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INTRODUC TION

Investigations of the rates of decompesition of organic halides
have played an importent part in the creation of recent lists of
bond strengths in organic compounds, and of heats of formetion of
radicals. Such data are very useful for owr understanding of the
principles of molecular reagctivity and it is important that these
lists of values shall be as accurate as possible, The work des~

_-oribed in this thesis was undertaken with the aim of improving

s/
/// one particular technique of investigation and testing the method

on an example of importance,
The particular method chosen for study was the toluene radical

acceptor technique where the following reactions are said to occur:-

RX ~——p R= + X~ CBIOW) awnwiens s enll)

R= + PHOH; =3 PhCH,~ + R (EHEE) was iennsaetd)

2
ZP}EI{Z—"—) dibenzyl (fast) fRceDow @ (4)

X- + PhCH; —> PICHy~ + HX  (fast) .....eens.(3)

In order to reduce the possibility of side reactions as much
ag possible, the usual recommended procedure is to choose operating
conditions which give only small percentages of decompésitdon of
RX. By using a flow technique, adequate quantities of one compound
are usually collected for analysis, When bromo compounds have been
pyrolysed, the hydrogen bromide formed has been determined and

the staichiometry assumed.



Using values of-d[HBr Vat to measure the rate of reaction (1)
resulted in the derivation of first order velocity constants, but
the proof of first order character has not been convincing in
many cases, Ior some compounds the temperature coefficient of such
first order constants has been studied and energies of activation
deduced. In other cases it has been assumed that the Arrhenius
temperature independent factor should be lO15 sec"l and the values
of veloo ity constants at a single temperature have yielded energies
of activation through use of the equation

log, Sk(sec™) = 13-(8/4.57T).

The deduced energies of aotivation have been equated to the

enthalpies of reaction (1), leading to the relationship
E = M for reaption (1)
= 8Hp (R-) + MHp (X=) -0Hp (RX)

It is clear that the data on series of compounds such as
PhCHz-X and CHB-—X should yield consistent values of My for the
PhCH,~ and CHB- radicals. This has not always been found. In
some cases the methods of analysis of the data may have heen at
fault. Mearns(19) in this Department, has shown, in a study of

the decomposition of Ph.\CHzBr, that Szwarc's value of E is too low

and his use of a constant A factor is not justified,

The purpose of the research work described in this thesis has
been to produce a more searching method of investigation into this
field by applying mass spectrometry as an analytical tool. The

advantages foreseen included s~



(a) the possibility of analysing simultaneously for reactants
and products emerging from a flow type reactor, obtaining data
which can be followed with time in order to assess the seasoning
(if any) of the reactor surface;

(b) the opportunity to base rate constants on reactant con-
centration, rather than on product concentrations and an assumed
stoichiometrys;

(¢) the possibility of amassing a substantial quantity of
analytical data in a reasonable time while retaining the power
of a flow technique to study the initial stages of a reaction.

In order to prove the technique which was developed, the work
was concentrated on the decomposition of methyl bromide, The
only pyrolytic work on this compound has been done by Szware who
considers the reaction complex under his conditions and prefers
not to attach any weight to theactivation energy found experimen-
tally, although it agrees with the value deduced from reliable
thermochemical data.

In gddition it is often convenient to relate data to the first
member of a series, and it is important that the bond dissociation

energies of such 'reference' compounds should be firmly supported

by experimental evidence,




1. Bond Dissociation Fnergies.

It is necessary to distinguish between the two terms used
in the representation of the energies of chemical bhondsg; The
first, and more useful, is the Zbund dissociation energy (B,D.E.)
or simply disscciation energy. This is defined as the energy
difference between the parent molecule (in its egquilibrium con-
figuration) and the two fragments (in their equilibrium ground
state configurations) after breaking the bond. Thus the bond
dissocistion energy of a bond AB - C is the change in energy

AEZ for the reaction

AB C » AB- 4 C-
occurring in the ideal gas state at absolute zero. The strict
definition is therefore Dg vhere the superscript refers to products

in their ground states and the subscript to the zeroth vibrational

level (23). Occasionally AHS5QI of the reaction is used instead(80),
but frequently literature values are not clearly stated.

0
For a dissociation reaction, N?p is generally positive but

small and so &HSB > Dg . The difference rarely exceeds

1 k.cal/mole (for example Dg (H -~ H) = 103.24 k.cal/mole and
AH;’%oK for E,~3 H- + H- is 104,18k .0al/mole) and frequently the
accuracy of ‘the Aﬂgsqc value does not justify the correction to
absolvte zero.

It is of interest to relate the B.D.B. to other molecular

properties,




-

e\

Thus the BDE is equal to the difference between the heats of

formation of the fragments and the parent molecule.

D(AB—C) = Mp (AB-) + AH p(C=)~ AH ¢ (ABC“)“.
The heat of reaoti;)n is the sum of the B.D,E's of bonds formed
minus the sum of B.D.E's of bonds broken. Thus for the re-
action AB + C—> A + BC; AH = D(B-C) - D(A—3B).
The heat of atomization (Qa) is equal to the sum of all the
dissociation energies involved as the molecule is degraded
stepwise into separate atoms.
In a unimolecular decomposition in which two radicals or atoms
are formed the activation energy for the process will be very
close if not equal to the B.D,E. This assumes that the re-
verse reaction, the recombination of the two atoms or radicals,
has zero ar very small activation erergy. In the determination
of this activation energy it is necessary to inhibit any
potential chain reactions involving the products otherwise
the value obtained camnot be related to the B,D.E. For most
exothermic radical-moleoule reactions, the activation energy
is also very small.,
Finally it should be pointed out that the dissociation energy
of a bond depends upon the groups attached to the atoms carry-
ing the broken bond. The C—C single bond dissoc iation energy
in ethane is 84 k.cal/mole but in hexaphanylethane it is

only 10 k.cal/mole.




The second term is that of the 'bond energy' or 'average bond
energy' (B)., This is a quantity assigned to each of the bonds in
a molecule such that the sum is equal to the heat of atomization
of the molecule, For this term to be of value it is necessary to
assume the constancy of bond energies from one molecule to another.
Thus the bond energy, C=+Cl, in methyl chloride may be estimated
from the heat of atomization of CH301 and a knowledge of E(C—H);
this latter value would be tas<en as one gquarter of the heat of
atomization of methane.

Many discrepancies in such methods have come about as a result
of the uncertainty of the latent heat of sublimation of earbon.

This is now fairly well established at 170 k.cal/mole(20,21). Such
an elementary treatment has obvious failings; nevertheless, with
careful use, heats of formation of mclecules can be calculated to
within a few kilocalories of the observed value from & set of average
bond energies (see for example, Pitzer(22)). Some of the diffi-
culties of such schemes have been discussed by Cottrell(23).

More recen® refined treatments of bond energy schemes have
involved nearest neighbour corrections and the state of hybridiza-
tion of atoms(24), the use of bond distance/bond energy relations(25),
steric corrections(26) and the use of the valency states of the
atoms involved -~ the aim being to obtain an additivity scheme.
Bernstein(ZS) for instance has developed a scheme allowing the cal-
culation of heats of atomization at 2980K of almost all hydrocarbons

to +1K.cal./mole.



Perhaps ¢ne should mention here a third type of bond energy
referred to as the coordinate bond energy. This ig for the hete;
rolytic breaking of a bond i.e. for the reaction RY— RT + Y.

This is relevant to ionic reactions and may become important
in the gas phase as a result of Maccoll's work (see the section on
halide decomposition). In solution, where such a term might be of
value, solvent interaction interferes with the treatment.

To return to bond dissociation energies, several schemes have
been proposed for the calculation of such quantities but these are
often either very complex or inaccurate. Recently the publications
of Errede(27, 28) give a simple equation determined empirically
from published data. The bond disscciation energy for a series of
C—~~C or C~—X “bonds is given by D = 716163 for a bond
Ri-RJ ; . the € value of a group R-= (A1A2A3)C- is related
to the substituents on the carbon atom attached to the bond in
question by

€ = 0.43 + 0.162(e1+e:2+63)

This formula holds provided the Ai does not have a centre of
unsaturation ¢ to one of the central carbon atoms. The € values
of more complex radicals cannot be calculated by the equation but
must be found experimentally. HBrrede points out that the ¢ wvalues
listed may be related to Paulings electronegutivety, E, since & is
given by \Fﬁ/r where 1r is the bond length., The Ei for a group
is very nearly equal to EEO 4-£Tei ] /é where E_ is Paulings

electronegativiity for carbon (=2.5).



The values oalculated by Erxrrede'!s method agree with other
literature values to within + 1 - 2 K.cal./mole in most cases.

The experimental methods of investigation of bond dissocistion
energies viz, thermal equilibrium, kinetics, electron impact and
spectroscopic methods are summarized and discussed in the ligerature
by Cottre1l(23), Sehon and Szwarc(29), Szwarc(30), Reed(31), Mortimer
(32), Steacie(33),Kondratev(34) and Trotman~Dickenson(35). Electron
impact data are available from Field and Franklin(1l),

Spectroscopic data of diatomic molecules are discussed in detail
by Herzberg(36) and by Gaydon(37). The applicationi of spectroscopy
to polyatomic molecules is somewhat limited. The difficulties lie
in a knowledge of the precise nature and degree of excitation of
the fragments. However data on the simpler polyatomics has .been
of use in supplementing results from the other methalds.

Any factors whioch influence the heat of formation of the radi-
cals or the parent molecule will be reflected in the relevant bond
dissociation energy. Changes in radical resonance energy and the
effect of changing ionic character of the relevant bonds were sug-
gested as main contributing factors by Baughan et al.(38). Szwarc(39)
hag discussed his results on halogenated methyl bromides in terms
of the steric repulsions increasing as the atomic size increases.

The C-——Br bond lengths in the series CH;**-Br-——Q CX5—~Br are
about constant and so the decrease in dissociation energy along the

series my be, in part at any rate, attributed to this repulsion.

&
b



The resonance stabilization of the radicals formed will increase
with increasing number of halogen atoms, wi’ch.dec:ceasing separation
of the p orbitals and with decreasing electronegativity of the
halogen atoms.

It has been suggested that the stabiization of a radical R~ be
measured by the difference D(CH3-——-H) - D(ﬁwH). Then such radi-
cals as CC 15-,for example, would have about 12 K.cal/mole of total
shtabilization,

Skinner{40) has discussed the calculation of Q% {R~) and then
compares calculated and experimental values of D(R—X).

Ideally, it is desirable that different determinations of dis-
sociation energies should all yield #w:!" consistent heats of forma~

tion of radicals.

2, Toluene as g radical acceptor.

Toluene, along with many other radical acceptors such

ag propylene, nitric axide and cyclohexene, has found numerous
applications as a radical scavenger in kinetic studies, It reacts
very efficiently with radicals, preventing the development of chains,
to produce the relatively stable benzyl radical (PhCHz—) and it has
been used in the determination of numercus bond strengths, many of
these by the toluene carrier technique (30, 35, 41).

Its application is limited to the study of those molecules con~

taining a bord weaker than the Ph»CHZmH bond in toluene. The
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energy of activation for the decomposition of the radical formed
mist also be greater than that for any reaction involving toluene.
At temperatures where toluens decomposes it is desirable that the
products of the main decomposition differ from those of toluene
decomposition, (This was not the case in the work described in this
thesis and was one of the early difficulties which had to be overcome
by a change in 'hechnique.)

The method has proved useful in halide studies especially
bromides where HBm is formed as an end product. Szwarc and
Ghosh(42) have demonstrgted how to distinguish between radical
dec omposition and HBr elimimntion to yield unsaturated compounds.

In radical reactions for every RBr decomposing, one each of HBr,
RH and dibenzyl are formed whilst dibenzyl does not appear in the
elimination reaction.

The bond dissociation energy of toluene, D(Ph.CHp ~—H) has
been the subject of mach investigation, Several pyrolytic studies
of toluene yield varying values, Szwarc!s value (43) of 77.5 k calol
had tended to become accepted but wascriticised by Steacie et al (44)
who found dimethyldiphenyls in the products and that variations in
contact time, pressure and surface/ volune ratio affected the rete
congtant, More recently Takahasi (45) found similar variations
and Price(46) in a thorough amlysis obtained a first order rate
constant for the decomposition:

1og101c(sec"1) = 14.8 —85000/2.3 RT in the range

640 to 870°C
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Anderson et al(47) using a thermal and photochemical bromination
of toluene obtained 89.5k.cal/mole at room temperature as an upper
limit. Benson and Buss(48), who review the various attempts to
determine D(PhCI—Iz----mH), tried to measure Keq for

et ALY g, o
Ph.CHy + Bry smm==t PIOH

and obtained a value D(PhCH

o-Br + HBr at 150°¢

o—H) = 8 k.cal/mole.

Schissler and Stevenson(49) using an electron impact method
showed that the appearance potentials of ().7H7+ from toluene and
from dibenzyl led toa value of 77,0 for D(PhCHz-—--— H), Trotman-
Dickenson et al.(BO) warned of the uncertainty of electron impact
data because the benzyl positive ion isomerises(‘jl,BQ) axd they abdalned
values of 83,3 amd 84,6 k.cal/mole from pyrolyses of ethyl benzene
and n~propylbenzene respectively and preferred the latter value.

They also pointed out that Anderson et al,(47) used a value of zero
for the activation energy of a benzyl radical attacking & bromine mole-
cule whereas in fact it is more iikely to be about 5 k.cal/mol.,

which would give a value of D(Ph CH,— HY. = 85 k.cal/mole. A velue

of 86,5 can be deduced (50) from the work of Busfield and Ivin(53)
although this may carry a large error.

Lossing et al.(54) also critised the value of Schissler and
Stevenson(49) and suggest it is not complementary to Szwarc's value,
Takahasi (45) pointed ocat that a value of 77.5 k.cal/mole is too low
because the differerce I)(CHBv—-» H) — D(Ph.CH2~—-H) = 105 - T7.5 = 25.5

is too large compared with the extra resonance energy of the bengyl

radical calculated at about 14 k.cal/mole (55). On the other hand
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Brickstock and Pople(el) calculated the resonance energy of benzyl
at 21.9 k.cals/mole and compared it with experimental values of
23,5 k.,cals/mole based on the hydrocarbons and 17,0 based on the
bromides. Franklin and Lumpkin(82) quoted a value of 18,0 k,cal
based on the data of Roberts and Skimmer.
Smith (8) inan extensive examination of the decomposition obtained

a rate constant given by loglok(seo'l) = 15,1 -~ 84700/2,3RT over
the temperature range 750 to 880°C but does not feel justified in
asgigning this activation energy to the bond dissociation process,
Rhind(56) in an examination of the pyrolyis of ethylbenzene using
toluene as a radical acceptor was able to assign a value of 84k.ca]s/
mole to the rate determining step for the breakiown of toluene,

A resumé of several determinmations is shuwn in the table and it
will be seen that a value of about 84 k.cals/mole for D(PhCHé”—“H)

would appear to be well established.

D(PhCHo~H) Temp. range Method
k.cal./mole. a uged, Reference
77.0 - Appearance potential 49
TT5 680 - 850 Toluene carrier 43
84.0 150 Equilibrium 48
8,0 476 - 785 Flow & static 56
8.6 603 - 727 tHq(By~) from Ph.Et 50
84,7 750 ~ 880 Flow system 8
85.0 640 ~ 870 Flow system 46
89.5 E 82 -~ 132 Photochemical bromination 47
166 Thexmal, hromization 47
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In gas phase photoytic studies of toluene and deuterotoluenes
at GOOC, Cher(57) oconcludes that the rate of abstraction by methyl
radicals of hydrogen atoms from the ring is 0,17 times the rate of
abstraction from the side chain, He suggested that side ohain and
ring attacks proceeded through geometrically different transition
states, Abstraction from the ring resulted in a tolyl radical which
reacted with toluene to foxm a benzyl radical, which in turn reacted
with a methyl radical to produce the main product ethylbenzene,
while the abstraction from the side chain proceeded via a 3-centre
transition complex of the type suggested by Johnston and Pa.rr(SB).

Burkley and Rebbert(59), in experiments aimed at determining
the rate of H abstraction by methyl from primary, secondary and
tertiary positions alphs to the aromatic ring, deduced the Eg wvalues
for such reactions, Their experiments involved the gas phase pho-~
tolysis of acetone~toluene mixtures and they claimed that methyl
radical abstraction from the ring was of minor importance.

Berezin et al,(60) have also studied this abstraction reaction
at 60=»96% . using tritiated toluene, They showed that, at 85°%,
the rate of abstraction of tritium from the side chain is 156 times
the rate of abstraction of the para~hydrogen in the ring. They
suggested that methyl reacts with I bonds of the ring’ bo form a free
radical of the cyclo-hexadiene type which subsequently dissociated
to yield a product carxying a tritium atom bound to an allylic posi-

tion on a tertiary carbon atom, Reaction of the methyl with the




carbon-tritium bond in the methyl group was rapid and accounted for
9% of the total methane.

In the pyrolysis of toluene at 750 using hydrogen as & carrier
gas, Meyer and Burr(6l) claimed much simplified kinetics with only
methane and benzene as products in approximately equal amounts. To
explain their results that ring abstraction is the major effect they
had to assume that one primary process was a split of tolueme into
Ph and CHz~ followed by abstraction from carrier hydrogen or toluene.
They concluded tiat both Ph~ and Me~ abstracted from the ring and
not the sidechain under their conditions. Benson and Buss(48) had
pointed out that entropy consideratlions favour PhCH3 -—-—)Ph-+CH3- over
Ph_CHa---aPhCIiz-' + H~ despite the larger activation energy of the

former.

3. Radical reactions.

Reactions of radicals abstracting a hydrogen atom from
toluene proceed with activation c¢nergies of about 5 to 10 k.cals/mole.
The particular reactioné relevant to the present work are for methyl
radicals and for bromine gtoms attacking toluene,

A considerable amount of data is available on methyl radical
reactions since they are particularly convenient to study. The
products methane and ethane are easily separatcd and analysed, the
radical does not break down or decompose at normal temperatures and
is easily prepared with an isotopic label., The best thermal socurce

ig ditertiarybutyl-peroxide but ibsactivation energy of 38 k.cals/mole
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makes it only of value in the temperature range 100-- 2009,
Azomethane and acetyl peroxide have glso been used as thermal
sources, The other main source of methyl radicals is photolysis
of compounds which contain a methyl group, for example, acetone,
dimethyl mercury, azomethane and similar compounds.

Data are generally based on the rates of the competitive reactions:

k
20T~ 1 0y H (1)

CHy- + RE - iy CH, + R- (2)

One can deduce kz/kll/ 2 and hemce determine B, - ¥E,.

