyl and methyl

radicals, ]
CgHeCHye + CHL — ‘ | 26)-
ets 3 — C6HSCH CH, | (26)

‘The vields of hoth xylenes and ethvlbenzene obtainéd : +

from each experlment have been shown alonF with the other

products of reaction 1n-Table 7 in the Appendix.

A very small yield of carbon monoxide, abouﬁ 2
of the total amount of -phenol, was detected at the
highest température of 522°C, The variation of the.‘;‘ L}
yield of carﬁon monoxide with anisole preséure sherl in
Figure 15 indicates clearly that the formation of carbon
monoxide is first order with respect to anisole
concentration. In the pyrglysié of anisole =at 95000 by
Harrison, Dauben and Lossing 5?. significant vields of
carbon monoxide were obsérved _It was. suprested that

carbon monoxXlde was formed by secondary decomp031tlon of

the phEHOXj radical as follows; é;
&>-ocH, —->CH tESo.
&Y o. =c==*-<:>= |
.@:0 &_) L] +co (27)
- ' dﬂ'm\‘: ‘
o )
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FIGURE 15

Yield of CD'againSt anisole'pressure at 52200
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It i suggested that this reaction occurs to a small

extent at the highest temperatures-ofthe'present study.
10. Errors .

It is WGll-known‘that the most serious errors“in-
kinefic studies are systehatic ones., Furthermore, it is
recpgﬁiéed that the most frequent systematic errors
arise from seﬁondary feactions,‘heterogeneous effgcts'or
other complications to the mechanism. By careful
experimental techniques and precautions, randoh errors
ih analysis and temperaturé contfol can be kept to a
miniﬁum. but it can not be concludéd that the real
. eiperimental errors are therefore small. Systematic. -
errors may be present:and their magnitude is‘difficult

to estimate.

In the present case, a systematic error in the
measurement of ‘thé amount of methane formed can lead to
an error in kCH and consequently in .the activation energy
¢ E LI- .

58

of theAdissdciation process. Recent rédeterminations
of free radical heats of formatlon by cher methods le
(competitive brominétion and iodina%ion kinetic studieé)
have shown.that the toluene carrier tgchnique has, 1n the

past, yielded erroneously low Arrhenius parameters.

Several reasons for this‘have been suggested: chain




ll . "6?.—

in Figures 8-13, Therefore a reasonable estimate to
Ve

-the random error may be +2%. Taking into account the

error of ~5% due to the formatlon of .xylenes and eﬁhyl

. benzene, the maximum error in. the rate constants may

be +7%.

The error in the measurement of temperature is
generally the major source of error involved in the
determination of rate-constants and activation energiee,
In the present case, temperafure fluetuations of the
order of iO.EOC were ebserved. The percentage error 59
;n k.for temperature fluctuation of iO.SOC may be w

estimated as follows:

(ak/K)x100 = (EAT/RTmean)xloo (57,255%0.5/1.987%757.5%)x100
2. 5% |

e}

If it is assumed that both rate constants, at the
lowest and the highest temperature of the experlments.

were uncertain by about 10% each, then the maximum

- experimental error of the computed activation energy is

AE = R ln(l.1/0.9)/(1/72051/?95)x1000:5:3Kcal/mole
“and the cofresponding‘errOr in log AJgiﬁen by the formula
Cﬂleg A) = AE/2, 3RT‘is 0.88, ‘_Eie/sfandard errors from tme
least squares flttlng (1.9 Kcal/mole and 6.6 in E and
“log A respect1Vely) are 1ess than the correapondlnr

estimated maximum errors shown above. Thls is quite
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expected as the random errors to some'extenf céncel;one
another. A reasonable estimate of the error in the
éctiyation enérgy obtained from the present results is-
therefore +2.5 Kcal/mole. and the corresponding error

in log A is +0.7.
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CHAPTER 4.

