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Introduction

In recent years a great deal of attention has been paid to the determina-
tion of chemical bond energies, This has been due to a variety of factors, but
one important reason has been the development during the last twenty years of
ideas about the detailed molecular interactions which take place during the
process of chemical change, Since chemical change involves the making and
breaking of bonds, either as separate or simultaneous processes, it is clear
that progress from qualitative to quantitative explanations of chemical inter-
actions will be greatly assisted by more precise knowledge of the strength of
the links in the individual malecules.

The early tables of bond energies (of Pauling!) laid more emphasia on the
approximate constancy of the values for any bond in various molecules than on
variation from the mean. Chemical intuition on the other hand, would suggest
that the difference in the reactivity of say CH5.GH2.CI and CHz.COC1 might be
dve chiefly to some difference in the strength of the C-Cl links. liore recent
work substantiates this and has provided evidence from various sources to show
how bond energies for certain links depend on their molecular environment. In
the following pages a survey is given of the methods which have been employed .
for this purpose and some of the results achieved.

Definition of Bond Energy and Bond Energy Terms

The literature contains the term "bond energy" used in senses which are
not quite equivalent., In this work the definition given by Butler and Polanyi2
will be used. Thus the bond energy is the energy absorbed when a gaseous
compound is decomposed, by the breaking of that bond, into two unexcited

radicals or atoms,



Another usage is that bond energies are quantities which may be assigned
so that their sum for any one molecule gives its heat of formation from the
separated atoms., DButler and Polanyi call this the bond energy term,

It is obvious from the preceding definition that in the case of such
molecules as HpO or CH), the use of bond energy terms assumes that the same
anount of energy is associated with each bonde. The breaking of only one
linkage may involve energies of reorganisation in the radicals formed and
this means the two quantities bond energy and bond energy term are unlikely
to be equal. There is distinct evidence for differences and, as one example,
the case of the mercuric halide, which has been discussed recently by Skinnefi

can be quoted., It has been fomnd that

HgClo =+ Hgll + OC1 =80.5 K.cals
while HgCl - Hg + Cl -2 K. cals
The very accurate thermochemical data of Rossini#can also be used to
demonstrate the fallacy of this assumption. Thus if AH is the heat of forma=-

tion of the gas Rossini gives

Gas AH Keals
CH), =17.89
Colig ~-20424
C3Hg =24.+82

If we consider the two reactions
2CH, =<+ OClg + Ho (1)

3CoH, » 20CsHg + Hp (2)



We find (1) is endothermic to the extent of 2(17.89) - 20.24 = 15.54 kals
whilst (2) is endothermic to the extent of 3(20.24) = 2(24.82) = 11,08 kals,
The right hand side of each equation contains one C-C bond and one H-H bond
which replace two C-H bonds in the left hand side., Thus from the point of
view of bond breaking and reformation these two reactions are precisely the
same and yet the heat effect is not identicale It is impossible from such
data however to specify whether the variation was in the C-H or C-C strengths.

The determination of absolute values of bond energy terms is also compli-
cated, in the case of organic compounds by uncertainty as to the value of the
heat of sublimation of carbon. This quantity is needed in order to derive
from Q (heat of formation of a compound from its elements in their standard
states) the heat of formation from atoms. Since this uncertainty underlies
the values of bond energy terms and impedes correlation with bond energies
the various views which have been expressed are listed below,

Heat of Sublimation of Carbon (L)

The main values which have been proposed for L are 125, 135, 156 and
170 kals.

The velue of 125 kals is strongly supported by Long and Norrishs who also
point out that many of the differences in wvalue arise from an insufficient
consideration of the state of the gaseous carbon atom, they regard the

dissociation as

Caiamond = Cgaseous (5P) - L, 1
5

Caiamond = Cgaseous (“s) - L, 2

(®s)c = (°P) ¢ O S 3



Since tetravelent cerbon is in the 9S state they consider L, to be the impor-
tent quantity in calculating bond energy terms in hydrocarbons, and suggest
values of Iy = 125 kals and L, = 190 ¥ 10 kals.

The value for L, - L, has been put at 100 kals by Bacher and Goudsmit6
but Ufford’ has placed it at 73 kals which is in agreement with Long's value
of 65 £ 10 kels.