The value of kl appears 1o be well established as a result of work
by Gomer and Kistiakowsky(62) using the combimation rate of
methyl radicals from a rotating seoctor method of intermittent
illumination on acetone and dimethyl mercury. A value for ky of
1013+6 exp (~O+700/RT) mol™* co. seo.” was deduced which was

in agreement with the A factor expected from collision theoxy,
with a probability factor of unity and zero energy barrier., The
rate constant was however pressure dependent, falling off with
decregsing pressure, This is expected since under conditions

of equilibrium the forward and reverse rates of reaction (1) above
mist both vary to the same extent with pressure and k—-l is a
unimolecular decomposition which would exhibit such behaviour.
Millexr and Stea.oie(sﬁ) suggest that a value of 1-2 k.cal/mole for

E is possible for the methyl radical recombination process. Some

seoond order processes for methyl attacking various substrates
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are quoted by Frost and Pearson(63). A value of P of 107 4o 1074
is required for collision theory interpretation. The activation
energies deduced are about 10 k.cals/mole,
Another method of finding kl involves the use of acetone-d6.
The Cl)g- radicals form methane by:
3
D~+CD.CO. +D.O.D‘-
C 3 3 CD3~~----)-CD4 C 3 ¢0.C b

and

K
CD,- + RE —-——--—-—4-—-):01)3}1 + R

It follows that R

8Dy XglCDy . CO . OD,]
RGD3H ky [RH]

Experimental conditions gre such as to keep[CD3.C O.CD;/RI:Q
effectively constant and the rate ratio is determined mass spectro-
metrically to give the k3/k4 ratio. Then values of k; and k4/k2
may be found by separate experiments whence k2 is availgble.
Below is a table of some reported data for methyl attacking toluene.
The A-factors for the process are of about the expected oxrder of

magnitude for a bimolecular reaction.
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Date on CHy- + PHOH;— CH, + Ph.CH,-
k. (co mol™t sec™t E, (k.cal/mole) Reference
- 12 + 2 64
. . 13,05 + 0.27 * 65
(3.8 + 0.8)x 10° ° e 57
(2.3 + 0:4)x 10* ° - 57
- 8.3 66
~ 5.6 67
™ T3 68
- T4 + 0.3 59

a Average of toluene attack by several
CHB- sources.

b Side chain abstraction of H~

¢ Ring abstraction of H-

Some of the features of methyl radical attack on toluene have
been discussed in the preceeding section. The rate of abstraction
of H- from the side chain appears to predominate over ring
abstraction in the gas phase (59). Some evidence (69, 70) has
been proposed for ring abstraction based on experiments with
toluene av-d3 ut these are in solution and probably the ring

abstraction occurs after ring addition since methyl radicals are
known to add to the ring in the liquid phase (70).
A knowledge of the activation energies of hydrogen abstraction

reactions by bromine atoms is of value in the calculation of more

accurate bond dissociation energies.
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Consideration of the reaction:
ks
Br- + RH

-+ HBr + R~ (5)
suggests that a value of D(R—H) may be deduced from the relation

D(R-H) = AH. + D(H—Br)

5
= (E5 - E_s) +D(H - Br ).
Since the heats of formation of H, Br -and HBr are well established,
we have an accurate knowledge of D(H - Br), thus allowing the deter-
mination of D(R~H), once E; and E_5 are known, Trotman-Dickenson
et al.(71) list activation energies for the forward reaction in (5)
for several hydrocarbons. These values were as expected. The value
for &

5 however is less well known; Trotwan~Dickenson has estimated

a value of this quantity, basing his caloulations on the Polanyi

relation Ea alH + C, but he points out that the estimated value
may be dubious and he emphasized the need for more experimental
evidence on alkyl radioal reactions with hydrogen bromide. Since
the method of study was one of competitive rates, the results of
Trotman-Dickenson were related to the rate of bromination of methyl
bromide, Their results on the bromination of methane were not suf-
ficiently accurate to allow the methane reaction to be used as a
standard of reference,

A Dbrief discussion of the kinetics of bromine atoms attacking
hydrocarbons was given by Van Artsdalen et al,(72) who deseribed

in detail the bromination of isobutane. The particular case of

bromine attacking toluene was quoted by Van Artsdalen et al.(47)
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for the photochemical and thermml bromination of toluene. Infra
red analyses showed that the reaction yielded mainly benzyl bromide
and hydrogen bromide. The photochemical reaction was studied in
the range 82 -'913000 and the therml reaction at 166%C., An acti-
vation energy of 7.2 k.,cal/mole was assigned to

The Ea for the reverse of this reaction was cstimated at
5 k.cals/mole based on the temperature dependence of HBr inhibition
in the photochemical reaction.

Data on the relative efficiencies of Br2 y argon and CO2 as
third bodies in the bromine atom recombination reaction was given

by Givens and Willard(73). The table below gives some relevant data

on bromine atom reactions.

B Temp
Reaction (k.cals/mole) range (°C) Reference
Br~ + PhGHB“)HBI‘ + Ph.CH2~ 7.2 + 0.6 80 —»130 47
HBr + P’h.CHz'-*-)Pl’lCHB ¥ Bpr 2 5.0 + 1.2 80 3130 47
Br- + CH, —>CHy- + HEr 17.8 + 0.4 150 ~2230 72, 75
Br- + CH4-~90H5- + HBr 18.3 100 7L
CHz- + HBr~3CH, + Br- about 2 150 ~3230 72, 75
Br- + CHBBr ~>0H213r- + HBr 15.6 + 1.0 1502230 75

It should be pointed out that the assignment of 5 k.cals/mole
activation energy to the reaction:

HBr + Ph.CHg i Ph.CH3 + Br-



20

by Anderson et al,(47) leads to a high value of 89,5 for the ¢ - H
bond dissociation energy in toluene. A value higher than 5 k.cal/mole
would bring the bond strength more in line with literature values.

The results of Van Artsdalen and collaborators on bromination
rates of hydrocarbons have been suspect because they quote rather
high A factors; for example, Benson and Buss(76) suggested that
their assumptions of a rapid attainment of steady state concentrations
of bromine atoms were invalid for the more reactive of the compounds
used., They also suggested that the reactions were partly heterogenous
but there was not evidence for this.

Several relations have been proposed to correlate activation
energies of prooesses of the above types. Probably the best known
is Hirschfelder!s rule (77) for a bimolecular process involving atoms
or radicals,which states that,when written in the exothermic
direction, the activation energy for the reaction is about 5.5% of
the energy of the bond being broken. For the endothermic direction
the B  becomes 5% plus the AE of the reaction. The value 5.5
was found by semiempirical calculation.

Semenov deduced theoretically an approximate equation for an
exothermic abstraction or addition reaction of small radicals or
atoms that Ea = 11.5 —~ 0.25 q 4 where q is the heat evolved
in the reaction. The equation is of limited use and appears not

to hold for halogen atoms.
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Trotman-Dickenson(78) showed that good agreement can be
expected between the observed activation energies for hydrogen
abstraction by methyl from the lower members of the paraffin series
and the B deduced from Polanyi's relation, E_ = 0.49[D(C—H) — 74.3]

Eyring's relation, B = adH + C, where a and C are constants for
a series of reactions, was shown by Butlexr and Polanyi to hold for
sodium atoms reacting with alkyl halides. Szabo(79) quoted a
relation E =D,

i i(broken) azﬁDj(forued)
reactions which took into account the strengths of bonds broken

for homogeneous gasg

and formed where a is again constant for a given type of reaction.

4, Halide pyrolyses with particular reference to bromides

On pyrolysis, monochloro and monobromoalkanes yield halogen
acid and an olefin. In the case of the chloddes a radical ohain
process is absent and the mechanism involves the unimolecular eli-
mination of hydrogen chloride, The bromides can display three
reaction mechanisms: (1) a radical chain process, (2) a radical
nonchain process and (3) unimolecular elimination of hydrogen
bromide, Pyrolysis of the iodides produces iodine, an olefin and
the corresponding paraffin -~ the mechanisms in these cases are
less well established, although it has been shown that unimolecular
elimination of hydrogen iodide and iodine catalysed decomposition
are both feasgible,

Macooll et al. have been responsible for much of the pyrolytic

work on bromides amd Szwarc and co~workers have also examined these
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compounds using the toluene carrier technique. Benson also has
reported on halide pyrolyses; his work appears to be particularly
applicd to iodides (115). Szabo(4l) gives a brief survey of such
work (see also (85)). Some relevant data on bromides is tabulated
below., Additiomal reférences are quoted in those cited.

In most cases vessel conditioning was necessary to obtain
reproducible data and to avoid chain decomposition at the walls.

To obtain information on the radical chain present in the
pyrolysis of ethyl bromide, photolysis experiments were performed
in the temperature range 150~300° and a rate equation
—d[BEtBr]/dt = Const, oni [EtBr] was deduced (104). The guantum
yield was high and the first order rate constant gave an activation
energy of 10.5 k.cala/mole. At low pressures a second order reaction
became important., Blades et al.(105), in an isotope effect investi-
gation, demonstrated that the inhibited decompogition of ethyl
bromide was primrily a molecular process and that the rate controlling
step involved a C~H bond fission.

Kale and Maccoll(106) provided further evidemce for a unimolecular
deoompositionj§f isopropyl bromide. The pyrolysis was carried out
at low pressures (0.5 to 48 mm Hg.) to verify the Lindemann theory.
They found their rate oconstants gave a better fit to the Rice-
Ramsperger theoxry than to the Lindemann~Hinshelwood theory.

The major factor determining the rate of dehydrobromination is

the environment of the C-Br bond. Relative rates for this process



¢ompound

CZHSBr

n-CBH7Br

i—CBH7Br

n—C4H9Br

sec.-C4H9Br

tert-C 1.0

iso-C ,h

tert-C H.. 5r
SA..L

Mechanism

Chain mechanism and uni-
molecular decomposition

Homogeneous lst order if
inhibited

Unimolecular elimination
1.5 order, homogeneous

1.5 order

1lst order

Homogeneous
Unimolecular elimination

1st order ap to 50k~ dec.
if mex. inhibitioxn

, 18t srded
Unizclac. + 1% chain
BEoroas 15, 1lst order

Unimolecular elimination

Homogeneous, 1lst order if
max, inhibition

Homogeneous, lst order
Unimolecul-r elimination

+ Units of R are k.cals/mole.

3 Units are ll/2 mol.'l/2 sec. ™1

TemeOC}
310 » 476

523 = 633
380 = 430

467 = 667
300 -» 380

250 »'500

310 3

»n
N
O

310 » 350
370 » 420

220 - 270



Overall rate coustant+

6 = 10%t exp (-46.4/RT)sec—l

8.5 x 1O12 exp (-52.2/RT)sec_l

2,8 x 10 exp (~53.9/RT)sec ™™

8.0 x 10° exp (—53.7/RT)sec"1'

2.29 x 107 exp (-33.8/RT )¢
9 ~1
3.8 x 107 exp (~42.0/ );;31/2

1.0 x 10% exp (~50.7/RT)sec™t

4.17 x 10+ exp (-47.3/Rm)sec”l

4.0 x 107 exp (-47.7/RT)see'1
4.2 x 107 exp (-47.8/RT)sec~1

1.5 x 10 exp (~50.9/RT )sec™*

2

4.27 x 10% exp (-43.&/RT)sec-l

1.1 x 10 exp (-45.5/RT)sec'1

1.51 x 10%° exp (-46.5/RT)sec™>

1,0'x 104 exp (~42.0/RT)sec ™t

3.2 x 1072 exp (-11,1.5/12'1‘)sec-1

1.12 x 10 exp (-50.4/RT)sec-1

3.98 x 1042 exp (-40.5/RT)sec-l

23

Remarks _ . Reference

Surface reaction present

Isotope effect investigation

Shock tube method

Retarded by propylene

Early determination in
presence of toluene

Vessel conditioning
necessary

Toluene oarriér
Shock +tube

Inhibition by olefinic
substance

No inhibition by chain-
breakers

No chain with cyclohexene

No inhibition by chainbreakers;
4 centre transition state

Shock *tube method

No inhibition or acceleration
by cyclohexene etc.
Secondary H eliminated

86, 87

88

89

103

90
91

92
94,93

92
103

95
96

97
98
99

100

101

102
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and corresponding activation energies (Maccoll and Thomas(107) for

a series of compounds are given in the tables below.

C~-Br
C-H :
Primary Secondary Texrtiary
Primary i 170 32,000
Secondary 3.5 380 46,000

Rates are relativé to EtBr taken as uhily at 380%

C-Br
C~H
Primary Secondary Tertiary
Primaxy 55:9 47.8 42,2
Secondary 50.7 43.8 40.5
Tertiary 50.4 - 39.0

Activation energies for HBr elimination

There did not appear to be a simple relation between the
activation energy for the elimination reaction and the bond dissocia~-

tion energy D(R-Br) (See table below).
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EtBr Sec~c3H7Br Tert BuBr
EHBr 5349 47.8 42,2
D(R-Br) 67.2 67.6 63.8
D(R*Bxr™) 18347 156.3 140.3
Rate ratio 1 170 32,000

However, Maccoll and Thomas claimed a clear correlation bhetween
the activation energy for HBr eliminstion and the heterolytic
dissociation energy, D(R+Br‘), for the process RBr —3»R* + Br~ ,
all species being in the gas phase. The heterolytic bond dissociation
energies were calculated from appearance potential, ionigation
potential and homolytic bond dissociation energy data. Two useful
relations which follow from the gas phase irnization energetics
diagram below are:

(&) DEMX™) = A(RY) — I (X7)

(b) D(®R*X~) = I(R-)+ D (R-X) =~ I (X7)

+
R + X-
N AN «F‘
I(x7)
v B Ex
“I™>
AR I(R- ) DRXT)
-4 R- + X-
PN
D(R~X)
.. + S oy

Energetics of gas phase ionization.
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Such calculations led to heats of heterolytic dissocoiation of
around 200 k.o’als/ mole, greatly in excess of any observed activation
energy. Maccoll(85) suggested that a value of about 150 k.,cals/mole
may be substracted as the coulombic energy of the ion-pair transition
state, thus giving a value similar to the observed activation energies.

The ion-pair transition state was first proposed by Ingold (108),
who suggested the sequence

) slow \ J fast “ P
>c-—-—c‘f\ e Tl S S R
Br H Br-— H - Br

for a unimolecular gas reaction, This is the same as the El
mechanigm in polar solvents except that the ions stay as a pair.

The heterolytic transition state,

" +
\ a0
(-/C C\] Br~ , was proposed in preference to the homolytic four
H
N Qe
/TN

' i
H-~.-Br
halogen atom, a B-~hydrogen atom and the two carbon atoms to which

centre transition state (109), » Which would involve the
these are bonded.

The B-hydrogen atom was suggested 10 have a role similar to the
polar solvent in the SNl and Bl mechanisms in solution reactions -
the role of the solvent being to stabilize the polar transition state.

Thus activation consisted of an elongation and polarization of

the C~Br bond with some assistance from the polarized C-H bond,
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In agreement with Maccoll's correlation between D(RX™) and
the hydrogen halide elimimation activation emergy, Lossing et al.(110)
have shown that, for a series of conjugated molecules, & linear
relation exists between D(R'X™) and the charge, calculated by mole~
cular orbital theory, on the carbon atom formally carrying the positive
charge., Maccoll has compared the gas phase elimination rates with
Syl and Bl rates in solution. He demonstrated that these gas phase
and solution correlations could bhe extended to include not only the
very simple members but also a-methyl, a-chloro and B-methyl sub~
stituted alkyl halides and suggested that the ideas could be extended
to other gas phase eliminations. For example, olefin forming eli-
mination from esters bears a resemblance to E2 reaction in solution,
and hydrogen halide catalgsis of the dehydration of alocohols may be
the gas phase analogue of acid catalysis in solution.

A condition for a reaction to be 'quasi~heterolytic! is the
presence of a polar group. Since such groups differ in their degree
of polarity the possibility exists of & gradation in gas phase
mechanisms from completely heterolytic to completely homolytio.

Herndon et al.(111), as a result of pyrolytic workon secondary
chlorides which differed greatly in their solvolytic reactivity,
suggested that the !'quasi~heterolytic! mechanism wasg not correct
in detail but they then pointed out that the discovered parallel
reactivities to solvolytic reactions became difficult to explain.

The iodides differ from the bromides in that in the former there
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is not a system in which the C~I bond scission is rate determining
and very few in which it is important. Organic iodide pyrolyses have
been discussed by Benson (112, 113, 114); for alkyl iodides two rate
limiting mechanisms are operative:

(1) BRI =———3HI + olefin

(2) T +RI—>I + HI + olefin

These are followed by rapid reaction between the alkyl iodide
and hydrogen iodide which maintains the latter at a low stationmary
state. Meohanism (1) describes the pyrolyses of iPrI, EtI,
t~Bul, CH.3
n~Bul . Sec-Bul and 1:2 diiodoethane involve both (1) and (2).

C0I, while (2) is the mechanism for n~PrI, i-Bul,

In i-PrI and n-PrI, although both pyrolyse to yield 03H6’

C,H, and 12, they serve to illustrate the two general rate laws:~

58

il

kg i—PrI] ()

o o] (572 )

- d \:i-PrI] fat

- a [n-PrI] fat

It was found that alkyl iodides containing a primary iodine

i

atom followed rate law (b) while those with secondary or tertiary
iodine atoms followed rate law (a).

The spontaneous elimination of HL by the iodides is an example
of a genuine 4~centre molecular reaction (oompare Maccollls theory.)
This elimination is most rapid when the 1 atom is attached to a
secondary or tertiary carbon atom. For primry atom attachment,

however, a fast competing step is an I atom catalysed elimination
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with an activation energy equal to the endothermicity of the reaction.

Benson (115) suggested that the concerted elimination reaction

\ - £ Y,
/C --~~'C\— m— ) = C\ + I=- is unique to I atoms.
T

That the 4~-centre elimination reaction is faster for secondary
and tertiary iodides, while the I atom assisted elimination is

faster for primary iodides lies in the supposition of a transition

state of the type:

With primry iodides, I attasks the relatively weakly bound
secondary or tertiary H atom, while for the secondary and tertiary
iodides the I attack would be on the more strongly bound primxy
hydrogen atom, For sec~Bul, attack can cccur on a secondary or
primary H atom and thus both processes compete.

Holmes and Maccoll (116) have examined the pyrolyses of isopropyl
and s-butyl iodides, These authors, like Benson,found the isopropyl
iodide decomposition to be a first order process, with an I, catalysed
decomposition of importance at the lower temperatures. The first
order rates for sec~Bul were complicated by the fact that HI was
found in amount up to 50% of the I, produced. At the lower tempera-

tures an autocatolytic reaction was again impoxrtant.




39

The thermal decompositions of monochloro-alkanes occur by the
unimolecular elimination of hydrogen chloride. For example,
1~chloropropane shows a homogeneous firegt order decomposition to
propylene and H01(109), This 'rule!, however, should not be extended
to multichloroalkaness; 1,1.2-trichloroethane, for example, decomposes
at about 400° to yield vinylidene chloride, cis and trens dichloro-
ethylene and HC1l; decomposition in the presence of toluene has shown (117)
that a radical chain and a unimolecular mechanism operate simultaneously

lane et al.(118) have pointed out that in the series CHy

CZHSX’ (CH3)2 CHX, (CH3)3 CX the dissociation energy decreases

X,

regularly if X = H, but it is approximately constant for the first
three members, if X = C1l or Br, although lower for the tertiary butyl
halides, They have interpreted this constant dissociation energy as
a balance between increasing stability of the halides along the series
and incressing stabilization of the radidals produced along the series.
The low values for (CH3)3X are readily understood since steric effects
will lower the stability of these halides.

The C~F bond in CH3F is estimted to be about as strong as the
C~H bonds in methane. Several bornd dissoc iation energies of fluoro=-
carbons are guoted by Errede(28) and the C~H bond strengths in tri-
fluoromethane, pentafluoroethane and heptafluoropropane have heen
determined by Pritchard and Thommarson(119). The value of D(CF3~H)
is quoted as 102 + 2 k.cal/mole. The C~F bond dissociation energy

in methyl fluoride has been measured by electron impact methods by

Lossing et al,(124) and by Teuda, Melton and Hamill(74). The values
are quoted on p 35.
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5. Previous determinations of D{(CH,-Br)

3

There have been several determinations both direct and

indirect of the bond dissociation energy in methyl bromide and re-
lated halides. The value generally accepted for D(CH5~Br) is
67.5 k.cal/mole determined by Sehon and Szwaro(39). In a toluene
carrier pyrolytic study on halogenated bromomethanes they found their
rate constant dependent upon toluere pressure and so analysed their
data for the se compounds using the Arrhenius expression
k = A exp.(~E/RT), with & fixod vilue of 2 x 10%° sec™ for A, This
value of A was determined from work on the pyrolysis of methyl bromide
taking D(CH3~Br) as 67,5 k.cals/mole, this latter value being com-
puted from well established thermochemical data. The value of k
used was that corresponding to the lowest temperatures with toluene
pressures of about 10mm Hg.

The decomposition of methyl bromide at three different toluene
pressures (5, 11 and 20 mm Hg.) gave three parallel straight lines

3

with frequency factors near to 10 seo™ ™ and an activation energy
of 67 + 2 k.cal/mole. They considered the agreement between this and
the value caleunlated from the thermochemical data to be fortuitous.
They studied both chloro-and bromo-substituted methyl bromides and
they considered that the decompositions started with the unimolecular

step RBr -~-» R~ + Br- . ®Since both radicals were then removed by

fast reactions with excess of toluene, the rate of the unimolecular
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process was measured by the rate of formation of HBr. The pyrolyses
were reported to be essentianlly first order homogeneous processes
and the rate constants were found to be independent of the contact
times. In only CClzBr and CBr4 were the rate conatants unaffected
by variation of toluene pressure. Simce this was the case the
temperature independent factor for CCIBBr deconmposition was deter-

> secnl, in good

mined experimentally and was found to be 3 x 10
agreement with the methyl bromide case. This close agreement was
Szwarc and Sehon's justification for a constant frequenoy factor
throughout the series,

The gradation in the series of C~Br bond dissociation energies
determined pyrolytically showed good agreement with the values
deduced from sodium flame reactions. Bvans and Polanyi(129)
related the variation of the activation energy for the reaction
R-Br + Na -~} R~ + Na+Br- in a series of kindred compounds to the
variation in bond dissociation erergies by the formula AE = a AD.
The proportionality constant, a , was taken to be 0,27, md by
assuming D(CHj-Br) to be 67.5 k.cal/mole, and by using Polanyi's
solium atom reaction activation energy results, Sehon and Szwarc(39)

computed values of D(C~Br) as shown in the table below.(data in

k.cals/mole, )
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D(C~Br) computed D(C~Bx)
C ompound from Na flame from pyrolysis Other worker
CH;Br (67.5) (67.5) See later

CHzclBr 61,2 61.0

CHClzBr 54..5 5545

CC 1,Br 50.8 49.0 51,0. £52.0 555 |
CH23r2 58.6 62.5

CH'.BI'3 50.1 5535

% Data of various workers guoted by Sehon and Szwarc(39).