DISCUSSION

£

1. Igentification of activation energy obtained with tke
dissoclation energy of 0-C bond 1in anisole

The, decomposition of anisole has been carried out

in the presence of excess of toHi;ZEﬂas radical scavenger{

+ The methyl radiéal formed by the composition of anisole
accofding to equétioq (17)‘reacfed with toluene to &ield
methane. The kinetics of thé degomposition measured By
the fate of formation. of me%hane obeyed the first order
law, the activation enersy for the formation of methane
'bﬁing ﬂ57.3f2.5) ical/mole, The reaction was founq to bé
homogeneous., Now if if is assumed that the recohbination‘
of the fragmenté,:formed in the dissociatibn proceés does
not require any activation energy, theﬁ the gctivatiﬁn
‘energy.of the diésociation process'ié‘equal to fhe bond
dissociation energy. Théréfofe it can be concluded that
the rate of formation of methane measures the rate of
initial Qecomposition of anisole into meth&l and'phéhoxy

radicals and the observed activation enefgy represents the

0-C bond dissoéiation energy in 06H50CH3, ~
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2..Determination of heat of formation of the pﬁenoxy radical
and prediction of bond dissoclation energies of some
related compounds

Considering the initial gplit of anisole ip be -
. J : .

CgHgOCH, — 5 céﬁsf;; + CH. (17)

we have,.

T

e | | —au© | 0 BN
AHf(C6HSOCH3)+D298(C6H50—CH3}—AHf(C6HSO.)+6Hf(CHa.) (28)
where AH? refers to the heat of formation at ZSOC.
Correction to the bond dissociation energy of anisole
obtained at the températﬁre‘fdnge.of_our experiments- has

been neglected because it will be less than 1 Kcal/mole.

- V ‘ 5 (cE
D298(06H50 CHj)\has therefore beeﬁ taken as 57 Kcal/mole.

Using the, values of the heats of formation of
metﬁyl radical and ahisole from Table 5, AH?(C6H56.) is
calculated to be 5 Koal/mole. 'Taﬁing this value of

. AH?(CéHBO.) together with other vaiues for heats of
formation given in Table 5 and applying the equatlon
similar to (28). bond.dissociation energies of related

compounds were calculated and are shovm in Table 6.

. ' ’ s : -
3. Regpnance energy of the 'phenoxy radical .

The béniyl radical has long been known to be fairly

stable thermally and relatively qn?éacti}e 26, 62. Thesé

propertiées have been attributed to its conjugated structure
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TABLE 5
Data of heats of formation used in calculation

———

Radical or ,AH? E Reference .
compound - Keal/mole _ '
CH, 9,0 : 60

oo 52;1n‘ | ' é%’ %;Z‘

s

C g | S 2600 60
Cyhe ' 80.0 . 60
Cylt 0 . 5.0 This work
CgHCH, J h5.0 | , 69
CgHOCH, 180 ép
' " ) i :
CgH sOH | -23.1 o | ‘61
- : 61
HSOC oM 26.73 |
C6H5QC6H5 ‘ | 11,9 | .6
| C;HSCHB 12,0 . bo o
(CGHSCHE)Z : 4.y Lo | 14 (p Lol
C H6 (://A -20.2 - 60
06H5CH CH, | 7.2 _ - 1b (p.397)
T
/ {

-l

wl
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TABLE 6
~
4
' Values of bond dissociation energies
o _ '
. =
"Compound Bond . | B.D.E Reference
‘ : Kcal/mole ‘ '
C (H, O C H.O0-H ‘ " 8043 Calculated from
6% ‘a6 5 this work

06H5002H5 C6H50-02H5 C ‘ 57.3 " )

: ‘ 0-C I "
CéHSOCH3 06H50—0H3 - s . 57,0 This work

R _ ' ‘ g .'O .
CH30023 CHBO CH-3 81 e 51
- i .0 65
CHBOCHB CH30 CHB‘ | , . 80.0 5
CHg ¢ . CoH-H , 97.5 66 v
CgHCH, o CyHCH,-H L ’8_530 o -679 | |
' ~ Y e o o

CE’H5CH20H3 ‘C'6H CHE--CH:i ' ‘37.0.0 .