Thus as Long and Norrish point out any value for L, above 125 kals would
give a very high value for I, and correspondingly higher values for the bond
energies of hydrocarbons than comparison with other data warrants,

Several authors® have attempted to find the value of L, from a ccnsidera-
tion of the energy of dissociation of carbon monoxide, determined spectro-
scopically, but the results are very ambiguous and vary between 74 kals and
170 kals, lMarshall and Nortordhave studied the rate of sublimation of carbon
and obtained a value of 170 kals. This method is open tc error since carbon
is in the 7S state in the solid and it cannot be assumed that the gaseous
carbon is produced directly in the 5P state thus any dynamic method of this
sort may give a velue of I, or at any rate a lower limit to it. The dissocia-
tion of cyanogen into CN radicals together with its heat of formation and that
of the CN radical could give a value of L, but the experimental data is very
varied and Springall uses it to support a value of L, = 170 and Long5b for
Ly = 125,

Brewerﬁgnd his co=-workers have studied the vapour pressure of carbon under
equilibrium conditions, and after making due allowance fcor C, gas derive a

value of Ly = 170 kals and regard all previous lower estimates obtained from
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earlier vapour pressure work to be liable to considerable experimental error
particularly in the measurement of temperature but Longsc considers their
results to be based on several unjustifiable assumptions. Gord.y"1 from a
consideration of the relationship between bond energy and bond length finds
a value between 150 and 190 kals for L, but the method is not sufficiently
refined to distinguish between these values,

If the bond energy term of methene were known it would be possible to

calculate L, from the following

CH, = Cgraphite + 2H, =17.87 kals

M, = 4H =-208.2 kals
Cgraphite = (78) C -L, kals
CH, = (%) ¢ + LH -I, + 226.1 kals

and if the various bond energies in methane were known then from
cH, = (°P) Cc + 4H ~(a+Db+c+d)
where a b ¢ and d are the energies of removal of successive H atoms - and
the relationship
(®s) ¢ = (°P) ¢ $hg = Ty
it would be possible to determine L,.
Gero and Valatinl? adduce evidence from the spectroscopic study of CO
by Gero and Schmid!3 for L, = 170 kals, L, = 73 kals end a = 100.7 kals,
b = 97.36 kals, ¢ = 4 = 97.02 kals. The value of a is in very good agreement
with that of Van Artsdalen and Kistiskowskyl4 which is obtained from
kinetic considerations of the photobromination of methane. Herzberg15, how-

ever, from a spectroscopic investigation of the CH radical gives a value of



80 kals for 4, Gero regards the CH, and CH radicals as still containing
carbon in the tetravalent state which seems most unlikely.

Baughan16 used data calculated by Voge17 giving a = 113 kals b = 94
kals ¢ = 92 kals to support a value of L, = 170 kals, Voge18 has however
recaloculated his values in the light of more recent data to give a = 101
kals b = 90 kals and ¢ = d = 80 kals which is in agreement with a value of
Ly = 120-140 kals.

The data on this problem is, as can be seen from the above, of a very
conflicting nature and the evidence for either value of L remains incomplete
However, in the normal processes of chemical reactions where few links are
broken and formed the Butler and Polanyi definition of bond energy is very
much more relevant even if the determinations of the value in a particular
case may prove more difficult. It is apparent that the bond energy of a
link defined as its dissociation heat means that the value is peculiar to a
given molecule and the radicals formed by the disscciation, since the latter
may be stabilised by resonance.

llethods of Determining Bond Energies

Several methods of determining bond energies have been developed. They
can be divided into two main categories - physical and chemical,

Physical methods involve bresking of the bond by supplying energy eithe:
photochemically or by bombardment with electrons of controlled velocity.
Chemical methods include the consideration of heats of reactions, equilibriw
constants and the velocity of reactions either separately or in conjunction

with one another.



Electron Impact Methods

Franck and Hertz2! first showed that electrons must have & minimum
velocity before they will ionize a gas, which depends on the nature of the
gas., Smith22 studied the ionisation of methane in this mamner, The elec-
trons from a hot filament are accelerated through an electric field and
enter the ionisation chamber. The products, which are numerous, sre
differentiated by use of a positive ray analysis. The appearance potential
of the ions is determined by the change in current through the plate to
which the electrons end ions proceed.