The low values, deduced from Na flame data, for the polybromo-
methanes were explained by the fact that the Evans~Polanyi treatment
did not allow for the additional resonance stablization of the
transition state R~ ~Br=~-Na for molecules containing more than
one identical reactive site, and this effect becomes more important
as the number of 'active! halogens increasses.

The particular experimental details of the methyl bromide
pyrolysis used by Sehon and Szwarc will be given in the discussion,
However, it may be noted here that in addition to large differences
between the halideg in their behaviour to variation of toluene
pressure, considerable differences in the degree of heterogeneity were
observed. For example, the methyl bromide decomposition was estimated
t0 be 4% heterogeneous in an unpacked furnace at the lower tempera-

ture used, but no surface effects at the high temperatures were
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observed, CClBBr, on the other hand, in an unpacked vessel was 11%
and 2,54 heterogeneous at the lower and upper ends of the temperature
range, respectively, and carbon tetrabromide showed 32% heterogeneity
at 695°K.

Other experimental determinations of D(CH3~Br) have involved
eleotron impact methods and calculations from appearance potentials
of the appropriate ioms. On the whole these show moderately good
agreement with the pyrolysis work.

From data on the appearance potentials of the positive ions
from methane and the monohalogenated methanes and using a value of
10.1eV for the ionization potential of CH5~(122), Bronson and Smith
(121) oaloulated D(CH3~B1')\< 3.1eV (=71l.4 k.cal./mole). They con-
gidered this value to be an upper limit, pointing out that the
difference in energy between the C-X bond in the halide and the C~H
bond in methane should be reflected in the total dissocistion energy.
Accordingly the energy of the CHg——Br bond should be 0,9V 1less than
the bornd in methare and it followed that the bond energies in CHsBr
and CH, T should be 2.9V (=66.8 k cals/mole) and 2.3eV(=53,1 k.cals/mole)
respectively.

Lossing et 21.(124) deduced a value for the appearamce potential
of the CH3+ radical ion of 12,83 + 0.06eV. compared with the value
of 13.2 + 0,3eV. of Branson and Smith(121). Basing their calculations
on an ionization potential of the methyl radical of 9.95 + 0.03eV.,

Lossing et al, deduced bond dissociation energies of the methanes os

shown in the table below. The more recent data of Tsuda, Melton and
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Hamill(74) is shown for comparison.

Energy in k.cals/mole

Bond Lossing et al. Tsuda et al.
D(CHB-Br) 66.4 + 2 70.1
D(CHB-I) 50.7 + 1.5 52.8
D(CH3~01) 80.5 + 3 83.9
D(OHB—F) 107.0 + 12 104.9
D@%ﬂ) 102.8 + 1,5 103.8

-

McDowell and Cox(125) give a value of 55.6 for the methyl iodide
bond dissociation energy,again based on electron impact data, and
a recent kinetic investigation by Goy and Pritohard(lBO) produced.
a value of 35.0 k.cal/mole for the activation energy of the reaction
I, + CH;--*?CHBI + Is This, along with an activation energy for the
reverse reaction of 19.2 k.cal/mole (131), and a wvalue for D(I-I)
of 35,5 k.cal/mole leads to D(CH3 - I) = 51.3 k.cal/mole. Lossing
et al. were unable to suggest a resson for their apparently low
value of A(CHB%). They argued far the exclusion of several plausible
ex’planations.

Reed and Sneddon(21) have estimated the dissociation energies
of several CH3—~X compounds, They claimed good agreement with
previous workers but their value for D(CH3~Br) of 2.33eV, (= 54 kanl/fndl. )
is low, Their methyl iodide value (2.30eV,) is more in agreement

with published data, but their methane bond dissociation energy
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D(CH3-H) = 4,12eV, is lower than that presently accepted. Other
velues are given in the table below, which may be compared with

data discussed above.

Dissociation Energy

Bond ev k.cals/mol.
D(CHE-H) 4,12 95.0
D(CH3~Cl) 3.4 78.4
D(CHB-Br) 2,33 55T
D(CH3~I) 2:5 531
D(C 12CH—-H) 3.46 191
D(C ICH,-C 1) 3.19 5.5
D(0120H~01) 2,89 66.6
D(BICHz-—Br) 2.59 59.8
D(BrQCH-Br) 2,67 61.6

A thermochemical determination (126) of the heats of formation
of meroury dialkyls in a bonmb calorimeter and use of thermochemical
data (127, 128) allowed the calculation of the heats of formation of
the alkyl halides. These are tabulated below along with the cal-
culated bond dissociation energies ( a C-H bond dissociation energy
in the hydrocarbon was assumed). An uncertainty of +2 k.cala/mole

is quoted.



Halide

3

AHE (in k.cal/mole)

C~=X bond diss. En.

CHBR%g)
CH5I(1)

C
2H51(1)

- 8.6
~22.1
~ 203

~10,13

67.8 k.cals/mole
66.5 " v
53.4 0
52,6 v

A table giving the various values for the bond dissociation

energy in methyl bromide is given below.

| & 71.5

D(C H3~Br) k.cals/mole Method Reference
Electron impact 121
Electron impact T4
Thermochemical 126
Thermochemical 40
(67.0) Pyrolysis 39
Electron impact 124
Electron impact 21

A value of about 67.0 k.cals/ mole would seem the most appropriate.
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APPARATUS AND EXPERTMENTAL PROCEDURE.

1. Description of the apparatus.

This was a conventional type of flow system in which the flow

of gas could be adjusted to give contact times in the reaction
zone of from about 0.5 sec. up to about 5 secs. It is shown
diagrammatically in fig. 1 and was capabtle of evacuation to
10"'5 mm Hg. pressure. The reactants were injected continually,
at point L, into about 1 mm of argon carrier gas. Circulation
was by a mercury diffusion pump, P, which had a liquid air
trap on the low pressure side and, on the high pressure side a
liquid air trap followed by & mercury demister to prevent the
diffusion of any mercury to other parts of the system.
Variation in contact time was obtained by ecirculation of
the gases via a restriction to flow constituted by one, or
a combination of three, flow capillaries. After suitable
calibration, which is described later, observations of the
MeLeod gauge readings on either side of these flow capillaries
enabled the flow rates in moles/second to be calculated and

hence the contact times deduced (see appendix 1).

Large bulbs were placed at V (fig. 1) making the flow system

volume over 20 litres. This was to prevent an observable drop
- in pressure in the system due to bleeding through the metrosil

sampling leak of the mass spectrometer.
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An analysis of products of decomposition was available,
after suitable calibration, by this sampling of the gases at point M.

The furnace was of 1.25 in. diameter silicae tube of heated
volume 280 ml, and could be heated to above 800°C., Tts detailed
construction is described by Barraclough (1).

Temperature profiles along the furnace were drawn and the.
parallel resistors adjusted to smooth this profile to + 2 c® at
720°C (see fig. 2).

The furnace wvolume was measured by removing the furnace and
measuring the volume of water required to fill it between the
limits of the flat portion of the temperature profik.

Temperature control was obtained by use of a Sunvie type
RT2 temperature controller which gave temperature variations of not
more than + 0.5 ¢° at 800°C. The furnace temperature was measured
by a chromel-alumel thermocouple, This had been previously

calibrated by Barraclough (1) against the melting points of pure tin,

lead and zinc.

2. Injection of reactants.

=

The reactonts werc injected together at point L (fig. 1) into
the flow system. The injection, from a reservoir, was via a
suitable fine capillary and a neoprene diaphragm vaelve (see fig. L).
The toluene injection rate was controlled by a water bath surrounding

the reservoir. The methyl bromide injection velve was similar,

3 A>ogiee ' . s oo
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control being obtained by a needle valve between the reservoir
and injection capillary (see fig. 3).

The argon was stored in three 5 litre bulbs and reproducible
quantities could be admitted to the flow system by means of a
manostat.

For mass spectrometer calibrations, admission of methane
and hydrogen to the flow system could be ganed from a gas burette.
For such calibrations calculable amounts of hydrogen or methane
could be admitted to the flow system into a known pressure of argon.
The whole was allowed to circulate for some time, until a
homogeneous gas mixture was obtdned, before readings were taken.
The gas burette was emptied by means of a Toepler pump injeeting
straight into the flow system. The pressures on the flcw McLeods
gave the argon pressure since the dilution of methane or hydrogen
was high, Such a calibration is shown in figure 5, the readings
being based on a measured argon sensitivity as is usual. The
flow system argon was used as the reference. Reading of any
subsequently measured peak heights was always done with an immediate
reference to the argon sensitivity since this could vary from day

to day and during the day.

3« Purification of reactants,

Methyl Bromide supplied by B.D.,H. in 100 ml., ampoules was

distilled twice from -80°C to a liquid air trap (-180°C). Tt was
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stored in a blackened 5 litre bulb attached to the needle valve of
the injection system. Its purity was checked on the mass
spectrometer,

Toluene. It is known that purification of toluene by
shaking with sulphuric acid, distillation and crystallisation still
Iedskto irreproducible gas kinetic data (Szware (2)).

Partial pyrolysis twice at 850°C followed by fractional
distillation from sodium yields toluene which gives reliable kinetic
data. Toluene purified in this way was used -~ the details are
described fully by Barraclough (1).

Argon. The carrier gas obtained from o cylinder was purified by
slow passage through a -80°¢C trap to remove woter and then through
two successive sodium traps heated to 30000 to remove traces of
oxygen. A mass spectrum of the purified argon was taken to check
the final purity.

Hydrogen Bromide was prepared by dropping concentraed aqueous

hydrobro@ic acid onto P205, drawing tho resulting vapour through a
trap at ~20°C to remove water and then oolleoting the HBr in o
liquid air cooled trap. The HBr was distilled - from a ~80°C bath
to a ~180°C bath on the vacuum system and stored in a blackened bulb.
Methane. A sample of pure methene was available from N,C,L,,
Teddington. This was stored adjacent to a gas burette for injection

into the flow system as required.
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Hydrogen wos purified by passing it over platinised asbestos
at 200°C to remove oxygen and subsequent water was removed by a
liquid air trap.

Fresh samples of all reactants were always used for experiments.

L. Reactant injection calibration.

Toluene injection. The calibration was carried out as follows.

A thermostatically controlled water bath which was thoroughly
stirred acted as a constant temperature bath for injection. The
bath was usgd in the temperature range from 1500 to 3500 and.
temperatures were measured to within + 0.1°C. The line carrying the
toluene vapour from the level of the water bath surface to the
injection point was heated to about 100°C to ensure that the wgter
bath controlled the injection rate. With about 1 mm argon in the
flow system, toluene was injected for a recorded time through the
cold furnace and collected in liquid air cooled traps situated:
after the furnance, The flow system was then evacuated and +the
toluene distilled. over into previously weighed collection vessels.
After reweighing, the injection rate in moles per second could be
caleulated.,

A graph could then be drawn of bath temperature against moles
per second of toluene injected. Under the conditions of

injection the vapour pressure of toluene is between about



[ -

5 Moles/sec.x10’

i
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15 mm and 45 mm Hg.; the rate of flow through a capillary is
proportional to the difference of the squares of the pressures on
either side, and, since the pressure in the flow system is small
compared with the vapour pressure of tolucne, the injection rate

will be determined by the toluene wvapour pressure in the reservoir.
Reference to the dlausius~01apeyron equation, log p = -L/RT + constant,
would thus suggest that a plot of log (moles/second) agdnst the
reciprocal of the bath temperature would be, a straight line. This is

the case and the toluene injection calibration is shown in figure 6.

Methyl Bromide injection. Storage was in a 5 litre bulb and

up to 1 atmosphere pressure since the substance is gaseous at room
temperature. Injection was via a stainless steel needle valve., A
mercury manometer gave an indication of the injection pressure which
was variable from 0 to 30 cms Hg., A backing volume of 5 litres
before the capillary buffered any smell fluctuations in pressuya
through the needle valve. As in the case of toluene, the methyl
bromide was passed for a given time and collected in liquid air
traps. Since methyl bromide boils at +#.°6 at normal pressure it was,
after evacuation of the system, distilled over and dissolved in a
weighed quantity of ethanol in which it is very soluble. Reweighing
allowed a graph of moles per second injected against injection

pressure to be drawn (see fig. 7).
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5. Calibration of flow capillaries.

Although Berraclough (1) had calibrab ed the flow capillaries
for his work, it was thought desirable to recalibrate them in the
pressure range to be used in this research since he had used
somewhat higher pressurecs,

The section of the flow system containing the copillaries was
isolated and argon was passed through it in the same dircction as
under experimental conditions and the flow prossures measured by
means of the McLeod gauges. The apparatus is shown in figure 8.
Delivery of argon was from a 50 ml., burette, The liquid air trap
rcemoved any water prescent in the orgon and the flow rate was
adjustable by top T. The time taken (t sccs.) to pass X ml. of
argon gas at a known temperature and pressurc through a particular
capillary with pressures Eﬁland P2 (in mm Hg.) across the capillary

then onables the flow rate to be calculated.

i o 275 x P
221,00 x T x 760 x © moles/soc.

Argon flow rate =

where P = pressure of argon in burette

]

atmospheric pressure = w.v.p. at TOK,

T = room temperature in k.
Water vapour pressurc data was taken from stondard tables (3).
By Meyer'!s modification of Poiseuille's formula, the rote

of flow through a capillary is given by:




FLOW CAPILLARY CALIBRATION.
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Flow rate = 169LRT [P 22] = k [F&?— 22]

where k will be constant for a given capillary. Other letters have
their usual significance.

Then a plot of (Piz-Pzz) =43P2 ageinst the flow ratec as
calculated above will serve as o capillary calibration. The results
of these experiments are shown in figure 9.

When more thon one capillary is used the total flow rote is the

sum of the flow rates for each capillary.

6. Circulation Pump Flow Rate.

The mercury diffusion pump for circulation of the gas through
the flow system was heated by o molten metal bath at 200 - 30000.
The ecfficiency of such a pump varies with both the bath temperature
and the pressure in the system (4). A typical variation is shown
in figure 10. By plotting such graphs at different pressures of
argon it is possible to construct figure 11 which shows the variation
in metal bath temperature allowable before the rate of the flow falls
by 5%. It was found that changing the flow capillaries had little
or no effect on the maximum flow rate temperature. Under
experimental conditions the maximum flow rate was always used as

only under these conditions is the flow rate stable.
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7. Pressure gradient in the flow system.

The flow rote was determined as described above and, since it
was intended to use for subsequent calculations the high pressure
reading of the flow capillaries as a measure of the precssure within
the furnace, a determination of the pressure gradient within the flow
system was desirable. McLeod gauge attachments were therefore made
at points C and D (fig. 21) and at points R, A and B (fig. 1).
Readings on the furnace and bypass lines were also obtained.

The data for about 1 mm (and 2 mm) total pressurc is shown in
graphical form in figures 12a and 12b., To avoid confusion on the
diagram only the data for flow capillaries 2 and 4 are shown.

The McLeod rcading points arc marked along the abseissa.

The results indicated that a constant percentage increasc for
each capillary applied to the high pressure side reading of the flow
capillary would give the pressure within the furnace. The percentage
increase was independent of the total pressure within the limits

used. The average valucs used in calculations were as follows:-

Flow Capillary % Increasc Required
No. 1 14.0
No. 2 25.0
No. 4 5.0

Nos. 1 + 2 + 4 320
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The results also showed that the pressure gradient within the
furnace was small; this is a desirable feature for accuracy of
caleulations.

Bxperiments performed with the furnace hot showed the same
pressure distribution, identical plots being obtained for the
furnace cold and at a typical working temporature,

In Jater experiments where a lined furnace was used for
heterogeneity tests the same pressure distribution was

experimentally observed.

8. The Mass Spectromoter.

The instrument, a conventional 60° Nier (5) design, wos
sonstructed in this department. Full details are given by
Davidson (6). The clectronic power supplies however had aged and
become unstable and were rceconstructed, carc being taken in the
redesign to cnsure maximum stability end reliability. 4 box
diagram of the electrical requircments of a mass spectrometer is
shown in figure 13.

The E.H.T. power supply to the ion gun and the magnet current
power supply were basically of thce same design as previously.

The emphasis in reconstruction was on the under-running of
component parts and the incorporation of a large number of readily

accessible test points on the side of the unit, After
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construction, when the unit was functioning correctly, notes were
taken of the potentials of all important reference points on the
circuit, particularly constant voltage lines and grid~coathode
potentials on the valves. Where possible the circuit parameters had
been arranged such that the valves were operating ncar to the piddle
of the straight line part of the valve characteristic.

The focus box was a voltage divider to supply various potentials
to the ion gun plates. The magnet current control was eithor manual
or automatic. The provious automatic control had been by an electric
motor driving a 10 turn potentiomecter at varying speeds and in
varying ranges. The new circuit was an enbirely electronic Miller
Sweep circuit with various scanning specds as required. The magnet
currvent was variable from about 6 mA up to about 150 mA, the latter
corresponding to mass/charge ratios of about 250 for the normally used
accelerating potential of 1840 volts,

A new power supply was constructed to feed the control valve
heater in the Miller Sweep circuit, three valve heaters in the D.C.
amplifier and the DBM 8A clectrometer valve heater. These five valve
heators woere fed in series from this highly stabilized power supply
which also fed one or two reference potentials to the amplifier and
magnet feed circuits.. The D.C. amplifier (7) was & 1.00% negative
feedback type with amplification stages incorporating the electrometer

ond two 12 807 valves. The circuit, when correctly adjusted
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(which was a delicate operation), gave an output which was linear

up to about 15 volts and it'could be used on one of three high valuc
input resistors of 2 x 1011;3 x 1010 5 ol e 109 ohms., The amplificr
fed the collector signal to a 1 second Honeywell-Brown Electronik
recorder via an automatic range change device which was tripped by
microswitches fitted to the rccorder.

For the major part of the research however the D.C. amplifier
was replaced by an Ekco vibrating reed Elecetrometer type NELEB.
This unit with its associated decadc voltage unit N659A was ideally
suited to observing a backed off oubtput signal from the mass
speotrometer (this was a later requirememt of the research and is
described under run procedure), The electrometer consists of a
head unit which is sealed and desiceated and contains three input
resistors of 108, 1010 and 1012 ohms selectable by push button., This
it also contains o vibrating reed type dynamic capacitor operating
at a frequency of about 450 c¢.p.s, The resultant X.C. signol is
‘amplified and rectified and displayed on a nmeter on the indicator
unit and fed to the recorder.

The electrometer has,in its most semsitive condition, a full scale
reading for a ourrent of 3.0 x 1077 amp. When properly mounted
(and considerable care is necessary) the stability observed on the
ingtrument was 0.03 mV. variation on the 1010 ohm input resistor

with the input switch at "ion chamber fast" operation position,
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The head unit in the present set-up was fixed rigidly to the bottom
of the mass spectrometer tube with no possibility of flexing between
the collecction system and the unit, Greater stability was available
on the "voltage" position bub at the cexpense of response time., The
instrument was found to bc most useful on the 1010 ohm resistor for
this exporimental arrangement,

The filament supply was a conventional circuit operating the
filanent on 4.C, at about 6 volts and 5 amps and was stabilized on
the total clectron emission current from the filament. . The cirouit .
was floating at sbout 2000 volts fed from the E,H,T, supply via the box.

The early experiments described in the following sections were
performed with the circuits as described above but without the Ekeco
clectrometer., TFor the later and major part of tho research however
whore it was nccessary to back off a peak and rccord small changes
in this peak height, considerable improvements were first of all
necessary.

Backed off peaks at first showed marked instability and quito
pronounced drift with time. This was suspected to be eleetrical
trouble and onc early obscrvation was a correlation of the fluctigtions
with trap current (the ionizing electron beam current) instabilitics.

A new circuit, based on trap ocurrent stabilization, was
constructed to eliminate the problem. The essential details are
shown in the circuit diagram in figure 14, The whole circuit again

floats at about 2000 volts, fed in from the box line which is raised
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to this value by the E.H,T., power supply. Voltages marked on the
diagram are relative to the zoro voltage reference line shown. Tacilitics
were available also for reading trap current (on two ranges of 400 and
200 microomps F.S.D.) and total emission current (400 microamps and
2mA T.S.D.). The energy of the ionizing eloctron beam was adjustable
from about 8 to 70 ¢V by varying the box to filament voltage. A trap
current of 20 microamps was available for appearancce potential work if
required,

The resulting peak stability was markedly improved over the older
circuit but was still not good. The magnet and E,H.T, circuits werc
examined for A,C, ripple with an oscilloscope. The mognet in particular
showed the presence of considerable R,F., which was traced to one of
the power supplies. This along with ripple on the ion gum platos
Was reduced by judiciously placed capacitors. A modification which
further reduced ripple in the ion gun is next deseribed.