5

237 9

Ay




- 73 =

which aiigys'the free electron to be largely
63, 64 | '

"delocalized Radicals with stiructures similar

to thatﬁbf the benzyl radical, such as the phenoxy
radical, might‘also be" expected to be stabilizea by
resonar@e anﬁ hence to form relatively weak ﬁonds with
other radicals. . The usual definition of resonancg'
engfgy is the difference in dissbciation.éhergy between /
s;milar bonds, one df them producing a resonance /?
' stabilized radical.” An estimation of the resonance
energy of the‘phepoxy radical cén. therefore, be

obtgined from the‘différence between:D(CHB—OCHB) and
D(06H50-CH3). ‘Using Fhe values given in Table 6, the
resonance stabilization energy of the phehoxy radical is
about 23-24 Kcal/mole."This value still includes the
,uncertainty in thelvalue of D(CH,0-CHs) 514 65 pof

which no direct measurement.has been made.

rd

L. Comparison with the resonance energy of other radicals

"

a) Benzyl radical |

The resonance energy of the benzyl radical cén
be obtained from -the energy difference between the C-H
bond conjugated with the aromatic rihg system and a
simple bond in a saturated paraffin. For the latter, a
value of 97.5 Kcal/mole may be regarded as‘ representative

66 67

for C-H bonds in ethane or propane

7

~

+ Methane should




“ .not be used for comparison since its bond strength is -

L -k -

not typical 68 penson et al 69 4etermined accurate

thermochemical parameters for benzyl iodide, They

TFound that D,oq(CeHCHy-H) = (84,3 + 3.1) Kcal/mole.‘

which adequately fixed the value at (85 + 1) Kcal/mole

- D(CgHCH,-CH

N

in agreement with other measurements 23. This gives
the stabilization energy'in the beniyl radical as .

(12.5 + L. 0) Kcal/mole. On thé othef hand, if we

14

compare D(CH 4=CH) 70 with p(C H5CH ~Cl,C gl or

) 23, the resonance energy of the benzvl

3

radical becomes 16-18 Kcal/mole. This is in agreement

" with the value calculated by Pauling and Wheland L ipy

‘aﬂm eleotron -pair bond method but higher than that

] tentaﬁively identified with the dissociatlon energy of

calculated by Huckel 72 yho found 11 hcal/mole, using

lthe molecular orbital method. The resonance energy of

the benzyl radical is probably about 15 Keal/mole.
b) Phenyl sulphide radical

' Whlch is very

3
51m11ar to C6H50CH3 has been thermally decomposed by

Back and Sehon /2. Their value of 60 Kcal/mole may be

Phenyl methyl sulphlde. 6H5$CH

6H5S CH3 bond, A value of 73 Kcal/mole was suggested

by Palmer -and Lossing (ad for D(CHBS ~-CH ). on the ba51s'
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of their results obtained by the mass spectrometrlc

" method. The difference between D(CH S~CH ) and

3
D(CéHBS -CH ). which is 13 Kcal/mole. represents then
the dlfference in resonance energies of the methyl

“'sulphide and the phenyl'buiphide radicals. Hence, the
actual value .of the resonance energy of thg phenyl

sulphide radical -would be at least 13 Kcal/mole.

| - Thus,. the phenoxy radical has more resonance
stebilization than that of the benzyl or phenyl sulphide
radlcal and consequently D(06H50 -CH ) is lower - than