That is to say, the energy of the reaction:-

BE .o "B BT (1)
is measured and if the energy of:-
R e ORE et e (2)
is known then the value of:-
RHE - R + H (3)
can be determined.
Stevenson23 has obtained the following values by these means:-

CH3-H

101 ¥ 4.5 kals Colig=H = 9645 % 4.5 kals

CH3-CHz 92,6 ¥ 9 kals Collg=Colig = 77.6 £ 9 kals

he has also studied some higher hydrocarbons end some chlorides. Results
obtained in this way are open to considerable dcubt. In the case of
diatomic molecules it is assumed that the products are formed in their

ground states. If they possess excitaticnal energy this must also be

subtracted from the energy of reaction (1) and in most cases it is very



difficult to estimate such energy accurately. In the case of polyatomic
molecules there are additional uncertainties dueto the vibrational energy

of the ion and, if more than two fregments results, due to unknown electronic
vibrational and kinetic energies of the products as well as their states of
aggregation, Thus such a method can only lead to an upper limit to the bond
energy.

Spectroscopic Methods

¥hen the vibrational energy of a diatomic molecule is increased the
amplitude of the vibration increases until at a definite energy, corres-
ponding to dissociation, it becomes infinite. When the absorption band
spectrun of such a molecule is observed the vibrational bands are found to
converge until continuous absorption is found at the dissociation limit.

The energy of dissociation, E, can then be found from

E = ho/a
h = Planck's constant. ¢ = wavelength of light and A = wavelength of the
convergence limit, This method was developed by Franclihand has been applied
to many diatomic molecules, The band spectrum of polyatomic molecules is
in general too complex for any decisive interpretation.

In many cases the higher vibrational bands cannot be observed and
extrapolation to the convergence limit is necessary. Birgez sa.nd Birge and
Sponex:l %ave suggested various methods of extrapolation to determine E,.

The simplest method is to plot the known vibrational energy intervals against
the vibrational quantum number and extrapolate the curve to zero intermal.

The area under the curve then represents the dissociation energy.



Some molecules, such as Clp and O2, display bands corresponrding to
transitions from the lower vibrational levels of the electronic ground
states to vibrational levels of an excited electronic state, such bands
converge to the dissoeiation limit of the excited molecule and are followed
by a continuous sbsorption corresponding to photo-dissociation. By obserwving
this 1limit a value for the dissociation energy of the excited state can be
determined, if the energy state of the dissociated atoms can be found a
value for normel dissociation can then be derived.

In some cases the upper electronic state is unstable and the absorption
spectrum is continuous. The long wavelength 1limit of such absorption will
then correspond to a value for the dissociation energy, but an accurate
value camnot, in general, be determined from such a spectrum,

The phenomenon of predissociation was originally used to determine
bond energies by Henri,.'7 In some cases the sharp lines in a band, due to
the rotational fine structure become diffuse and then end abruptly. This
occurs when the energy of the molecule exceeds that required for dissocia-
tion and a radiationless transition to the dissociated state is possible,
The most frequent cause of pre-dissociation is overlapping of a discrete
part of a stable excited electronic state and a dissociation continuum of
another electronic state.

Eguilibrium Method

The temperature coefficient of the equilibrium constant of a reaction

is related to the heat of the reaction, Q, in the following manner.
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d (logg Ke) d Q.
dt RT2

when Kg = equilibrium constant, T = absclute temperature, R = gas constant.
Whitea 8has studied the dissociation of cyanegen in this fashion. He
determined the absolute absorption coefficient of CN in order toc have
quantitative measure for the concentration of CN radical whenever its
absorption was observed, this together with the temperature and the partial
pressure of cyanagen gives a value of the dissociation energy directly.
From these determinations he obtains a value of 146 & 4 kals for the
dissociation energy. Earlier work by Ristiakowsky and Gershinowitzaqgave
a value of 77 kcals but in this case the resolving power of the spectro-
graph was low and the effect of pressure in broadening the absorption bands
was ignored. This method is however of only very limited applicability.

liethod Based on Studies in Chemical Kinetics

This method rests on the hypothesis that certain chemical reactions
proceed by a rate-determining first step which consists in the breaking of
one bond in a molecule. The essence of a variety of considerations
(summarized recently by Williams and Sing3:r) on such unimolecular decomposi-
tions is that the energy of activation of the reaction has to accumulate in
the one oscillator which then breaks. For such a case the rate constant K
is given by