The original method of varying the H,T, was to move the earth
point up from the bottom of a chain of resistors across which was the
2000 volt output — departure from earthirg the bottom introduced
ripples at the top., Turther, the variation in the H.,T., adjustment
resulted in a variation of the current through the chain of recsistors,
This was felt to be undesiraeble so far as good stability was
concerncd., The circuit was therefore modified to that shown in

figure 15. The gonging of all controls was for the purpose of
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leaving a constant voltage across the focus box at all times butb
allowing the level to be adjusted. This meant that peaks could be
obsexrved at other voltages without resetting all the focus box
controls.

Modifications were also made to the ion gun and the voltages to
the various plates. The final arrangement is shown with relative
potentials in figure 16. Although the repeller voltage adjustment
gave marked changes in stability and sensitivity (see fig. 17) it was
found that good stability on our instrument was obtained with the
repeller at box voltage., The exit slits and collector slits were
naintained at 0,008 inches,

The overall stability of the mognet and E.H.T. power supplies was
measured at about 1 part in 105.

One final improvement in stability was found by adjusting the
heater volts on the main mass spectrometer three stage mercury
diffusion pump. The use of liquid air on the main trap also gave
improved stability when the signals from"tondensible" substances
were being observed.

When finally tuned by the standard procedure the performance of
the mass spectrometer was checked for resolution by scanning the
Hg++ region of the mass speoctrum and by a plot of the peak shape.
The final resolution was abou%IéOO. Typical results are shown in

figures 18 and 19.
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9. Barly experiments.

A preliminary investigation into the pyrolysis of methyl bromide
in the presence of toluene was performed as follows. After the mass
Spectrometer power supplies had been allowed to warm up and the
reactants had flowed for some time to season the furnace wall, some
data on the rate of decomposition was obtained. The mixture of
methyl bromide and toluene with about a 20 fold excess of the latter
were flowed through the furnace in about 1 mm pressure of argon
carrier gas. Condensible products and unused reactants were frozen out
in liquid air traps placed at a point in the flow line after the
furnace, During the reaction readings were taken at regular intervals

* and 40" peak heights on an appropriate grid input

of the 16¥, 2
resistor, the latter always being accompanied by a pressure

reading to give the mass spectrometer sensitivity. It was assumed
that the methane and hydrogen as ‘mon-condensible" gases contributed
negligibly to the pressure within the flow system and so the carrier
gas pressure could be used as the sensitivity reference. These data
after subtracting the mass spectrum background and after reference
to the calibration graphs (fig. 5) could be converted to values of
moles of methane or moles of hydrogen produced per second during the
reaction, J4An average valie over the time of thé run of the rate

of production of the above gases was used. The run was allowed to

proceed for about 15 to 60 minutes depending upon the temperature

being used,
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A blank run carried out identically and immediately after the
above, was next performed with toluene alone flowing through the
furnace, JAgain both hydrogen and mcthane werc recorded at regular
intervals, A typical result is shown in figure 20,

The difference in the rate of methane production between a blank
and the corresponding run should give the amount of methane derived

from the GHgBr reaction i,e. from the reaction:

Gﬂg + excess toluene -;;——9 GE& + benzyl-

This methane production rate mey then be converted into a
Percentage decomposition and an appropriate first order rate
constant determined. The contact time was calculated by the formula
given at the beginning of Appendix 1, In these experiments all the
gases flowed down either the bypass line or the furnace line so no
corrections were necessary for the fractions passing down the two
lines as in the later part of the research.

Several runs were performed in the ramge 700 to 800°C, Contact
times were of the order of 2 secs, and partial pressures werc about
0.2 nm toluene and 0,01 mm methyl bromide,

However because toluene decomposes at these temperatures and is
in excess then the differcnce in GH& production between a blank and a
run is necessarily small, Toluene pyrolysis data is available from
Smith (8). The rate of decomposition of toluene is based on'the

tqtal nunber of moles of gaseous products. Thus the blank date may
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be used to obtain toluene pyrolysis dota and compare it with
other workers, This would also to some extent act as a check
on the method being used. Such results were in fair agrecment with,
for example, Smith.

It was found that the reproducibility of o percentage
decomposition for methyl bromide was poor, resulting in large spreads
of any calculated rate constbants.  The order of magnitude of the
rate constants was, however, in approximate agreement with
published data (9). It wasfelt that onc difficulty in obtaining
reliable and reproducible behaviour was the fact that the CE@ or Hé
produced werenot measured when homogeneously distributed throughout
the flow system, although one would not expect this to account
completely for the spread observed,

No difference in rate of hydrogen production betwecn a blank
and o run woas found and frequently the blank gave o slightly higher
rote of production than the run. This was contrary to the observations
of Szwarc who suggested that an observed increasc in hydrogen
production in his experiments when methyl bromide was present was due
to subsidiary side reactions,

It was the obove difficulties which prompted the devotion of
some ‘time to the possibility of following the reaction by measuring
production of HBr (m/e = 80+) on the mass spectrometer, The CH7+
and HBr produced by the radicals CHj- and Br- reacting with the

toluene should be present in équivalent amount, A metrosil leak
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leading directly into the ionization box was inserted close to the
furnace exit such thet either bypass or furnaée . gas could be flowed
over it. It was necessary to place a -80°¢ bath before the leak in
order to suppress the large toluene peaks which spread into the 80"
region of the mass spectrum. There was subsequently no change in the
go* peak height on switching from the furnace to the bypass. It
could only be concluded at this point that mass number go* produced
by the pyrolysis was balanced by loss of 80" due to drop of methyl
bromide concentration on the furnace line (GHBBr alone gives peaks in
the 797 —382% region of the spectrum (10)).

Attempts to separate HBr' due to HBr, and HBr' due to GHsBrgby
adjustment of the energy of the ionizing elecbron beam in the ion gun
were unsuccessful. Measurements of tho appcarance polential of HBr ™
from GﬁsBr and of HBr® from HBr gave values on our instrument within
less than 0.5 eV of one another. The literature (ll) suggest ed that
the two should differ by some 3.4 eV. One could only assume that in
our ion gun the CHSBr was diffusing to the hot filament where,

hot "

CH,Br 3 HPr + 01{2(

g filament

This HBr produced would then give the same appearance
potential as eny HBr admitted from outside. The fact that the
TefEio I-IBr+/GH3Br+, with both ions coming from CH;Br, was Ieuced

when a -180°C bath replaced the -80°C bath on the mass speotrometer
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main trap, supported the above conclusion,
Various cold baths (12) were made up to give a temperature
of about -120°C to -140°C in on attempt to freeze down the CH,Br but
let the HBr pass through., It was found thot the methyl bromide was
completoly suppressed at —12500 twt at this temperature the HBr" peak
was extremely small and no chenge could be observed in its magnitude
by further reduction in temperature. It would be a reasonable
deduction that the relatively small cmount of HBr produced would be
soluble in the large excess of toluenc condensing in the cold trap.
It was these difficulties which prompted the development of the

method which was finally used to follow the reaction. This is

described in the following sectioms.,

10. Apparatus modificoations.

It is advantageous to follow a reaction by observing the £all in
comzentration of the rcactants. 1In this way one readily obtains a
percentage decomposition without relying on a certain reaction
stoichiometry, and the importance of any sidc reactions is eliminated.
The inherent difficulties however are in measuring o small change
in & relatively lorge concentration of reactant and in switching
from a "bypass" to a "furnace" reading without upscetting the flow
conditions,

Some time was devoted to trying to use two metrosil lsaks, one

in the furnccce line and the other in the bypass linc. Since it
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was impossible to arrange equal lecakage rates the higher roading on

the output recorder was reduced cloctrically to be equal to the lowern

Experiments, using argon, to determince the leak ratio led to the
finding that the ratio varicd with the pressure of gas over the leaks,
(sce fig. 21). The method of Helsted end Nier (23) was used to base a
calculation on flow behaviour threugh two mass spectromcter viscous
leaks. This leads to the ratio of the ion currents being represented
by an equation

%1: +k';‘) [ 2yere, o+ ket ﬁ.‘?}zj
k + k! ’ 1 18t Yap &
[ 2yk P3 + k MEPz J

I-';IH'

whero PB is tho pressurc in the flow system, 3 is the viscosity of
the gas of molecular weight, M. The various k's are flow constants
which depend upon several factors c.g. geometry and temperature.
These difficullies led to a design of apporatus incorporating a
single leak. The apparatus in its finel form is shown in figure 22,
The remainder of the flow system is as shown in figure 1. The gases
are allowed to flow down both routes simultaneously. Sampling of
furnace gas or bypass gas is done by simply moving the stcel balls
to their other seatings with o mognet,

The mass spceetrometer was at first very slow to respond to
changes, but this difficulty was overcome by the use of wide bore
glass tubing from the sampling point to the mass spectrometer head.

This alteration brought about the need for a speclally designed
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lsrge bore stainless steel valve in this line for use in isolating
the mass spectrometer when admitting air to the flow system. The
volve construction is sown in figure 23, Tho diegram is not to scale
but the main constructional details are notel in the figure. The
sempling line was also led right into the box of the ion gun. After
these modifications the rosponsc was almost immediate and successive
readings of a porticular peak could be quickly obtained. The change
in reading between the bypass and furnace lines divided by the bypass
reading gives the fraction decomposcd.

In order to observe the small change in the reactant parent peak
at m/e = 96%, the output signnl to the recorder was backed off by the
Ekco voltage decade unit. For example, if the peck height of 96+
for o particuler input resistor was 3.0 volts, insertion of 2.970
volts backing off from the above unit thenlsaves the recorder pen at
the top of a 0——230 nV scale. A change in reading of the full
soale length (10 inches) then represents a 1% decomposition of that
substance.

The traps X and Y were initially held at -80°C to suppress the
toluene peaks in the mass spectrometer but under these conditions
apparent percentage decompositions were indicated when the furnace
was at room temperature. This was proved to be due to cither (a)
guall different amounts of methyl bromide dissolving in the molten
tolugne in the traps or (b) relative differences in the efficienciecs

of the two ~80°0 baths or o combination of the two. It was thus
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found necessary to run with no treps at all between the furnace
and the metrosil and allow everything to flow over the metrosil
leak, M. A more efficiont way of mixing the gases before they
reached the furnace was also introduced.

Subsequent examination of the 96+ peak showed zero dec¢omposition
with the furmace at room temperaturc. A scan in 88+—*~e.96+ region
of the mass spectrum showed that the large toluene peaks, although
tending to spread, did not interfere with 96+, the parent peek of
methyl bromide.

The backed off stability of the argon peak vas better than
0.1%. .

Under experimentel conditions a liquid air trap on the mass

spectrometer increased the short term stability of 96+ to 0,05%.

}{i. Further calibrations.

A certain pressure gradient exists from C to D (fig. 22) and
there should (if.M.is.relatively near to D, though not near cnough
to allow any significant back diffusion) be virtually the same gas
pressure over M whether the gas arrives there via the furnace line
or via the bypass line, Assuming good mixing at C then,
although different numbers of moles of gas flow vie the different
routes, the partial pressures of each reactant should be the same
for both paths for a cold furnace whilst in the case of a hot

furnace it will give a lower reading than the bypass and thus allow
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the extent of the decomposition to be calculated.

The initial calibrations of toluene and methyl bromide injection
were for total moles per second injected, Since we allow the gas to
distribute freely between the two routes, then it is necessary to know the
rotio in which it distributes in order to caleulate the moles per
second of reactant passing through the furnace, This latter figure
is nceded for the ealeulotion of contact times (see Appendix 1),

Toluene injected into argon was collected in traps X and Y (fig.
22) from which it could be distilled over into weighed containers
(fig. 24.). Greased taps were avoided where possible and magnetically
operated steel balls were used instead. One would expect the ratio
of furnace to bypass gas to vary with furnace temperature and this
in fact was the case,but because slightly inconsistent results were
at first being obtained,the presencc of a pressure cffect was
discovered: nomely that at constant temperature the fraction passing
through the furnace varied with both the pressure in the flow
system and with the flow capillary in use. The latter effect can
only be attributcd to some change in flow characteristics of the gas.
The ratios, obtained for furnace temperatures of from 700 - 800°C,
were then caleulated at 1 mm pressure and also at varying pressure s
at o constant tempernture of 1018°K., At the higher temperatures
the toluene decomposes to some extent so allowance was made for the
loss. Porcentage decomposition data on toluene was available from

Smith (8), and corrcctions were applied. Those corrcctions were
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well within the limits of any exporimental error at all but the
highest temperatures.

The graphical results are shown in figures 25 and 26, Tabulated
results are in Appemdix IT. Reference to both of these graphs is
therefore needed in arder to calculate the required fraction of total
gas passing through the furnace;

In order that the difference between the furnace and bypass
readings divided by the bypass reading should be cqual to the
fraction decomposed, it is essential that a plot of wvolis 96+
against the partial pressurc of methyl bromide should be a straight
line, assuming that the mass spoctrometor sensitivity does. not vary
over the duration of the run. This graph is shown in figure 27
which exhibits good linearity. All parameters werc held constant
with the exception of the methyl bromide injcetion pressure. Argon
peak was recorded on the 108 ohm input 1csistor, methyl bromide

was on the 1010

ohm resistor, .
The injection ratc most commonly used was botween 1.0 X 10”7

end 2.0 x 10~ moles per second.

12, Typical run procedure.

The mass spectrometer power supplies were switched on and
allowed to warm up. Solid €0, and acetone were the coolant on
the mass spectrometer trap or, for greater stability of peak,

liquid air was used.
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The flow system was fully evacueted to about 10~ mm Hg.,
the toluene degassed and its water bath set to the required
temperature and allowed to equilibrate. The furnace would have been
arranged to switch on by a time switch and to come up to the required
temperature. Three fillings of argon were released into the flow
system from the manostat giving approximately 1 mm pressure.

The circulation pump metal bath was then adjusted to its
optimum operating temperature, and it was then set rumning with its
threc associated liquid air traps and a liquid air cooled collection
trap,(of large dimensions to allow a run to proceed for some time
without a blockage occurring due to frozen tolueno),was placed aftor
the metrosil leak (trap Z in fig. 22),

The reactants were then injected. TFirstly the methyl bromide
injection valve was opened and the mass spectrometer tuned to the
higher of the two methyl bromide parent peaks at m/e = 967, Noxt
the toluene valve was opened and the run allowed to settle for up
to half an hour (3 hours were allowed if the furnace had been
previously let down to atmospharic pressure - see scction on
furnace seasoning p. 69 )e The steadiness of the peok was
observed by staying tuned to 96 and continually bacling off to a
more sensitive range on the rcecorder, TWhen steady oonditions were
atteined and the peak showed no tendency to drift, the velues of
furnace temperature T, pressures on the flow McLeod gauges

Pi and P2, toluene bath temperature and methyl bromide injection




Pressure were taken, a note being made also of the flow capillary
being used,

With the recorder chart running the ball valves were operated
alternately to read bypass and furnace line values of 96+. Each
reading was recorded for two minutes or more depending on the
stability of the instrument. After four or six readings had teen
toaken, flow pressures, furnace temperature etc, werc again recorded.
These values were usually the same as at the start of the run but
where any slight discrepancy cccurred the average value was taken
for use in subsequent caloulations.

Finally, with the mass spectrometer still tuned to 96+, the
methyl bromide valve was closed - the final position to which the
96* peak fell being taken as the zero - and then the toluens valve
was closed and the system evacuated,

It was quite possible to perform several runs in succession
at different contact times simply by changing capillaries. It should
be pointed out that this is undesirable especially at the higher
percentage conversions since the methane and hydrogen formed in the
reaction will dilute the carrier gas and could to some extent
invalidate the flow capillary constants. Although on occasions during
the research up to five or six runs were performed without changing
the carrier gas, no errors could be attributed to this dilubtion. Thig

was probably becawse the total volume of the system was over 20 litres

and so the dllution was insignificant,




TYPICAL EXPERIMENTAL DATA. (Run 128.) :
Furnace Bypass ) o _
reading. reading. -
: + ) i
Signal from m/e = 96 on g
.30 mV. range of recorder . S e A
backed off by 15mV. _ _ . x5 .
0 s
=]
o~
=
g s -
10100hm input. s
_ resistor. w
mv.
\ "
7
50 58 60.. 65 70
FPIG. 28.
5 ._:.i.__.




65

A typical result is shown in figure 28. The average of the
values is taken for use in calculations.

Then

—-—

VAN YD) ]
» . = ¢ O
% decomposition e L Bypass Total (mV)

The contact times, partial pressures and rate constants were
calculated as described in Appendix 1.

The above treatment assumes constant sensitivity of the mass
spectrometer during readings. 4 check on 40"" at intervals dur ng
several runs showed no variation during a run; also the constancy of
the 96+ peak suggests no sensitiwity variation. The treatment also
assumes that there will be no variation in 96+ zero reading when
doconposing toluene alone (the toluene peaks spread towards the 96+
region). This was checkad at the high temperatures and there was found
to be less than 0,2% error in the total peak height from this cause.

This correction was not applied as it was considered to be well

within the limits of the experimental errors,

13. Tests for surface reaction,

A series of experiments were performed as described above in a
furnace of hecated volume 280 ml, The furnace had a re~entrant
thermocouple well which gave a surface/volume ratio of 1.82. The

normel method of evaluating or testing for a hoterogenecous




66

contribution is by increasing the surface/volume ratio (s/v ratio).
This will increase the heterogeneous reaction velocity and one can
then compute the homogeneous component of the rate constant by
plotting the rate constant for the whole reaction agoinst s/v ratio
and extropolating to s/v = 0. This treatment holds so long as the
homogencous and heterogeneous reactions are the same order.

Lapage (34) found the treatment applicable in the case of methyl
iodide pyrolysis,

Design difficultics usually pevent a wide variation in s/v
ratio for a particular experimental set-up. The alterstion of the
shape of a vessel gives a smal: but sometimes sufficient change, but
packing the vessel with irregular pieces or tubes or glass wool
of the seme material as the furnace will give a much larger surface
area. Probably the most convenient way of packing a reaction vessel
is that used in the present work, namely the insertion of tubing
within the furnace, The central tube was supported from touching
the furnace over the whole length by attaching small glass lugs at
the ends, Measurements on the lines and on the furnace before it
was inserted allowed the new s/v ratio to be calculated at 5,2
and the new furnace volume at 215 ml, The sharp edges of the tube
should be fire polished as this will have a different surface
activity from broken glass (see, for example, Wood)(X5),

Melville and Gowenlock (16) suggest ond describe a thorough

cleaning of the surface to reduce heterogeneous contribution,.
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They also recomnend that packing materials shall have had the same
history and heat treatment as the reaction wvessel.

Poisoning . of the walls may also be used to further eliminate
wall reactions and scveral treatments are described by the above
authors., Trace impurities in silica as a result of "unhygienic"
8lassblowing can be the couse of unreliable data,

It was necessary at this stage to repeat the calibration for the
percentage of gas flowing down the furnace line. A4s expected, since
the furnace liner now presented a larger resistance to flow than before,
the percentage of gas passing through the furnace was lower. The
graph is shown in figure 29, Here again a pressure effect was observed
and it is shown graphically in figure 30, whish was obtained at &
constant temperature of 1018°K. As bef'ore, reference to both

figures 29 and 30 is needed to determine the porecentage of the total

gas passing down the furnace line,
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DESCRIPTION OF EXPERIMENTS PERFORMED AND EXPERIVENTAL, RESULTS.

1. Introductory.

The expected behaviour of methyl bromide under pyrolytic

7
ey
k) § )4"

decomposition is to produce methyl radicals and bromine atoms. Any
subsequent secondary reactions of these entities should be quenched
by the incorporation of an efficient radical acceptor. Toluene has
been used for this purpose and for small percentage conversions one
should obtain a first order decomposition the rate of which would be
expected to correspond to the rate of fission of the C-Br bond in
the halide. ZEvidence for the presence of the above radicals exists
in, for example, the increased methane production when methyl bromide
is added to toluene at the pyrolytic temperature.

After the final development of the apparatus a check of the first
order nature of the decomposition of the halide was made at a
- constant temperature in the middle of the temperature range to be used.
Plots of log {:10Q/(100 - % deeompositioni] against contact time
showed st raight lines through the origin. The variation of contact
time was obtained by changing flow capillaries.

Having roughly and briefly establiched a first order character
for the reaction a series of runs throughout the temperature range
were quickly performed to ensure that no difficulties would occur
and to check the general handling technique. A normal Arrhenius

plot of the resultant log k% ageinst 1/T(°K) was a reasonable




straight line with an activation energy of about the expected order of
magnitude but the A factor was lower than expected on the assumption
that the C-Br bond rupture is the rote determining step.