23

D(C6HSCH —CH3) It must be concluded that the free

electron of the phenoxy radlcal has more delocallzatlon ‘
than that of the benzyl radlcal. This wee'aleo eoncluded
by Mulcahy 75-78 when investigating the kinetics of
reactions Of'the methyl radical with.toluene 75 and
phenol‘76., The greater complexity of the kinetics and
products 77 of.the_reaction ﬁ{%h,phenol appeared'to

arise from the ‘fact 76- ??Jthat the free electron of'tﬁe

phenoxy radical is more associated with the ring than

that of the benzyl radical. : B

The heat of fofmation of the phenoxy radical has
not been determined before¥®y kinetic exﬁerimentél An

- estimation of D(C6H50—CH3) can be obtained from the

L]
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measurement of the vertical ionizatioﬁ potential .'the',{\-
'phenory radical together with the eopearance pofen 1
of Q6H50+ from anisole. The lonizatien potential o
06H50 produced from the thermal decomposition of allyl
phenyl ether.79.was 8.8H-ev.. The apbeerance potential of
the:CGHSO+ fragment ion from anieole_was.found to be
-(11.92 + O.I)ev. The formation of this fragment ion is

represented by the equatlon - |_ |
@—ocm ¥ e —D @—o +Cliy o+ 2e - (29)

If this process is a 51mple bqnd rupture.ln which the

étrdcfural identity of the 06H5O fragﬁent is preserved,

D(06H50 CHB) ¢A(C6H 0*) - 1(06}{ 0) | (30)

' Therefore. D(CéHSO -CH- ) 11, 92 ev- 8 8l ev <:?1 Kcal/mole.
The authors concluded. that this dlssoc1atlon energy was
too high‘ becaUse they expected the resonance ene;gy of

" the phenoxy radical to be comparable to that of the -
benzyl-radlcal. They therefore concluded that A(CéH o D)

was to® large probably because it contained excess energy.

-

‘5. Frequency factor

.The value of A for the bond f1551on reaction in

equatlon (1?) has been found to be 2. 5x1013.sec {. A wide

range of freguency factors from 1017 to 18 ,/ﬁgg\
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been observed for bond fission reactions. High A-factofs

‘ Q
are ‘taken to indicate a 'loose' transition state with a

- 1

large degree ofrffee roﬁation.bétween‘resulting'fragmehts. ‘ \
Steel and\%aldler 80 have-put forward fhéoretic&i A
arguments to account for hlgh A- factors in unlmclecular
reactions. On the other hand, low A- factors are
characteristic of a 'tight’ tran31t10n state. Data on.
bond flSSlon reactlons collected by Rlchardson and
0'Neal 81 suggested that A- factors in bond f1831ons (of
large groups) not developlng resonEFce in the transition
states are con51stently in the range, h'= ottt 1‘

ThlS means that actlvatlon entropies, AS , are in the

range (11 + u) cal deg. 1mole 1. The relation of A to- .

AbS for a unlmolecular reactlon is given as follows S .
PO RO - (31)
—ﬁ‘ . B

But resonance stiffening in the transition state seems to
lower the activation entropies by about 3 e.u. per

resonance interaction. Therefore, the following ranges

-

of A-factors are. 'reasonable' in simple bond fission

reactions: :

L ) ' ' -
a) Single bond rgpthre, rio resonance stiffening,

A ?ﬁloléi}séc'l; os¥ = 1144 calldeg."lmole'I.

—

.-
s Ly
t
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b) Single bond rupture, o?e resonance stiffening i.e.
giving rise to one resonance-stabilized radical,

A= 1015321 gec™t; as® = B cal.des.”

mole I,
¢) Single bond rupture, two resonance stiffenings,
. . ) . ’ I _I1 -1

J\

If the dissociation of anisole is classified under (c)

because of the wvery high resonance stiffening of the.

m.radical. then the value if A obtained is
\“-.' . ) ‘ * ' .
réason;kéé. . _ R L




Kinetic data for the dgcomﬁosition of anisole in presence
of toluene | ‘
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TABLE 7 (cont'd)
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