R X 1013e AE/RT
and E can be interpreted as the limiting vibrational energy of the bond.
The conception that the energy of activation of a unimolecular decompo-

31
sition could be taken as the bond energy was used by Rice and collaborators
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in a series of studies in which emphasis was also laid on the subsequent
reactions of the radicals or atoms produced by the initial decomposition.
Rice showed how the further reactions of the radicals could lead by a simple
series of steps to an explanation of the variety.of products usually found
in thermal decomposition reactions and postulated that whilst the activatior
energies of these secondary reactions were low they were not necessarily
zero. Since only the overall activation energy is determined experimentally
care must be exercised in interpreting the data.

The scheme suggested by Rice for the decomposition of propane may be
regarded as typical of a hydrocarbon decomposition. In this Rice has
assumed the primary decomposition into radicals could be followed by
reaction of the latbter with surrounding molecules, further decomposition
on some form of recombination after diffusion to the wall. The proposed

steps were

CH3CHpCH3 =+ CH3  + CH3CHp (a)
CoHs - G + H (21)
CH3CHpCHz + R+ BRH + CH3CHpCH (b)
CH3CHpCHp = CgH), + CHsz (e)
CH3CHpCHz + R+ RH + CH3CHCH3 (a)
CH 3CHCH3 - CH3CH = CH2 +H (e)

where R is a CHz radical or an H atom,

Rice has assumed in order to account for the reaction products that
the n-propyl radical will give a CHz radicel and the iso-propyl radical
an H atom. He also assumes that whilst reactions (c) and (e) occur quite

readily such reactions as:=-



/2

Rice has assumed in order to account for the reaction products that the
n-propyl radical will give a CH; radical and the iso=propyl radical an H atom,
He also assuies that whilst reactions (c¢) and (e) occur quite readily such
reactions as:-

R + CHzCHpOH3 =+ RCH3z + CHpCH3z
do not easily occur from steric considerations. He estimated, from the
relative number of primary and secondary bonds and their relative strengths
of binding, that (c¢) : (e) as 6:4 and hence that the production of Coll), to
thet of CoHg is 6:)4 which is in accordance with experimental results.

By plotting the logarithm of k, the velocity of the reaction, against
I/T°A the activation energy of the overall reaction may be obtained from the
slope of the resulting line, this, together with a knowledge of the activation
energies of the secondary reactions gives a value for the energy of the primary
break.

For example, taking the following as a general case for the decomposition

of a paraffin I :-

My Ry +Ro (1)
Ry +M; =+ RjH +R3 (2)
R3 - Rl o Mj (3)
Ry + R} - Miq. (l;.)

from derivations of the concentration of the intermediate products and using
the usual ideas of stationary.states of the chain propageting entities we

obtain:-

*i BNy kq ky kok
st O O Bl
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and if k is assumed to be small this reduces to:-

afin] _ flgkoks
at T2k, pa

and if E is the overall activation energy then:-

E = %(E1+E2+E3—Eh_)
This shows that the measured activation energy of a reaction can be wvery much
less than the energy required for the primary break. Moreover these mechanisms
offer an explanation for the observed first order behayiour of many of these
reactions although the reactions themselves are complex., If we postulate that
the chain breaking mechenism is:-

2R1 - M

then by the previous method of calculation we obtain an order of 1.5 for the
reacticn velocity; if we had assumed chain breaking by:-

2R5 - M
an order of 0.5 is obtained., Thus we see that the relative rates of formation
and removal of Ry and R3 will govern the apparent order of the reaction and
these in turn depend on the ratio of Ep to Ez. These considerations have been
extended by Goldfinger to the case of third body recombination of the radicals
and to cases with added inhibitors,

If the third body is the parent molecule a first order behaviour results;
if the third body is nitric oxide or scme other added substance an order of
1.5 is obtained,

Rice and his co-workers have extended these considerations to compounds
containing oxygen and nitrogen. They have also been applied by many workers

to problems concerning polymerisation reactions.