A series of more carefully performed rums was therefore begun in

order to establish the full kinetics of the reaction.:

2. Seasoning of furnace.

It was found during the early experiments that if one carried out
a reaction in the furnace after air had been admitted then the reaction
rate was initially high but gradually fell to & constant level. This
seasoning effect, which has been observed by many workers in pyrolysis
kinetics, has usually been attributed to the formation of & coating
on the silica furnace wall. The nature of this layer has been shown
to be carbon in the case of benzil pyrolysis by Barraclough (1) who
burned it off in oxygen and analysed for carbon dioxide mass
spectrometrically.

Quantitative experiments to observe the seasoning rate were
performed as follows. A temperature of 1000°K was chosen as being
suitably near to the middle of the range. Air was then admitted
to the hot furnace to 'deseason' it, the flow system was evacuated,
and aif was cgein admitted to complete the deseasoning process.

The reaction was then followed as described under 'run procedure! -

about five successive runs being performed before the carrier gas




SEASONING RATE OF FURNACES. (Data of Appendix III.)
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was changed. This was considered quite legitimate since the
percentage conversion was not high,

Readings were taken at intervals of about 20 to 30 minutes.

The data is given in Appendix III for both packed and unpacked

furnaces = data for the former being obtained later in the research

but inserted here for comparison, Similar behaviour was observed in
each case and the results are represented graphically in figure 3l.
Although the contact times were maintained fairly constant there were
small variations due to slightly varying partial pressures. The
percentage conversion was therefore related to one second of residence
time in the furnace. All other parameters of the system were maintained
constant.

It-will be observed from the graph that for reliable and
reproducible kinetic data seasoning of the furnace by the reactonts
for about 2.5 hours wos necessary if air had been admitted to the
furnaoce. This recommendation was followed for all xuns even if the
system had not been let down to atmospheric pressure. This ensured
adequate seasoning and allowed the system and the mass spectrometer
to "settle down" prior to taking readings.

The nature of the coating was investigated by thoroughly
seasoning the furnace and then allowing the coating to burn off
slowly by introducing about 0.5 mm Hg, pressure of oxygen into the
1l mm of argon carrier gas. The experiment was performed at 9539K at

which temperature the coating would burn off slowly enough to allow




EXAMINATION OF FURNACE COATING.
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the process to be followed by mass spectrometer analysis. The

pecks at m/c = 18" (water), 44" (carbon dioxide) and 32" (oxygen) were
followed on the furnace and bypass lines. The resulbs are shown
graphically in figures 32a and 32b.

The nature of the variation is readily exploined by the gradual
burning off of o carbon coating on the walls. The bypass lirc shows
a constant carbon dioxide peak ~ this is the mass spectrometer
background., The furnace value of 002+ rises to o moximum and then stays
steady corresponding to uniform production of carbon dioxide (the
CO2 is removed by liquid air cooled traps later in the flow line so
its pressure does not build up). One may presume that the 4L minutes
of the experiment is not sufficient time at this temperature to burn g
off all of the coating, This explains why the oxygen peak ot 32+ |
continually falls as it is used up in the combustion recction and
why carbon dioxide from the furnace is still steady after this time.

The time of 14 minutes taken for the h4+ peak to reach a maximum
may be due to the opening up of new oxidetion sites on the surface.
Water at m/e = 18% 15 constont and the same value on both furnoce
and bypass lines suggesting lack of any hydrogen in the coating
substance.

Smith (8) also observed a seasoning effect in the pyrolysis e,
of toluene alone, It is interesting to note that the carbon coating
has a kinetic effect on the decomposition of methyl bromide and of
toluene which shows the participation of the wall nature at these

pressures.
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3, Effect of variation of methyl bromide partial pressure.

To analyse the rote dependence of this parameter, all reaction
and run conditions were mointoained eonstant with the exception of the
methyl bromide injection pressure which was adjusted by the needle

valve control (see fig. 3). The results are sown in figure 33 and

table I.

TABLE I

Partial Pressure (mm Hg)

Run  MeBr Tol. Argon. % dec. t,(secs.) % dec./sec.

92  0.0125 0,486 0.780  2.00 2,58 0.776
93 0.0193 0.481. 0.8%3.  1.87 2,56 0.731
94 0.0301 0.4,76 0.835 1.87 2453 0.739
95 0.0511 0,468 0,821  1.79 2.49 0.720
96 0.0705 ~ 0,463 0.825  1.61 2.45 0.659
97 0.0900 0461 0,820 1.8k 2.4 0.754
98 0.1050 0.k4L6 0,818  1.68 2.36 0.713

*Por an estimtion of errors see Appendix VITI,

It will be observed that the percentoge decomposition per
second has remained virtually constant for a nine-fold increase
in the poartial pressure of the reactant. The experiments were

performed at 1018°K using flow capillary number 1, The results




EFFECT OF VARIATION OF CONTACT TIME. (Data of table II.)
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indicate o first order dependence on methyl bromide. The contact
time varied slightly since the partial pressure was being altered
and. the small correction relating the percentage decomposition to
one gecond of contact time was applied assuming direct proportionality

between the two.

. Effect of variation of contact time.

The early experiments referred to above, namely of the effect
of contact time variation on the decomposition rate, indicating that
first order behaviour was being observed, were performed before the
full significance of the pressure distribution throughout the flow
system was realized. This pressure distribution is described on
poge 46 . Reassessment of the decomposition rate with variation
in contaot time was therefore necessary. The data (for the
unpacked furnace) is combained in table II and some of it is
shown graphically in figure 34. Use of the more accurate first order
treatment by plotting log [100/(100-% decomposition)] rather than %
décofmposition againgt tc serves only to slightly increase the slope’
giving a similar intercepit, assuming a linear relationship. Inclusipn
of the origin will give the graph an upward curvature. This is con-
trary to expected first order behaviour which would show a fall off

with increasing % decomposition.



noe P A T

e RS Rt B . G0N g Wb Rey
Tota W e s N

TARLE IT ¥
Run. % dec. t_(seos.) 7(°K) P'tol, (mm Hg.)
L L.02 2.85 1038 0.327
5 9.y 5.79 g 0.650
6 2.02 1.70 " 0.196
25 3.33 5.0 1009 0.804
26 1.46 2465 - " 0.43L
27 1.07 La 7he " 0.288
28 L.77 1.7 1033 0.288
29 2.72 2459 ¥ 0.432
30 6.7 L.97 ' 0.80%
31 12.24 4.9 1054 0.808
32 5.00 2.56 " 0.432
33 2,81 1.68 " 0.280
_34 L.31 E Mo, ¥ 1069 0.295
35 7.52 2,58 " 0.437
36 16.9). s 78 " 0.792
37 7.05 1.70 1087 0.291
38 11.79 2.54 s 0uli32
39 25.96 L., 8L X 0.803
50 8.82 1:2% 11.06 0.216
5L 10.57 1.61 " 0,286
52 17.73 2.42 8 0.439

#For an estimate of errors see Appendix VIII,
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The runs were performed with a toluene/hethyl
bromide ratio of approximately 12 to 15. Variations in coptact time
were obtained by changing flow capillaries.

It will be observed that the reasonoble straight lines pass
through a positive intercept on the absecissa of sbout 0,5 sec.,

It was at first thought that this might have been the warm;up time
for the gas entering the furnace, The gas would be heated by
collisions with the well or with other already heoted molecules., 4n
estimate of the time required for the former may be made from kinetic
theory. The orgument determines the rate of diffusion of a cenbrally
placed molecule to the wall and is set out in Appendix VII, The
calculations suggest that o warm-up time of 0.5 secs. is unexpctedly
high for the conditions used in the present experiments.

For a given injeection rate of reactants, changing the flow
capillaries, (and hence the rate of flow of carrier gas), altered the
contact time and also the absolute Wwalues of the partial pressures of
reactants. The partial pressure of a reactant in the furnace under
these conditions can be shown to be proportional to the o ntact time
(see Appendix IV).

Since the variations in contact times produced above were
obtained by simply changing capillaries it is not fully valid %o
plot contact time against percentage decomposition, while ignoring
the variation in toluene pressure, since there may be a toluene

dependence which could explain the intercepts. We had, therefore,
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to establish whether the partial pressure of toluene affects the

decomposition mte.

5. Bffect of variation of toluene partial pressure.

A sequence of rums were performed to produce a variation in
the toluene/methyl bromide ratio from 6 to about 40. The
experiments at 1018°K were carried out by varying the reservoir
temperature for toluene injeotion. 7Variations in contact time
were again corrected by relating the decomposition of the methyl
bromide to one second of residence time., The results are fown in

Table IIT and figure 35, For an assessment of the errors in the

measured quantities see Appendix VIII,
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TABLE IIT

Pressures(mn Hg.)

Run  MeBr Tol. Argon % decs tp(seos.) % dec./sec,

11 0.0872 0.651 0.935  L.4O  5.87 0.748 s
12" 0.0430 0.326 1.013  1.67  2.87 0.584 7.58
13  0.0800 0.719 0.951  4.27  5.148 0.779 9.02
1h  0.0740 0.80h 0.813  L.36  5.04 0.866 10.90
15 0.0676 0.896 0.836  3.94 4.6l 0.855 13.30
16 0.0675 0.878 0.765  4.26  h.6h 0.917 13.60
17 0.046h 1.255 0.711  3.34  3.13 1.065 26,90
18 0.0446 1.340 0.716  3.20  2.95 1.088 30.20
19 0.0552 1.135 0.866  3.55  3.74 0.952 20.60
20 0.0386 1.550 0.833  3.15  2.62 1.200 40.70

different flow capillary from the rest.

Run 12 is omitted from the graphs sirce it was performed using a

It will be seen that the percentage decomposition increases by

about 50% for obout a five-fold increase in the ratio of toluene/

methyl bromide.
rate varies only slightly.
dependence of the rate on toluene pressure.

to plot the absolute partial pressure of toluene agoinst the

Percentage decomposition.

Por small variations in the ratio the decomposition

From such data onc can estimate the

Such a plot is shown in figure 36.

To do this it is better
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Extrapolating lincarly back to zero toluene pressure it is apparent
that a ratec law to fit such date is of the type

-afieBr) /at = k [ioBr] + iy Temr){ To1.)

It indicates that the presence of toluene aids the decomposition

process ot these pressures. This mey be by energising collisions
with the toluene or by a chemical effect of toluene or its
decomposition products.

Unfortunately any toluene pressure higher than the maximum
used coused the toluene mass spectrum to spread into the region
under observation resulting in loss of resolution and inaccuaracy
in reading peak heights, It was therefore desirable for subsequent

runs to keep the toluenec pressurec as low as practical.

6. Effect of variation of carrier gas pressure.

These experiments, at 10189K, were performed with contact
times as nearly constant as possible. Methyl bromide and toluene
injection rates were maintained constant but the variation of the
argon in the flow system changed the conbact time slightly so the
decomposition was again related to one second of residence time.

The results are shown in figure 37 and Table IV.
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%
TABLE IV

Partial pressures(mm Hg.)

Run MeBr Tol., Argon % dec. tc(seos.) % dec./seo.

99 0.0225 0,461 0.200 1.42 2,36 0.60
100 0.0243 0,514 0.489 1.63 2,59 0.63
101 0.023h 0.495 0.882 1.65 2,50 0.67
102 0.0230 0.486 1.031 5.79 2,42 0.74
103 0,0207 0,436 1.615 1.44 2,15 0.67
104 0,018 0,398 2.160 5357 1.95 0.80
105 0.0160 0.362 2.860 %.35 1.78 0.75

%

For an estimate of errars see Appendix VIII.

It will be seen that the rate of decomposition inereases with
increasing carrier gas pressure. The oxtent of the increase is not
as marked as in the case of toluenc pressurc variation. The spread
of points about the line may be due, in part at any rate, to a slight
variation in toluene partial pressurc betweon exﬁeriments.

Consideration of this graph alone suggests a rate law

~a[Mopr] /at = x_[MoB:] +ﬁ%ﬂ@%ﬂ
An interpretation would be that collisions with argon also aid

the decomposition of the methyl bromide.
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m
3 + log,, k- TEMPERATURE VARIATION OF FIRST ORDER RATE CONSTANT IN UNPACKED FURNACE.

N . - Capillary 1. (@)
Y | capillary 4. ()
+ s Capillary 2 and 1+2+4. ﬁ&
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1.4

1.0

9.0 9.2 9.4 9.6 9.8 10.0 10.2

FIG. 38. Reciprocal temperature. (1/7%¢ x 10%.)
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Here again experiments could not be extended boyond about
3.0 mm without choanging the metrosil leak since the mass spectrometer
resolution was lost as o result of the higher pressure in the box in
the ion gun. Subsequent experiments were ye rformed with the argon

partial pressure at about 1 mm.

7« Effect of tomperature variation on the reaction rate in the

unpacked furnace.

The above formulations would suggest that at constant toluene/
methyl bromide ratios and about constant toluene and argon
pressures the reaction would become pseudo-first order in methyl
bromide, Hence onc may determine the temperature variation of the
resultant first order rate constant, The latter was caleulated as
doscribed in Appendix I and the rosults are given in figure 38 and
in table V in Appendix V,

Onc noticeeble feature is that the threc sets of data obtoined
by the use of tho thrce flow capillaries appear to give threec
separate approximetely parallel lines with an activation energy of
about 64 K;oals/mole and an A factor of sbout 7.0 x 10" see. ™t
The three lines correspond to three partial pressures of toluene
since this is proportionsl to contact time (sec Appendix IV). The
data is dgicymin the composite graph figure 38. There appears to be

o lorger gpreud of values of k; at the lower temperature end of the




scale. This may be explained by the fact that here very smoall
decompositions dare being measured with consequently greater relative
experimental error. Gomparison of this with published first order

rate data will be left to the discussion.

8. Effect of variation of surface/%olume rotio of reaction vessel.

The reaction was studied in two furnaces of basically identical
dosign ond size. The unpacked furnace had a surface/volume ratio of
1.82 and the other a ratio of 5.2 «~ this latter will be referred to
as ‘tho packed or lined furnace, The method of obtaining the increased
s/v ratio is fully described on p 66 . The introduction of a liner
was felt to be more desirable than the use of silica wool or solid
silica spheres. It is difficult to produce a homogeneous packing
density with the wool and the use of spheres is open to some doubt if
the furnace is not filled completely, and if it is filled then the
resistance to flow becomes high and one does not know exectly how much
wall area is blanked off.

The study of tho ratc of scasoning of the packed furnace has
been desoribed abewe on page 69 , and was very similar to the
unpacked ocase. It was apporent however that the increased surface had
brought about a higher decomposition rate signifying a fair extent
of well participotion in the reaction rate.

Runs were performed as described above to ascertain the

temperature dependence of the overall first order rate constent in




A )

I Ol

0’01

A.woﬂ X MOB\HV.mMSPMHoQEmp Teooxd ooy

6°6

8°6

L'6

9°6

G'6

B @

Am& B1EBP 80BUINI pPayoed

\\\\.dpmv soruaIny psyoerdupn
7\

8
8]
©
©

'6€ "DId

TEOVNUNA QINOVd NI INVISNOD FIVH HIAHO ISYIA JO0 INIIDIAJIHOD FTUNLVHIAIWIL

(00}

- ©

i

o<

301 + ¢



the linel furnace. The data is given in Table VI in Appendix VI
and is presented in figure 39.in comparison with the equivalent
data from the unpacked furnace. The values appear to have a marked
spread although the general trend is apparent.

It should be pointed out that the evidence does not prove
the presence of a true heterogeneous component in the reaction.
Let it suffice at this stage to refer to the 'apparent hetero-
genity! and note that the increase in reaction rate resulting
from the increased surface may not be true heterogenity but may
be explained by surface interaction with a possible chemical
effect.

Any further argument will be left to the discussion.
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DISCUSSION

A. The empirical rate equation, evaluation of the rate constants

and their temperature dependence.

The empirical analysis of the effect of variation of both
toluene and argon partial pressures, taken along with a first order
dependence on methyl bromide (see figures 33, 36, 37), has suggested
that the decomposition of the halide in excess toluene and in argon
carrier gas can be represented within the range of pressures used

by the rate equation:

- & [MeBr]l/dt = [MeBr] {:ko -+ RT[Toluene] + kA[Argon]}

It is the purpose of this section to justify the above analysis.

1l. The rate equation

The data of figures 36 and 37 which were obtained at

1018%K are drawn together in figure 40, Also included is run 12 which
wag omitted in figure 36 because it was based on a very different
contact time using another flow capillary. The fact that it is in
accord with the other data of the graph is further support for the
above treatment.

Clearly from figure 40 the toluene has a greater influence on
the decomposition rate than has the argon carrier gas. The rate
of activation of a molecule, M, irrespective of the mechanism must
be pr0portional to the partial pressure of M and to the total pressure
in the system since the process of activation is essentially bimole-

cular. If one supposed that at the pressures being used here there
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is not a full equilibrium quota of activated methyl bromide molecules
to give a first order decomposition, one could interpret the observa-
tions as being due to an emergy transfer process from the toluene

or argon to the halide. One would expect the toluene, being a

larger molecule with more degrees of freedom for energy storage, to
ve more efficient than the argon at handing on energy to the bromide.

If such an interpretation was to be valid for this work one would
expect a term kM[MeBr]z t0 occur, since mutnal collisions of methyl
bromide molecules will also contribute to the activation process.

The methyl bromide concentration,however, is small both in comparison
with the toluene pressure and with the argon pressure. To analyse,
therefore, for the possibility that a rate equation of the type

~d [MeBr]/dt mkM[MeBr]Z + kT[MeBr][ToJ.J + lgA_[Me'Br][Argon]
might have been confused with the deduced empirical equation, we
mist re-examine our findings (figure 3%) of the nature of the de-
pendence on methyl bromide pressure.

The data was obtained with toluene and argon both held
reasonably constant at 0.5 and 0,8 mm Hg respectively, while the
methyl bromide pressure was varied from 0.01 to O,1 mm Hg., The
question at issue is whether an empirical equation

~a[MeBr]/dt = [MeBr]{ko + kp[Tol, ] + kA[Argon]}
is distinguishable from

~d[MeBr]/dt = [MeBr] {kM[MeBr] + kp[Tol. ] + kA[Argon]}

when using our data.




85

This would depend upon the importance of the terms k, and

ky{MeBr] when compared with the remaining termg. The maximum

pressure of methyl bromide was only one fifth of the toluene pressure
but we would expect kM to be larger than kT if they represent
rate constants for energisation. In fact these first terms are
represented by the intercepts on the axis in figures 36 and 37, (for
[Toluene] and [Argon] equal to zero), and they have substantial values,
Misinterpretation might have occurred if the first terms were very
small but since a ten fold wvariation of [MeBr] showed no effect under
the conditions of figure 33, it hHas to be concluded that the empirical
equation is well founded., This conclusion argues against an cnergi~-
sation process being involved as the mjor factor explaining this
rate equation.

The two different intercepts on the ordimate of figure 40 may
be explained., The intercept on the toluene variation graph ccrresponds
to a residual rate arising from a ko for the first order decomposi~
tion component of the rate law plus a component kA[Argon]. Similarly
the intercept on the argon varistion graph corresponds to the ko
and. kT[Toluene] terms.

From the two graphs it is possible to deduce a value of ko and
at the same time show the mutual consistency of the data. Thus,
taking an average value for PArgon at 0,82 mm Hg for graph A
(figare 40) one can refer to the slope of graph B to deduce the

lowering required to replot A for zero contribution from argon,
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Likewise an average value of 0,43 mm toluene my be taken as present
for graph B and reference tc the slope of A will yield the lowering
required to replot B for zero toluene contribution. The corrections
are drawn in figure 41 and it will be seen that the two lines pass
through the same point on the vertical axis. This corresponds to a
value with no contribution from toluene or from argon. Such a
consistency between the two is good evidence for the validity of

the above suggested rate law,

One further point we can make is that the methyl bromide pressure
variation data which was obtained at the same temperature may be
shown to fit the above graphs. ©Since the argon pressures for this
were about the same as in the toluene variation the points are seen
in figure 42 where the data of rmuns 92, 93, 96, 98 and 101 have heen
incorporated. They are ssen to lie about the same line which is
again in agreement with the devised rote law., It is also eviderce
for the absence of the term in [MﬁeBr]2 discussed above since the
intexrcept of the line would, if this were the case, be proportional
to the methyl bromide pressure. Widely differing méthyl bromide

pressures give data falling about the one line.

2, Toluene dependence of rate law

When the effect of wariation of toluene partial pressure was
studied the data (figure 36) were described by the relationship

~a[C 1-13133:'] /it = {C ongtant + k’I' [Toluene ] } [C_%{BBr]
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It must be said, however, that, with the range of toluene
ooncentrations achievable, it would not be possible to assert that
the dependence involved precisely the first power of the toluene
concentration, If we congider a formula of the type

-3 [CH;Br]/at = { @ + B[Toluene]n} [OH,Br]

the process of evaluating a , B and n cannot be facilitated by
setting the toluene compentration equal to zero in an experiment, in
order to find « . The chemical reason for imc luding toluerne in the
reaction mixture reguires that it shall be in excess concentration
to the methyl bromide, and the assessment of a depends, therefore,
on the decision on the values of n and f , followed by an extre-
polation. If we take a given set of data for rates of decomposition
at varying toluene pressures, and attempt correlations with [toluene]n
where n is less than unity, it is easy to verlify that as n decreases
80 also does the value of a , while B increases. In the limit this
mekes the term B[Toluene]n the dominant one, If we oould ignore
a it would be easy to evalugpte n by plotting 1og(rate) against
log[Toluene]. The extent of ocur own data for the letter was limited
experimentally but in figure 43 the data at higher toluene pressures
from Szwarc's work (39) have been added to our own. The resultant
graph gives a reasombly linear relation yielding a value of
n = 0,86, This combination of data from two experimental sources is
open to several uncertainties arising from differences of method, but

it does suggest that even if we ignored the o term we would not get
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a value of n mich below unity. The limited extent of toluene
pressures of our own data makes it insensitive to viriations of n
near unity and the indications of figure 36, that the rate depends
on the first power of the toluene concentration have been taken to
permit the evaluation of a , This term yields the plain first

order rate constant (ko) of CHyBr decomposition.

3. The effect of variations in contact time and in the pregsure of
carrier gas

The dependence of the rate on argon partiol pressure has
been shown to be less than on the pressure of toluene. The role
the argon plays is not obvious, The possibility of it acting as an
energising entity has been disproved since no such energisation was
observed for methyl bromide. If the decomposition were in part due
to the reaction of some radical or atom with mechyl bromide, then
one would expect an increase in argon pressurc to impede its
diffusion to the wall and so to imcrease the stationmary state con-
centration of the a-tom or radical and the rate. This may be the
case and it will be discussed later. The possibility of the argon
occupying wall sites and so reducing the extent of a wall reaction
is unlikely since it would be a much more weakly adsorbed molecule
than either the toluene or methyl bromide, and in any case such

behaviour would reduce the rate.




It would seem from the experimental evidence available, that the
rate equation, ot first derived empinﬁ&gy}ly, iswell founded, One
strange feature described in the e:gggriiﬁgntal section may be readily
explained by the equation. This was ’g_hé presence of an intercept
of about 0.5 secs if one treated the % decomposition/contact time
graph as linear or, cf an apparent accelerative effect if one made
use of the zero of the graph. The possibility of a warm~up time of
0.5 secs was shown to be unacceptable (see Appendix VII)., However,
when one appreciates that the toluene pressure, in the experimental
method used, was proportional to contact time (see Appendix IV), the
relation between % decomposition and ’cc becomes parabolic in
nature since % dec, = (a + B[Tol. ]) 5,

= at + Bt °

The removal of the toluene dependence is performed in Appendix
IX, where it is shown that a good linear behaviour between %
decompogition and contact time ig obtained in the initial stages

of reaction.

4. BEvaluation of kT’ kA and ko and. their temperature dependence.

It is possible to deduce values of kT, ko and kA from the
experimental data presented. Thus for the e xtensive data at 1018°K
the slope of the toluene variation yields a value of kT and the
argon variation yields kA (see figure 40). The intercepts yield

ko after correction to zero toluene and zero argon values.
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In order to determine these slopes and intercepts for all
temperatures within our range of investigation it was necessary to
restrict the number of separate experiments whiqh were undertaken.,
Moreover there were certain special difficulties which were a con-
sequence of the temperature range. Thus all the flow capillaries
could not be used over the full temperature range; at the lower
temperatures and with the higher flow rates (lower contact times)
the decompositions were too low to Ye measured accurately.

The data from the experiments gave values for the percentage
decomposition at various temperatures for two or three values of
toluene pressure, and by graphing such data in the manner of
figure 40, values for the slope B (in % decomposition CHBBr/sec. mm
! toluene) and intercept o (in % decomposition/sec.) were obtained.

“ Some of the data are shown in figure 44. The extensive infor-
mation at 1018° X is also graphed. The data of these and othexr
plots are given in Table VII. It will be seen that § varies appreci=
ably with temperature as does qgg. The valuc ag correspamds o kg for the
homogeneous decomposition of CHsBr, and o is a, + aA[Argon].
a, was obtained from the intercept by subtraction of a quantity
aA[Argon] where [Argon] is the argon pressure used for the group
of runs, The value of a, was estimted at B/6.73 tnis value
being obtained from the exte;\'lsive data at 1018°K. Although it is

the

realized that the choice OfAP fraction 1/6.7 is open to some doubt

if used over the full temperature range, it is felt that the error

i
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involved in using this value is smell since (a) it was obtained
at a representative temperature near to the middle of the range and

(b) the value of a, is not large when compared with o .

&)
TABLE VII

Run Pemp. (°K) o gt “A+ [%;ﬁgxin] “e*
37,38,39 1087 3.48 2,42  0.362 0.82 3218
9,10 1078 3.30 1.20 0,179  1.00 3.12
34,435,36 1069 1.92 2,10 0,313 0.74 1.69
31,32,33 1054 1.35 1.44 0,215 0.90 1.14
4,5,6 1038 1.04 0.96 0,143 1.00 0.90
28,29,30 1033 0.80 0.66 0,099  0.83 0.72
77,78 1027 0,33 1.20 0,179 0,72 0.20
Many. 1018 0.44 0,50 0.075 0.78 0.38
75576 1009 0.25 0.60 0.089 0.73 0.18
23,24 991, 0.23 0.14 0.021  0.68 0.22
21,22 98", 0.20 0.18 0,027  0.90 0.18

% Units are % decomposition/sec.
+ Units are % decomposition/sec mm.

Consideration of the extrapolation procedures in figure 44
showed how sensitive to errors are the derived values of the slopes
and intercepts on the axes when few points are available per graph.
Indeed, atteunpts to derive energies of activation for the two terms
showed consgiderable scatter in the data., It was decided, therefore,
to endeavour to graph the data in a monner which would lead to the

possibility of a smoothing procedure, Most of the experiments of
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figure 44 were oonducted at pressures of toluene near to 0,8 and
0.4 mm, Using the graphs of figure 44, the values of percentage
decomposition per second were read off at various temperatures for
exactly 0.4 and 0,8 mm toluene pressures. The logarithms of these

values were then plotted against 1/T°K. This showed an almost

linear relationship for the data at 0.4 mm, one discordant experiment

being quite discernible. The data at 0.8 mm showed mch greater
scatter but in view of the relationship applying to the 0.4 mm data
the best straight line was drawn in this case also (see figure 45).
From these lines one can take data to plet the variations

of a_end B with temperature. These are drawn (data in Table VIII)
in figures 46 and 47 where the true rate constants have been used
in Arrhenius type plots. The slopes lead to an activation energy
of 66.7 k,cals/mole and a frequency factor of 1011'86 aaeo"l from

the variation of ko and a value of 63.2 k.oals/mole for the

activation energy of the toluene dependence.
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TABLE VIIT

(a) Data from Figure 45 to obtain B and k.

% dec./sec,

(1/m°K) x 10t 0,8 mm 0.4 mm B (% dec.,/sec. mm)
9.2 6.40 4.78 4.05
9.5 2,45 1.81 1.61
0.8 0.946 0.691 0.638
10,0 0,501 0,363 0,345
10,1 0.364 0.26% 0.253

@/19K) x 10 ky (secnlmm~1) kt(sec"l moles * litres) logy ok

054
9,2 0.0413 2.79 x 107 3,446
9.5 0.0163 1,06 x 102 3.027
9,8 0. 00640 0.408 x 10° 2.610

10.0 0.00345 0.214 x 10° 2,331

10.1 0,00253 0.156 x 107 2.194

(b) Evaluation of a, and k .

G se
(1/7°8) x 10t (% dec./sec.) ai[ArgonI“ (% dec??seo) logy ok

Y
9.2 3,16 0.514 2.646 2,429
9.5 1 10 0.204 0. 966 3.965
9,8 0.436 0.081 0.355 3.550
10.0 0.225 0.044 0.181 3,255
10.1 0,162 0,032 0.130 %.114

% An agverage value of 0,85 mm for [Argon] was used in the

calculations.
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B. Possible reaction seguences and mechanistic considerations

The pyrolysis of methyl bromide in the presence of toluene

is assumed by Szwarc (39) to follow fairly closely the reaction

scheme $
CHzBr ——3 OCHp» + Br- (1)
bad ] ko e sl " 2
CHy- + PhCH5 —> CH, + Ph.CH, (2)
Br- + Ph.CH;—— HBr + Ph.CH,- (3)
2 PhLH,~ ——3 Ph.CH,~ CH,.Ph, (4)

Reaction (1) was asgumed to be the slow rate determining step in
the sequence and reactions (2) and (3) were assumed to be rapid.

Finally dibengyl was formed by dimerization of two Ph.CH,~ radicals.

2
Reaction (2) has heen widely studied (see page 17) and proceeds with
an activation enmergy of about 10 k.cals/mole, Deaction (3) similarly
proceeds with a low activation energy (see page 19) of about
7 k,cals/mole. With toluene in excess the above reactions should
represent the fate of the methyl radicals and bromine atoms.

The reaction, however, is not ag straightforward as one might
hope or anticipate on the ahove scheme, For example, in the experi~

N ments of Sshon 'and Szwarc, the amounts of dibenzyl and methane

produced were smaller than expected on the basgis of the above

sequences, Thelr analysis was obtained by subtracting the dibenzyl,

methane and hydrogen produced by the decomposition of the toluene

alone from the descomposition products of the reacting mixture. They




explain the reduced dibenzyl and methane by the possible association
of methyl and benzyl radicals. They also observed increased amounts
of hydrogen compared with the yield from toluene alone., The
dibenzyl formed conteined impurities which led to one suggestion

of a partial dibenzyl decomposition into stilbene and hydrogen.
Their alternative explanation was that bromine atoms attacked di-
benzyl to form a dibenzyl radical and HBr:

Ph.OH, .CH .CH.Ph (5)

2
The dibenzyl radical could then decompose as follow:s:
Ph.CHQ.bH.Ph — ) Ph.CH = CH.Ph + H~ (6)

followed by:

H- + Ph.OHy sy PROHs 4 H, (7
H- + Ph.CH; ———) Ph.H + CHy™ (8a)
CHg~ + Ph.CHy s G h, + Ph.CH,- (8b)

Reactions (7) and (8) produced the hydrogen and methane in the
ratio 6:4. The workers gssumed that HBr produced by (5) was small
amd that HBr production was approximmtely equivalent to the rate of
the dissociation process (1).

We can perhaps make alternative suggestions if we first of all
examine the toluene decomposition. A thorough examination has been

made by Smith (8), and by others (43, 44, 45, 46).




In the temperature range 1000 to 11509 the toluene decomposition

has been stated to follow the reaction scheme set out belows

PhoCHg —— Fh.CHy~ + H- (9)

He + PhCHg ——3 FPhCHy- + Hy (10)
H~ + Ph.CH; —3 Fh.H + Oy~ (11)
-+ . ; CH;  + 12
CHy Ph,CHz -~y Ph.CH; CH, ( _ )
2 Ph.CH,~ — Dibenzyl (13)

That the decomposition is, in fact, much more complex than the
above scheme, has heen shown by Smith (8) who found the composition
of the solids produced to be not 100% dibeuzyl tut 50 to 60 mole per
cent dibenzyl and the remaining solids a mixture of dimethyl diphenyls
and monomethyl diphenyls in the ratio 4:1.

Purther she estimated the heat of dissociation of reaction (14)
at 92 k.cals/mole compared with the 84 k.cals./mole of reaction (9).

PhlH; ———> Ph~ + CHy- (14)

Deduc ing entropy changes for reactions (9) and (14) by using
Trotman-Dickenson's method for estime ting entropies of large radicals,
namely by the addition of 1.4 e.u, for the electronic degeneracy of
the radical to the parent molecule, and relating this entropy change
to the A factors suggested that at 11009K reaction’ (14) could approach
the rate of (9). Reaction (15) is also postulated as a possible

additlional source of methane.

He + Ph.CH; ——— Ph~ + CH, (15)
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For the above reasons Smith was gautious about identifying her
activation energy with the side-chain C-H bond dissociation energy.
More recent work however as discussed in the introduection to this
thesis has shown that a value of D(Ph.CH,—H) = 8 kyoal./mole is
now generally acceptable.

The decomposition of methyl bromide requires a fairly high
temperature (about 1000°K); as a result there mist be some degree of
decomposition of toluene. Being in excess its primary decomposition
products way be present in such concentrations as to initiate decom-
position of methyl bromide and so to interfere with a simple kinetic
scheme whereby the radical products from the halide arise only by
its dissocciation and are quickly and efficiently removed by the
toluene present.

We my estimate the relative extents of the toluene and methyl
bromide decompositions, Taking toluens to have a rate consgtart given
by

Kpop = 1015°1exp. (~84700/RT) —
as obtained by Smith (8) and assuming the methyl bromide rate of
unimolecular decomposition to be given by kMeBr = 10“‘8632
exp(~66700/RT) san ~ gbtadmd in this work, one can see that, if
the toluene/methyl bromide ratio is about 20/1, the relative extents

of decomposition at lOOOOK, under our conditions, are:

Toluene decomposition 20 x 1015'& 10""84700/4570

Methyl bromide decomposition .
1 5 10186, 10766700/4570
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Such a caloulation illustrates the extent of the toluvene
decompogition at the temperatures used. ZExperimental evidence of
this was available from the early data when the reaction was being
followed by methane and hydrogen production rates as described on
Page 54. Figure 20 shows that the methane from a blank experiment
was about two thirds of the methane obtained in a run with both

reactants present.

In view of the ahove it would not be unreasonable to propose
that the 'impurities! of Szware may have been decomposition products
of toluene alone, or the results of such products attacking the

methyl bromide. Po#sible reactions which one might consider are:

CHz = + OCHgEr > CH, + CHyBr (16)
H- + CHgBr — HBr +  CHy- (17)
H-  + CHgBr —— CHBr +  H, (18)

The fate of the ~CH,Br radical could be represented by reaction

2
with toluene to reform a methyl bromide molecule by hydrogen abstrac-
tion. Altermatively,a unimolecular decomposition could lead to a
bromine atom and a methylene radical (-CHz-). The former would be
lost by the desirable reaction (3) while methylene radicals have
been said to produce ocarbon and methane (147, 148).

Reaction (16) is approximately theromoneutral and proceeds with

an activation energy of about 10 k.cals/mole. Steacie (150) quotes

10,1 k.cals/mole relative to the methyl radical combination reaction
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and Gordon and Taylor obtained a value of 6,6 k.cals/mole (149).
Reaction (17) is exothermic to the extent of about 20 k.cals/mole.
Chadwell and Titani (145.') quote an activation energy of 6 -7 k.cals/
mole for reaction (17) assuming a steric factor of unity. Polanyi
et al., (146) quote a value not greater than 3.2 k.cals/mole. It ip
thus & possible cause of loss of methyl bromide as is the approxi-
mately thermoneutral reaction (18). If increasing the toluene con-
centration led to increased hydrogen atom corcentrations in the
reacting system, then reactions (17) and (18) could explain the
increased rate, In order to assess the possible extent of reactions
(17) and (18) one mst compare them with the rate of loss of hydro-
gen atom by the alternative reaction (10).

The activation energy for (17) my be taken as about 5 k.cals/
mole., There appears to bhe no reliable value foi the sctivation
energy for the attack of H- on toluene, The relative extents of
the hydrogen atom abstraction reactions with methyl bromide and

with toluene, assuming a 20:1 excess of the latter will be given hy:

Rate from toluene _ 20 | GAE/RT
Rate from.CHBBr 1

where AE is the difference in activation energies hetween attack on
toluene and on methyl bromide, Even for equal activation energies
the rate from toluene will be 20 times greater simply because it is

in excess. One might anticipate an activation energy for attack

on toluene to be the same or slightly larger than for the methyl
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bromide case which would tend to increase the above ratio.
Reactions of bromine atoms with methyl bromide have been omitted.

These are unfavourable on energetic grounds and the bromine atom

concentration is likely to be very low since it is derived only from

the decomposition of methyl bromide.

C. Analysis of the rate equation

It is the purpose of this section to attempl an explanation
of the experimentally observed rate equation:

-a[MeBr]/at = k [MeBr] + kn[MeBr] [Tol.] + k, [MeBr] [Argon].

The analysis and verification of this equation presented so far
in the discussion has used experimental data from the unlined furnace,
The data corresponds to rates determined for a fixed surface/volume
ratio. Until it was realiged that the reaction was strongly depen-
dent upon surface area, the pogsibility of the second term in the
above equation being due t0 a homogeneous bimolecular reaction in
the gas phase had not been rejected. Klemm and Bermstein (140),
showed that the gas phase decomposition of methyl iodide in toluene
at 326 to 3749C was represented in part by a bimolecular reaction:

~d[MeIl/dt = k,[MeI] [Tol.] + kz[MeI]l/z[Tol. ]1/2
No surface effect was observed hy Bernstein, but this may have been
due to the higher pressures used (18->78 cm Hg.)

An explanation of our rate equation must therefore involve the

surface, The seasoning effect of our reaction andthe rosults ob~

tained have been presented on page 69 et seq. A brief survey of
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current aspects of wall coatings is given in Appendix X, Subsequent
experiments to examine the effect of an increased surface area and
its variation with temperature lave been given on page 8l. The
temperature coefficient of the overall rate constant for the lined
furnace appears to have a lower activation energy than the unlined
furnace (sece figure 39). Such behaviour would be expected if homo-
geneous and heterogeneous reactions were operative in about the same
temperature range.

From the analysis outlined above whereby we axe able to derive
rate oonstants for the toluene dependence and for the plain first '
order decomposition of methyl bromide, the temperaturée coefficient
of the former, although of the same order of magnitude as the
temperature coefficient of the latter, is about 3 k.cals/mole smaller.
When these two items are combined into an overall rate constant,
and if the toluene term in the empirical analysis is a surface de-
pendent term, then we can see why the surface effect has appeared to
be less at the higher temperatures. We have, in this argument,
ignored the argon dependence but this is smell and in no way affects
the conclusions,

If one plots a graph of the type of figure 40 but this time
for the lined furnace, then a steeper line is obtained if the

"toluene term" of the empirical equation is surface dependent, Such

a graph is shown in figure 48 where % decomposition per second is

plotted against toluene pressure. The argon pressures used in the




two furnaces were about the same. The value of @ for the unpacked
furnace is shown and the points on the graph are seen to lie about
a steeper line with a fair approximation to the same a for both

furnaces. The ratio of B = 2.7+ The surface/volume

packe&/aunpacked
ratio increase was 2.85. This strongly suggests that the toluene
term is the surface dependent term and should strictly be written
as kT[Toluene] [MeBr] [Surface].

Precisely what role the surface plays in this term is a matter
for conjecture. The rate of such a reaction will depend upon the
product of the concentrations of the two reactants and it may be
that the surface adsorbs toluene in a dissociated form which reacts
with methyl bromide during collisions of the latter at the wall orx
vice versa. Alternatively both reactants may be chemisorbed on to
the wall and react in this state, This latter suggestion would be
expected to lead to cross products of the reactants namely ethyl-
bengene and benzyl bromide. Examination of the furnace effluent
gas by the mass spectrometer showed the presence of a small peak
increase over the bypass gas at m/e = 106" suggesting the presence
of only a trace of ethylbenzene in the gas unixture.

It was pointed out earlier that the possibility exists of H-

atom attack on the methyl bromide. An increase, from any cause, of

the stationary state concentration of H- atoms would therefore be

reflected in the rate of decomposition of the halide.
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The rate of formation of H~ atoms is ké[Tol], The rate of loss
of hydrogen atoms allowing for loss at the surface as well as in
the gas phase is given by:
(k10+kll) [H-] [Tol.] + (k17 + kla) [H-] [MeBr] + kg [H-] [Surface]

whenoe

[H-] = ké[Tol]‘/iKklo + kll)[Tol]+(k17+k18)[MbBr] + ks[Surfacei}

To try to explain the toluene dependence term of the empirical
rate equation on the lines of a chemical reagction between [~ atoms
and methyl bromide would lead to a term:

k9[Tol.][MbBr]/{Kk +k. . ) [Tol]+{k 8)[M6Br]+ks[8urfaoe]:}

107591 17

In order to understand the effect of the denominator, it is
convenient to consider extreme cases i,e., for one term dominating
the others. Thus if the (klo + kll)[Tol] term is dominant, the
equation reduces to k9[MeBr] and one loses the toluene rate depen~
dence., If the second term predominates, then the first order in
methyl bromide is lost, Should the last term dominate, we observe
first order behaviour in methyl bromide and toluene but the reaction
would be surface inhibited.

All of these cases are against the experimental observations,
and one must conclude that the suggestion of a H- atom reaction
accounting for the toluene dependence is unjustified. This, along
with the evidence proposed earlier, emphasises the acceptability of

this term being a surface dependent term.




|4

*eanjeaeduwe) [eooxdiody

, b*OT Z' 0T 0° 0T 86 96 b6 2'6
N\

Ot X MOB\H

*IIOM STYJ,

*elep S,OJBMZZ

“SINVISNOD ILVU HIQYO LSULJL TIVHIAQ J0 NOILVIUVA TUNILVUISWIL J0 NOSIUVAWOD

o &

9'¢

8°¢

N\
s Olsor + ¢




It is of intercst that, using the kinetic parameters derived
in this work and Szwarc's reactant comcentrations, we are able to
calculate the extent of his reaction  Szwaro (39) had used higher
toluene pressures in a similar type of sytem. The comparison of the
two sets of results is shown in figure 49 using overall first order
rate constants, Using run 9 at 1019°K of Szwarc's publishzd data
as being the one nearest to our own extensive data at 1018CK; the
toluene pressure was 11,45 mm Hg and the methyl bromide pressure
waa 0.55 mm. .In the absence of a carrier gas we can use our values

of B and a to synthesise an extent of decomposition as follows:

a = 0,38 % dec./gec.

(o]

B
Then % dec./secs 0.38 + 0.5 x 11.45

0.5 % dec./sec, mm.

= 6.11
Szwarc 's experimental value is 3.24/0,41 = 7,9% dec./sec. Considering
that Szwarc!s temperature is slightly higher and that we have in-
herently assumed a similar surface/volume ratio betwcen the two
sets of work,the agreement is very reasonable. It must be emphasised
that on the basis of our analysis only 6% of Szwarc's decomposition
of methyl bromide occurred unimolecularly and without the aid of
tolucne as & co-reactant. ‘

Turning now to the term kA[Argon][MeBr] in the empirical rate
equation we have to explain an observed increase in rate with in-

creasing argon pressure, The possibility of an energising process
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has been discussed and discarded and one can only suggest that the
argon, a completely inert species, will act in preventing the loss
of some active entity at the wall, Thus an increase in argon
pressure might increase the H- atom comcentration in the bulk of
the gas by preventing diffusion to the walls. This will increase
the rate of loss of methyl bromide by reactions (17) or (18). The
argon term then may be analysed on the lines of a homogeneous re-
action between H~ and methyl bromide. The kA[Argon][MbBr] of the
empirical equation would become :

k, [H-] [MeBr]

i kﬁA[MéB?] k9[Tol]/{fklo+kll)[Tol] + (k17+k18)[MéBr] + kS[Surface]}

It is necessary to examine the relative importamse of the terms
in the denominator. In view of the evidence on page 99 the hydro-
gen atoms will react preferentially with the toluene, Since klO
and. kll represent the rates for reaction with toluene we mey consider
this term larger ‘than the (k17 - kls) term and may, as an approxima-
tion, ignore the latter.

'The effect is therefore to give a toluene and surface dependence
in the denominator, Such a reaction scheme would give a first order
dependence in methyl bromide, approximately zero dependence in
toluene and the effect of the argon would be to alter slightly the
value of ks’ which represeants the destructive efficiency of the
surface to the hydrogen atoms. As the concentraiion of argon in-

cregses, the value of ks will fall and so the observed decomposition
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rgte of methyl bromide will rise. One cannot present more than a
qualitative explanation of this effect without further experiments.

There remains the first order decomposition term ko [CH,Br] for

5
discussion. Clearly such a term will be the unimolecular first
order decomposition of the methyl bromide. Its rate will depend
upon the rate of fission of the CHB*—"‘BI' bond and the temperature
dependence of the rate constant will, if the recombination reaction
has zero activation energy, give the value of D(CH3~ Br), the bond
dissociation energy. The value for the activation energy from

11.86 -1
sec

figure 47 is 66,7 k.oals/mole and the A factor is 10

From a thermochemical standpoint the bond dissociation energy
in methyl bromide is readily calculated from the heats of formation
of the parent and the radicals formed.

Thus D(CHB-B:K') = MH. (cE;-) + Mo (Br) - AHQ (oH,Br)

Szware (39) caloulated the thermochemical value of ])(CI*I3 ~ Br)
at 67.5 + 0,5 k.cals/mole., His value for AH?. (CH3-) was based on
the heats of formtion of H~ and of methane and on the ¢ - H bond
dissociation energy in methane. He used a value of =-8.6 for
0H2 (CH3Br).

With regard to the above equation, AHE (Br-) is well established
at 26.71 k.cals/mole (151) at 25%. The value for AH? (CHBBr) at
25% is quoted at ~8.5 k.cals/mole(151), and ~8.6 k.cals/mole (126).

A value of ~10.0 k,cals/mole is quoted by Maslov and Maslov (152).

The value ~8.5 appears to be preferred. The value of AH; (CH3—> at
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25% api:ears a little less certain. Skinner et al (127, 128) quote
32,5 k.cals/mole and a value 32.0 k.cals/mole is also quoted (151).
Eckstein (72) used a value 34,0 k.o'als/mole and Benson recently
tabulated 34.0 + 1 k.,cals/mole (80). Trotmn-Dickenson (153)
quoted 33,9 k.cals/mole. A value of 32,0 k.oals/mole my be de-
duced from AH;, (CH4) = =~17,89 k.cals/mole, AH; (=) = 52,09 k.cals/mole
1)((:1{3 - H) = 102 k.,cals/mole,

Using a value of 32,0 k,cals for AHE (CHB-) and -8,5 k,oalsft
mole for AH, (CH3Br), one obtains D(CHy=Br) = 32,0 + 26,71 + 8.5

= 67.21 k.cals/mole

An upper limit would use AHg (CHB-) = 34 k,cals/mole and give
69.21 ki,cals at 25%.

In order to compare this with our experimental activation
energy which was obtained at higher temperature we must calculate
the correction involved.

Our temperature range was centered eon about 103001{. In order

to find the MH° for the reaction

BHy = Brey= Shat.y * B

we mst have heat content data for CH3~Br, CH3 and Br- over the

temperature range 98° —>10%0°K.

We may treat the Br- atoms as a perfect monatomic gases with

c = C + R. Then for Br- atoms:
P v

o = 0] i
H, 050 Hyg = 5/2 R [1030 =—298]

= 3,62 k,cals/mole
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For methyl bromide, heat content and specific heat data are
listed by Gelles and Pitzer (154) for the temperature range

100 *'“'?’ISOOOK. Interpolation of their data yields a value for

o] o}

it

11.33 k.cals/mole

The methyl radical heat content data is not so readily available.
However a value of 8.9 k.cals/mole is obtained by interpolation of

data by Ribaud (155) for the value Hg%) for CH

-

o
61030 o
This value my carry & small error,

>

0 ; i
Thus AH1030 for the dissociation:

CH'E:Br(g) ——F By * Br-(,) i

glven by
(6] (0] O e} 0}
Mpgg + (Hyos0 H298)CH__ R T H298)]31,‘,_
3

O

(0]
(Hiso = Fogghm

3IB:c'

= AH298 + 8,9 + 3,62 = 11,33 = Aﬁg% + 1,19 k.cals/mole
The experimental value of 66,7 k.oals/ mole obtained in this
work when corrected to 298°K by substracting 1.19 k.cals/mole yields
a value 65.51 k.cals/mole. In view of the complexity of the
empirical rate equation and the difficulties inherent in deducing the
first order constant in such a system, the agreement with other

workers on D(CH, - Br) mist be considered as fair. With our in-

3

creased understanding of the apparent mechanism operating at the




109

pressures used, the data should now be capable of being extended
to produce a more reliable estimate.

11'868@(:.“1 is low for a unimolecular de=~

The A factor of 10
composition. It is however not 'sbnormal'!. Gowenlock (156) con-
siders A factors outside the limits of 1011'5 and 1014'5 to be
abnormal, We may note herec that the experimental data has produced
a value of the activation energy somewhat smaller than one might
anticipate on thermochemical grounds, Should an extension of this
work produce a value more in keeping with the thermochemical value,

an associated A factor would be nearer to the expected 1013590."1

for the unimolecular split.

D. General assessment of the method.

This survey of the decomposition of methyl bromide in
excess toluene was undertaken to test far applicability of the
techniques developed in the early part of the thesis, The complexities
disclosed camot be regarded as a failure of the technique, but
rather ag an indication of its utility. In most studies of small
fracticnal decompositions the assumption of a particular stoichiometry
is a necessary step in deriving velocity constants since analyses

are usvally made for products. The present technique offers the

opportunity of dealing with a wide range of substances without the
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necessity to study the stoichiometry at all temperatures of interest.
So far as can be assesscd from this one test reaction the procedures
adopted seem valuable, It would be helpful if the technique could
be applied to higher gas pressures. This is 'largely at matter of
the parosity of the mass gspectrometer leaks employed, although
difficulties are likely to be encountered when pressures of, say
100 mm or higher, are used,

The technigue has been applied here to a flow system., The
validity of data from similar systems has been c riticised recently
and a relevant survey is given in Appendix XI. It is not impossible

to extend the method to a static system in which one would have to

include an inert gas as a reference concentration (in the flow system,
the reference is the bypass gas). We consider that the technigue

developed in this work is a distinctly useful tool.

In the case of the test reaction used there are glearly many
further lines of development., Studies ought to be made with more
widely varying surface areas, particularly with regard to its effect
on the ko, kA and. kT velues, Work at higher gas pressures might
help to reduce the effect of surface and should be undertaken for
clarification of the position. The ultimate: aim of any such work

ought clearly to be the establishment of conditions, if this is

possible, where the ko term is dominant and the other terms negligible.

The conditions used in this work and in Sgwarc's previocus study are
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clearly not free from complexity. It is, of course, possible that
the self decomposition of toluene will always induce a decomposition
of RX when D(R -~ X) is as high as in methyl bromide. A more ex~

haugtive study would be of value to our understanding of the processes

involved,
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SUMMARY

l, The first object of this work was t0 prodwe a technigue of
analysing contimiously the exit gases of flow reactors under con~
ditions where the extent of decomposition is small, and to do this
with particular referemce to the small changes in reactant concen~
tration. This was preferred to analysis for produc ts since the
translation of the data for the latter into kinetic rate equations
requires a knowledge or assumptions of the stoichiometry,

The second aim of the work was to apply the tethnique to typical
systems ag used for bond disscciation energy determinations and test
the method on a reaction of importance.

2, Details have been given of the development of the system where
the analyses can be performed mass spectrometrically and continuously
on both the inle% and exiEf; gases, with about 30 seconds between
eaoh sampling. The technique minimises the chance that variations
in flow conditions or changes in reactor efficiency will pass un-
detected, It permits also variations in kinetic parameters to be
studied without opening up the reactor but merely by al tering the
vaxriables and waiting foar new steady state conditions.

In order to deal with the small variations in the large signals
given by the reactant decomposition, an electriocal backing off de-
vice was used after sufficient stability had been obtained. The

details of this have been given.
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3. In order to check the flexibility of the technigque, the thermal
decomposition of methyl bromide in excess toluene, previously
investigated by Szwarc, was carried out in the flow system,
4. It was shown experimentally that the rate of decomposition of
the methyl bromide was given Dby:

-d [MeBr]/at = {ko + kT[Toluene] + kA[Argon]} [MeBr]
when using up to 0.1 mm CHBBr inabout 1 mm of toluene and 1 mm
of argon carrier gas. The reaction was shown to be surface dependent
and was studied in two furnaces of different S/V ratio.
5. Methods of analysis of the data have yielded L kT and kA' The

temperature coefficient of ko has been shown to be

B 11.86
k = 10

960° ~->1090°K,

exp (=6 6,700/RT) geo™ in the range

The activation energy from the kT temperatare variation is
63.2 k.cals/mole.
6. The kinetic data have been discussed and k, is ascribed to the
first order decomposition process while the second term has been
considered to be a surface reaction. The smll increase of the
rate with rise in argon pressure is thought to be caused by increases
in the steady state comcentration of hydrogen atoms, due to argon
impeding the partial wall removal of this entity.
7. The activation energy of 66,7 k.cals/ mole for the unimolecular

m——

decomposition has been compared with other data on D(GH3 - Br).




8. Finally, suggestions have been made far further work in the
study of this reaction to aid a more complete understanding of the

apparently complex mechanism involved,
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APPENDICES

APPENDIX I. OCalculation of contact times.

It may be readily calculated that the residence time in seconds

of a gas passing through a furnace is given by the formula:

t = L xPx 273
e nx 22,00 x 760 x T

where V = furnace volume in ml.

280 ml. for unpacked furnace,

i

P = furnace pressure in mm, Hg.,
T = furnace temperature in degrees Kelvin,

and n = total moles per second passing thio ugh the furnace.

The furnace pressure, P, is caleulated from a knowledge of
the pressures at the flow McLeod gauges and the flow capillary or
capillaries in use for the run. Reference to the table on page &6
shows the percentage increase to be apphed to the MclLeod gauge
reading to give the actual furnace pressure.

If the total moles per second passing through the furnace and the

bypass is
N o=npsr ¥ o1, * Pargon’

then n, the number of moles passing through the furnace =« N where

oL is the fraction passing down the furnace line.




NyroBr and n-t:ol. are obtained from calibration graphs (figures

6 and 7), it is obtained from celibration graph figure 9 from o

knowle dge of the capillary in use and Pl end P,, the flow McLeod
gauge recdings. The sum of these quantities yields the total moles
per second and reference to figures 25 and 26 (or 29 and 30 in the
case of the picked furnace) allows the fraction, ¢ , of the gases

passing down the furnace line to be calailated.

The extent of decomposition is given by:

% decomposed = B%%VL:) x 100
where /\ (mV.) = (bypass reeding - furnace reoding) in millivolts of
peak height of 96",
Byvass (mV.) = totel byposs reading in millivelts= (recorder
soale remding) + (backing off reading) - (967 zero readirmg ).
The average of four or six readings of percentage decomposition was
taken as the value for a particuler rum,
Tho partial pressure of subsionce x in the furnace is given by:
p’}c =(nx)"r P/n, the lettershaving the above
desc.ibed significonce.
First order rote constonts may then be calculated from the rate
equotion:
kl(seo.-l) = .?.__éﬂﬁ. logy g [,']‘)()/(100“35),-]
c

where x = percentage decomposition.




APHENDIX II. Gos distribution dato.

Data on the distribution of gas between furnace and bypass lines

were as follows.

(o) Unpecked furnace. Effect of temprature variotion at a constant

pressure of 1.0 mm. Flow capillery No.k, See figurc 25.

Furnace Temp. (°K) % through furnaoe.(i)
U3 45.9
951 45.3
971 L5.2
983 45.2
997 4.8
1018 45.0
1037 4.3
1039 .5
1070 43,8

(v) Unpacked furnsce. Effcct of pressure variation at a constant

tomperature of 1037°K. See figurc 26,




Pressure (mm Hg.)
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% through furnace (1)

0.77
1.05
1.48
1.90
0.65
0.91
1.46
1.9k
1.03
1.84
0.83

(1) - The error is estimated to be not greater than + 0.6%

on the percentage gquoted.

(e¢) Packed furncce.

L34
Lk
46,2
47.0
L46.5
46.8
48.0
48,1
48,0
48.0
48.0

Tempe rature variation at o constant pressuire of

1 mm Hg, Flow capillary No. L.

Temperature (°K)

97k
295
995
996
1017
1019
1033
103

Capillexry

i

L
I
h
W
1T
1
1
1
2
2
i

See Appendix VIII,

2+l§.

% through furnace,(ii)

3345
33.8
$2.2
32.8
31.7
32.2
31.8
316
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(4) Packed furnace. Effect of pressure variotion at 1018°K. See

figure 30.

Pressure (mm Hg. ) % through furnace. (1) Capillary

0.43 29.1 L
0.43 29.5 I
L.09 322 L.
1,05 32,9 L
1.60 3449 L
2.07 354 b
2.57 3643 L
2.60 364 L.
1.20 37.1 T
0.58 3.6 p

(ii) The crror is ostimated to be not greater than + 2,3% on tho

percentage quoted., Sec Appendix VIIT,

APPENDIX IIT, Seasoning rate data,

Varietion of the extent of decomposition with seasoning time
for paeked (s/v = 5.2) and unpacked (s/v = 1.82) furnaces. The values

have been related to onc second of residence time. Flow copillary

No. 4
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(o) Unpacked furnace at 1000°K,

Run no.

56
51
58

L
60

61
62
63
6L

% dec./%eo.(iii)

Seasoning time (mins.?)

0.66
0.57
0.49
0.41
0,46
0.45
0.46
0.46
0.4

(b) Packed furnnce et 1005°K.

Run no.
R

115
116
117
118
119
120
121

(lil) An aversge error of + 2.0% in the figure quoted is

% dec./seo.(iii)

estimated.

15
56
87
i
143
169
199
225
283

Scasoning time (mins.)

2455
1.92
1.61
1.43
1+29
1,22
1,19

See Appendix VIII,

1
3k

57
80

117
151,
17

i
3
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APPENDIX TV. Variection of partial pressurc with contect time.

Let n, and Ny moles/sec, of argon carrier gas flow through
capillarics 1 and 2 respectively and let nyp and nM'be the moles/sec.
of injected reactants which remains enstant. The situation is

roprescented diagremmatically below:

Purnace.

y
Axgon.

L

\Ks - Jj TE——— .1
/

M

Trap removes
M and T.

The prticl pressure of M in the furnacce when using capillary 1

is:
X Py o
Mi Ny + By + 0y F
For capillary 2:
n

L M . i
By T ey E

where PF and P'F are the furnace pressures in the two cases.
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The contoct time is given by

Thus

i

1

P
Mé

and

X, Pr
S5 wherc X is a temporaturc dependent
i
“ apparatus ¢onstont,
By bAyny

Dy + Dy + 1y * K

nNFl

X

—
=

uts
K

Thus the ratio of the partial pressurcs of o reactant under the

cbove conditions at a given tempe reture is the same as the rotio of

the contact times.

The partial pressures of the carrier gas in the two

cases are
5 1 _ 2 t:1. 2_5-.. ni
. Dyp + B+ Dy K
fed _ I by
Pp = Dy + D, o+ nB' K
1
or E;é _ nﬂﬁl
.I = 't
P g i)

thus involving both the mole ratio and the contact time ratio.
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APPENDIX V. Temperature coefficient of first order rate constent.in :

unpacked furnacg.(d) i

T4BLE V §

Flow §

Run 7% dec. t (secs) p'tol.(mm Hg. ) 3+log, oy ZL/'TI.‘(OK);,::LOLF Capillory -
1 3.9  2.86 0.346 1.16 9.606 1
2 3,71 2.8L 0.438 1.12 " 3
3 3.29 2.8L 04334 1.07 " 1
L L4.02 2,85 0.327 1.16 9,643 I
5 9.4  5.79 0.650 1.23 9.625 2
6 2,02  1.69 0,196 1.08 9.63L. L
7 0.82 6,00 0.671 0.56 10,320 .
8 2.49 5.70 0.675 Q.64 9.970 L
9 22.55 5.46 0.69L 1.67 9.276 L
10 9.82  2.65 0.347 1.59 9,268 1
11 4.39  5.87 0.651 0.88 9.82) I

21 1.43  5.20 0.811 0.l 10.107 L ,

22 0.68  2.69 0.432 0.40 " 1 v

23 0.80  2.76 0,442 0.46 10,091 1 3

2 1.65 5.02 0.777 0.52 " 4 4

25 3.33  5.04 0.80% 0.81  9.911 b

26 146 2,65 0.43 0.74 " 1 E

o7 107 1.7 0.288 0.79 " 2 5

28 1.77 Ll.71 0.288 1.02  9.681 2 2
29 2,72 2.59 0.432 1.03 " X
30 &6.71 L..97 0.80L 1.1 " L
.12.2L .. 94 0.808 L2 2.488 L
32 5.00  2.56 0.432 1.30 " 1
33 2.81  1.68 0.280 1.23 " 2




Run % dec. t,(secs.) p‘tol_(mm Hg.) 3+Llog, &y

TABLE V continued.

12/

A Ve N
oot oo MSAP.  SELAPRS X R RO TAA TS L

3
35
36
37
38
39
L5
46
L7
L8
50
51
52
53
5L,
55
6L,
69
70
g7 4%
72
73
7h
75
76
77
78
79

L.31
7.52
16,94
7.05
11.79
25.96
3el2
L.43
3.49
1.05
8.82
10.57
17.73
12,50
14.18
0.82
2,29
0.87
0.96
0.75
0.63
1.10
1.21
3.76
1.39
6.28
2.29
1.37

1.73
2.58
L.78
1.69
2.55
L .8l
5.06
2.59
5.03
5.19
1.20
1.61
2.42
1.5l
1.61
L. 98
5.16
L.59
Lk.61
.62
5.29
5.,10
5.62
.12
2.7
4 .85
2.61
5.03

0.295
0.437
0.792
0.291
0.432
0.803
0.824.
0.437
0.824
0.812
0.216
0.286
0.439
0.249
0.288
0.780
0.855
0.889
0.885
C.887
0.753
0.826
0.710
0,807
0.437
0.780
0.439
0,792

1.h41
1.49
1.58
1.6k
1.69
1.79
0.81
0.75
0.85
0.31
1.88
1.8k
191
1.96
1.98
0.22
.65
0.28
0.32
0.21
0.07
0,37
0.34
0.88
0.71
1.13
0.95
Oulidy

1"

L]

9.930
9.901

10.290
9.0L6

ft

n

8.979
8.971
10.370
10.000
10.331

"

10.395

n

10.309

"

9.911

it

9.737

it

10.173

2
1
I
2
i
L
L
)
A
A
2
2
1
2
2
h
L
L
L
L
L
I
ki
I
1
L
i
%

+

+ b
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TABLE V continued.

Run % dec. Jo(}(seos.) p"tol.(mm Hg.) 3+log, oK 1/T(°K)x101+ Capillary‘j}f%i

80 1.5 5.0k 0,798 0.49  10.173 b i
8L  1.69 5,05 0.812 0.53 i I i
87 2.38 2.59 0.479 0.97 9.823 1 i
88 2.21 2.5 0.486 0.9 0 1
9% 1.60 2.5 0.463 0.82 " ;4 G
103 144 2.1k 0.436 0.83 f % 6
(d) TFor an estimate of errors sece Appendix VIIT, ,
APPENDIX VI, Tempersbturc coofficient of first order rate constent zj
: B

for pecked furnace,.o)

TABLE VI

Run % deo. ‘hc(secs.) p'tol.(mm Hg.) 3+10g, & 1/T(°K)xlOL*.

121 6.4 5.15 0. 7k 1.09 9.95 :
122 1.22 5.12 0.748 0.38 10.38 :
123 2,09 5.13 0.751 0,62 . b
124 9.39 2.8l 0.461 1.5k 9.55 3
125 8.57 2.85 0.461 1.50 n .
126 17.6k 5.13 0.79% 1.58 "

127 16.45 Bl 0.461 1.76 9.33

128 15.18 3.08 6.478 1.73 "

129 9.98 2.05 0.320 1.71 "

130  3.89 3.80 0.953 1,00 10.15 ;
131 2.17 2.16 0.619 1.01 " 2
132 3.1 3.83 0.963 0.92 J ;

133 8.4l 2,14 0.622 1.61 9.55 r:
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TLBLE VI. continued.

Run % dec. tc(seos.) P-ltol. (mm Hg.) 5+10g, &y 1/T(°K)xlol*‘,
134 A47T 3.86 0.954 1.61 9:55

135 7.88 2.33 0.566 1.55 e

136 8.23 2,81 0.45k 1.49 "

137  6.29 5.22 0.760 1.09 10.09

138 '5.71 2.83 0.446 1.43 "

139 5.65 5.13 0.739 1.06 v

140  3.23 2.86 0.449 1.06 "

141 2.58 1.93 0.672 s .

¥ g N I R
an i

(e) For on estimate of errors see Appendix VIII.

APPENDIX VII. Rate of molecular diffusion to the furnace wall,

Consider a molecule placed centrally botween the outer wall and

the thermocouple well wall. In the present apparatus this is 0,5 cm.
from the wall.

The average number of collisions (n) suffered by a particle when

diffusing through a distance, y, is given by (17):

37T 32
B = ——w\-;%-—- where >\ is ‘the mean free path,
b /

The mean free path may be calculated (18) by:
- % e
/\ = 1/12 £: 3 <r‘2 n" where n is the number of molecules
per cm.3 ’

*
Thus n = -g—TT3 yzc.fr'l'"n2




127

%
A value of n may be obtained from the relation (16):

* 9652 x 100 x P

T molecul es/ cm3 .

n

where P is the pressure in mm Hg. and T is the temporsture of the gas.:
Insorting typical values of 2 mm pressure at 1000°K we have

" 16 3

n =19,3 x 107 molecules cm.

Continuing to estimate the diffusion time by basing our

8
¢m., and a molecular

calculations on argon we have o~ = 3,7 x 10~
weight of 4O0.
Then thc number of collisions a centrally placed molecule will

meke in diffusing the 0.5 cm. to the wall is:

n= 277%0.5)% [5.7 x 20°]% [19,3 x 1016]°

i

8,110 % 107 sl Ttetons.

The number of collisions one molecule makes per second is given
by (18):

£y = JiU 5"

where ¢ is the average mole cular velocity and is given by:

5 = /S8BT
- M

where the symbols have their usual significonce.

Then

’ 10
{2 IT.g = 107%° .83;7.8;130‘ 0 (19.3 x 1016)‘

8.5 = 0L noiiiatong se,”

Z

]

il
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Thus the time taken for the centrally placed molecule to reoach the

wall is given by the value of n/ EE]:

8.4l x 10?/8.5 x lO7

i

W Z,

= 9,5 x 1072 secs,

The result, hod the calculation been bosed on toluene taking

aar11h, ond M = 92, would have given an n[Z value of 1.3 x 10“1 secs.

Such values would, with a typical accommodation coefficient of
about 0.2, suggest that in times of the order of 0.5 sec. even
molegules which are initially placed centrally will have reached wall
tempe rature by direct contoct with the wall, This time, then,
reprgsents on upper limit.

The value of n voaries with the square of the distance, y, and
the majority of molecules in the furnace will thercfore have a much
lower value of n than the above calculation suggests, Many of the
collisions made on the way to the wall will be with molecules which
have already visited the wall and possess higher energies. This will
have the effect of heating the molecules before they even get to the
wall or of increasing the value of the accommodation coefficient
towards unity. Such quentities are difficult to assess but it is
felt:%hat in view of the above calculations a warm-up time of 0.5 secs,

is not conceivable,

APPENDIX VIII, An assessment of errors and error limits.

The error limits quoted at the foot of the tables in Appendix II
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were cstimabted from the extent of the spread of the resdings. The
error involved in weighing the toluene to obtain the percentoge
through furnace figure was of the order of 0.1%, In addition collection
errors caused by possible differences in trep cfficiencies gove rise
to the error limits quoted. A greater spread was observed in the packed
furnace, The majority of values fall within a much smaller range than
the error quoted.

Errors in the percentage decomposition figure were estimated by
caleuleting the standard deviation of the several expexdwmentel readings

obtained, The arithmetic mean of the readings was the figure used in

colculations. The standard deviations calculated varisd from better than

+ 1.0% to about 5.5/, Instrumental instabilities were & contributing
factor to these deviations,

The pertial pressures of the reactants quoted are considered
to be within + 2.0%, They were estimated from the possible errars
involved in reading the manometer in the case of the methyl bromide
injection and in the steadiness of the water bath tempersture in the
case of the toluene injection. The carrier gas partial pressure
crror was of about the same order since the McLeod gauges were
considered accurate to about + 1.0%,

An error in the knowledge of the furnacc tomperature of one
degree at 75000 will produce an uncertainty of 0.0l x 10""+ Kp"l

in the reciprocal temperatures quoted. The furnace temperature

control was to within + 0.5 C°. The smoobhing of the furnace on
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the other hand was known to be + 1 &% produc ing an uncertainty of
+ 0,01 x 107%™,

The probable error in the contact time way be deduced by the
normal method (84). Insertien of the above quoted errors into
the formula in Appendix I leads to a probable error in t, of about

+ 4.06. This produces a meximum probable error in the value of

the rate constant of about + 5.0f,

APPENDIX IX. EBffect of contact time wvariation and removal of
Toluene dependence.

The data for decomposition rate against cmtact time drawm in

Figure 34, if treated as a linear graph showed intercepts of the
order of 0,5 seconds on the time axis. As pointed out earlier
thepe data were obtained before it was established that the rate

of decomposition increased with increase in the pressure of toluene,

and the data of Figure 34 involved higher toluene pressures as

contact times increased = because of the method of experimentation.

In this section a correction is applied to the data of Figure 34

5 B W
o TR L R B e R PO

in order to remove the disturbing influence of the variation in
tolpene pressure. The correction will be based on the established

rate equation:

- d [MeBr] / at = Xk [M] + X [M] [T] + k,[M] [A],




131

where [M] = methyl bromide cancentration, [T] = toluene concentration
and [A] = argon ¢ oncentration.

Rewriting this we have

% dec./t  =a_ + g [T] +a, [A]

where 'l:o is the contact time and the equation applies to small ex-
tents of decomposition. a_ is the intercept (in % decomposition/sec)
corresponding to zero contribution from toluene and from argon
and B and a, are the slopes (in % decomposition/sec per mm pressure)
for the toluene and argon variations respectively. An acsurate
treatment would require the equation

1og[l/(1 - fraction decomposed)] -—-{ao + g [T] + O‘A[A]} tc
rather than merely (% decomposition)/tg. An expansion of the
logarithmic term allows one to calculate the error involved in the
approximate treatment. Thus for a fractional decomposition of 0.1
(i.e. 10%), the error involved is about 5% in the decomposition
figure and for 20% dec omposition the error rises to about 10%.

For most of the runs, [A] was about constant at 0.7 to 0.8mm Hg
and also the effect of variation of argon pressure is small com~
pared with the toluene effect. We may therefore write as a good
approximtion

(% decomposition) ={a + B [T]_}‘ ¥,
where a represents (ao + a, [al ).
It can be shown that for the experimental technique used the

toluene partial pressure is proportional to the contact time (see

T S I .
By gt it e 3 aty, iy
%ok S ARG v 1R T B
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Appendix IV) i,e. as we increase t,s s0 7] increé.ses if the
injection rate is unchanged.

A plot of % decomposition against time of contact will there-
fore be expected to show an upward curvature with increasing time
of contact., The points shown in Figure 34 could reasonably be held
to lie on an upward curve through the origin rather than on the
straight line drawn in that graph, The more accurate treatment
outlined above would have the effect of inocreasing slightly the
upward curvature of the plots. Since the B[T] contribution amounts
to some 50% of the total (a + B[T])and since no quantitative use is
to be made of data obtained from this correction, the less accurate
treatment is considered to be adequate,

We can now correct the points for the effects caused by toluene
pressure variations by the following procedure. Since we have three
points, obtained from each of the three flow capillaries at several
temperatures, we may write three sgimultaneous equations, For ex-
ample, consider runs 31, 32, 33 at 1054°K.. We can set up three
equations from the experimental data, using concentrations of toluene
in mm Hg, as follows:

12,24

i

(a + 0.808 B) 4.9 (1)
5.0 = (a + 0.432 B) 2.56 ' (2)
2,81 = (a + 0.280 B) 1.68 (3)
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REMOVAL OF TOLUENE DEPENDENCE FROM CONTACT TIME VARIATION.

% dec.
o Runs 50, 51, 52, Runs 37, 38, 39,
at 1106°K. at 1087°%k.
!

14

12

10

X
8
Runs 31, 32, 33,

at 1054°x.

Runs 4, 5, 6,
at 1038°K.

secs.

1 2 3 4 S 6

Contact time, tc.
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Since the values in the equations are actual experimental
values it is unlikely that they will fit the curve exactly. The
values of a and B were therefore determined by solving equations
(1) and (2), (2) and (3), end (3) and (1) and averaging the values
of a and B so obtained. The values for the above set were:

a = 1,34, 1l.16, 1.24 ;3 average value 1.25
B =141, 1.84, 1.55 5 average value 1.59

The percentage decomposition corrected for zero toluene contri-

bution then becomes

Observed % decomposition x a )
(a + [3[‘]? ”

Such corrected data for several sets of runs are given in
Table IX and plots of corrected percentage decomposition are shown
in g‘igure 50 as good straight lines through the origin with slope
a .' The upper point of the 108701{ data may be in error because of

too high a decomposition figure.




' COMPARISON OF THEORETICAL AND EXPERIMENTAL DECOMPOSITION RATES,

% decomposition. - A R B G - 58 AR
A . ; Data of Runs 31, 32, 33. @ B

. 12 .- PR e e T , - :.— P oy gy Y g b, sgns b

B Theoreficai >curve” of

. % dec.= 1.25t +-0.247t 2
C C

6 - -
-4
2 <2 = &

0 ; . 2 s He 2 & 5
25 s o= e OOnTECE t_ime,h_,tc. o 3

PRrCTDERE R . S et i o & A A Mol A S e & e i . h e b e b e st it 3w




P

It will be noted that a large spread exists in the individual
values of ¢« and B . This is a common feature when gne is ocurve
fitting to experimental points by exact mathematical treatments,
Small errors in the values become large percentage errors when J
substracted, However, averaging the o sand B values should give
a reasonably reliable result, and since the o/p ratio is about
unity at several temperatures the corrected decomposition is rela-
tively insensitive to values of a/B and more sensitive to [T].
One should correctly apply a statistical treatment involving the
minimizing of the sum of the standard deviations from a calculated *
straight line.

That the above described treatment would appear valid is shown

by taking the average values of a and § and calculating values

of % decomposition for the experimental [T] and t, values, The
caloculated curve, a parabola of the form y = ax+bx2 s, my be drawn. g

The constant of proportionality between [T] and tc is found by a

e B a2l

plot of these quantities. Thus the equation for runs 31, 32, 33
becomes 2~

% decomposition = 1.25 tc + 0.2471302 ’
gince [T] = 0.166 tc in this case.

The curve is shown in Figure 51. The experimental points are

seen to be in good agreement with the theoretical curve.




135

APPENDIX X Furnace seasoning.

The production of furnace wall coatings by the rouetionte 4o
produce relatively inert surfaces has been widely noted: The
general tendency is for a surface to be more é.ctive when clean and
so, as a reaction proceeds and the walls become coated, .%,’h,é'x;!ai:e
slows down. Brearley et. al.(143) in work on t-amyl chloride showed
that prolonged treatment in a packed vessel with a surfgce/leume
ratio of 10 times the unpacked furnace ratio was neoessagxy. to bring
the rate down to the value far the unpacked vessel. As‘ has been
shown by experiments in this research the ccating appears to b;
essentially of carbon from the decomposition of methyl bromide in
the presence of toluene. A similar effect for the pyrolysis of
toluene was observed by Smith (8), Szwaro (39), too, in the parti~
cular case of methyl bromide pyrolysis in toluene as a ca.ri‘ier re-~
ported a carbonaceous deposit on the walls. It ds of interest to
note that he did not observe this for the pyrolyses of ‘other -
halomethanes. In pyrolytic work on methyl iodide alone (in pyrex
vessele), Klemm and Bernstein (140) reported an extens iye carbon
deposition but when toluene was present the reaction wag clean
with no sarface film at all, |

Cullis et al. (141) with the aid of electron diffzection

photographs, have studied the structures of pyrolytic carbon cry-

stallite deposits produced in a silica furmace at 850 to 950°C.

g
¥

A
52
5
3
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They suggested that halogen can remain in the solid and so affect
the properties of the coating. Holbrook (142) emphasized the care
needed in assuming that carbon deposits are inert and showed that
surfaces from ethyl chloride pyrolysis behaved differently from
those produced by pyrolysis of allyl bromide. He produced e,s.r.
evidence for free radicals in the carbom deposits from the allyl
halide and warned of the use of such & compound in the production
of inactive surfaces.

In general a heterogeneous decomposition will have a lower
activation energy than a corresponding homogeneous decomposition,
thus, if both are present, the extent of the former will be greater
at the lower temperatures. Rice and Herzfeld (144) have discussed
the effect of éurfaoe on supposedly homogeneous gas regetions and
also the effects of different surfaces on the maction rates.

The process of seasoning is probably not sufficiently well
understood to formulate theories. However, the importance that
surfaces can play in gas phase decomposition s’cudiés has to be
noted and one mast ensure that the surface in use is yielding re~

producible data.

APPENDIX XI' Flow conditions and design characteristics.

The conventional method of studying a reaction with reasonably
short reaction times in a flow system involves flowing the material

through a reaction vessel, eithep with or without a carrier gas.

.:‘ E
3
=
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Caloulation of the contact time is made by assuming the flow to be
laminar or plug flow along the length of the reaction vessel.
Several workers have recently pointed out the possible sources of
error in such an assumption. Gilbert (120) in & re~examination of
the decomposition of hydrazine showed it to favour a second order
process, which was in line with caloulations from flame theory,
rather than the first order regction as deduced by Szwarc. Gilbert
suggested that Szwarc's (123) experiments were not under isothermal
reaction conditions and that a strong effeqt was present_ due to
heat transfer in the reactor entrance region. Reinterpretation of
Szwarc's data by assuming the tubular regctor to be isotherml

only downstream of the entrance led to a consistency with flame
theory.

Batten (132) has investigated the validity of the assumed plug
flow. By photographing the mixing of bromine vapour with carbon
tetrachloride vapour at various flow rates he comncluded that over
a wide range of conditions the bulk of the gas flowed through
without diffusing laterally to the walls, However, the flow would
appear to be laminar for values of Reynolds nunber (Re) of Bss than
about three. It should be pointed out that his photographs were
taken shortly after the bromine vajour was allowed to enter the
reaotion zone and that therefore steady state conditions wpy not ¢

apply.
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A caloulation on typical flow conditiens with the reactor
used in this research indicates Re values of considerably less
than unity. For example, a flow rate of about 3.0 x 1076 moles/sec
at 1.7 mm Hg pressure through a furnace at 1023°K vecomes a volu-
metric flow rate of 110 mls/sec.

Reynolds mumber is defined by R, =¢u d/l) , a dimensionless
quantity where Q is the density of the fluid, d the tube dia~
meter, wu the linear velocity and } the viscosity. The value
Re indicates the limiting region between laminar and turbillent flow,
Thus for values of Q.u.d/7 greater than this limiting value
(eg. with high flow velocities), turbulent flow will be present
and for laminar flow the value Re mist not be exceeded,

Basing our calculation on argon, the carrier gas, using typical
values p = 550 uP at 750q0 and d = 3,0 cm, the Reynolds numher is
calculated at 0.09. This is two orders of magnitude less than the
value required by Batten for laminar flow. Furthermore the reactor
was equipped with a re-entrant thermocouple well which woula tend
to prevent channelling and probably also introduce a swirling action
if the well was not mounted exactly centrally. This would help the
lateral diffusion to the walls.

Mulcahy and Pethard (133) have also estimated possible errors
in flow systems. They base their calculations on toluene vapour,

because of its popularity as s carrier in flow work, at 1000°K
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in a 2 om diameter furnace and deduce that for a rate constant
to be accurate to within 10% then the value of to/p mst lie be-
tween the limits 7 ) tc/p> 0.5 where Z is 3 for 50% conversien,
10 at 2%h conversion and infinity at 0% conversion. tc(seros) is
the contact time and p (cms Hg) is the reactor pressure,

Typical values of tc/p from the present work are 13 at 8.8k
conversion ard 18 at 1.2% conversion. These values along with
Reynolds number calculations suggest no serious errors in the
methods of calculating residence times and in assuming laminar flow.

Such work, however, emphasises the need for care in the design
of gas flow reactors. Melville and Cowenlock (16) have discussed
the problem briefly. A steady state or capacity flow reactor for
the study of homogeneous gas phase reactions has been described
by De Graaf and Kwart (134) in which they claimed elimination of
the norml flow reactor difficulties. Mulcahy and Williams (135)
also described a stirred flow reactor to remove the uncertainties
of temperature and flow cenditions in canventional flow methods,
Kinetic data deduced in these reactors, in the former case on
ethyl acetate pyrolysis and in the latter ditertiary butyl peroxide
pyrolysis, agree weéll with other authors, The methods involve
essentially vigorous mixing and stirred flow.

Other authors using stirred flow gas phase reactors are
Herndon et al, (136, 137, 138) who claimed a much more simplified

arrangement than De Graaf and Kwart and they obtained good
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oonsistency with other workers on pyrolysis of chlorocyclohexane.

A discussion of the errors resulting from temperature gradients
in spherical reaction vessels for the case of slower reactions has i
been given by Bemson (139). The treatment applied to both ligquid
and gaseous systems and attempts to calculate the quantitative
effect of convection were made. The method involved the estimation
of Reynolds number by assuming that the flow within the reaction
vessel consisted of a central columm of low density fluid moving

upwards and an equal flow of high density fluid moving downwards.
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