Confirmatory evidence for the possibility of these free radical reactions
at lower temperatures was given by Freigwho started reactions in butane, below
the temperature for normal decomposition, by the introduction of methyl
radicals. Later work has shown many instances of such radical induced decom=-
positions and polymerisations, for instance that of Allen and Sickm;igand of
Leernakerg? Other evidence was afforded by the observed inhibition of some
reactions by the addition of nitric oxide and propylene, due probably to the
radical reacting with these inhibitors rather than starting a chain,

The chain length of a reaction can be determined from the relative rates
of such inhibited and uninhibited reactions. In the main, such chain lengths
seem rather short for a chain of' the Rice type, if nitric oxide is assumed to
stop the chain completely. This suggests that possible the reactions may
proceed partly by a few long chains and partly by molecular reactions or free
mechanisms that do not inveolve chains,

The main difficulty in applying this method is that a knowledge of the
mechanism must be obtained, also a good many assumptions of'ten have to be made
regarding the activation energies of many of the intermediate reactions. Rice
and Rice and Johnston measured the decomposition into free radicals directly
by observing the rate of removal of standard metallic mirrors by the radicals
as they left the furnace. The products were identified chiefly by their alkyl
mercuric bromides. If the pressure was sufficiently low (1-2 mms.) the
percentage decomposition was a measure of the radical concentration and so the
velocity constant could be calculated.

Eltentgrf has developed a methcd in which radicals can be detected in

reactions proceeding at higher pressures, IHe withdrew a portion of the
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reacting system through a pinhole leak into a mass spectrometer and since the
ionisation potential of free radicels is lower that the appearance potential
of the radical ion from the parent molecule, it is possible to select a value
of the electron accelerating voltage so that only the radicels are detected.
In this way changes in radical concentration can be followed very quickly.
S50 far he has only studied the thermal decomposition of various hydrocarbons
in a general way. A major difficulty lies in the interpretation of the
positive result for certain masses. For example in the decomposition of
ethane, where ethylene is an end product,it cannot be definitely assumed that
the mass 29 is due to the ethyl radical as the ionisation potential of ethylene
is only two wvolts above that of the ethyl radical and the isotope ¢13 in
ethylene would be sufficient to account for the amount of mass 29 observed.
At lower pressures the smount of mass 29 observed is three times that which
could be ascribed to ethylene, Similarly in the case of the decomposition of
lead tetramethyl in oxygen it camnot definitely be said whether mass 30 should
be regarded as due to formaldehyde or ethane, in this case he ascribes it to
formaldehyde since when nitrogen is used instead of oxygen there is very
little of mass 30 formed.

Another difficulty is the interpretation of a negative result, for
example neither vinyl radicaels in the decomposition of propylene

03H6 - GH3 + CéH3

or H-atoms in the decomposition of ethane could be detected presumably due to
their quick recombination and great reactivity. In the case of H-atoms

Eltenton suggests the use of tantalum for parts of the apparatus as it does
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not catalyse the recombination of H-atoms., Despite these initial. difficulties
the method seems to have considerable possibilities. Eltenton has also
applied it to the study of low pressure flames.

Without giving further details of reaction schemes which have been
proposed for various compounds we can summarize the advantages and disadvan-
tages of the chemical kinetic method for bond energy determination in the
following waye

There is a great deal of evidence that the initial step in pyrolytic and
photochemical decomposition involves the rupture of one bond but subsequent
reaction mey seriously limit the accuracy of equating an experimental activa-
tion energy with the strength of the bond. In order to have no ambiguity it
would be necessary to determine radical concentration before further reactions
took place. As this is very difficult it is most desirable that the possible
reactions be limited by choice of conditions so that the occurrence of a
particular reaction will then be a significant measure of the extent of
formation of the initial radical. But it is very desirab}e that all the
products of the reaction are known in order to check this point. Unfortunatel;
much of the data of chemical kinetics has used the concentration of one
product as a measure of reaction rate, or even used the rate of change in
pressure, without due regard to the reaction complexities. /

The most favourable conditions for deducing bond energies would be when
only small percentage decompositions are permitted, thus limiting, as far as
‘possible, secondary reactions to those between radicals and the parent mole-
cule, alsoc using low partial pressures of the reactant gives the radicals

a greater chance of disappearing at the walls.
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L
Butler and Polanyi stated and adapted these conditions for organic
iodides and also specified short times of reaction. This last condition
seems unnecessary as the lowest practicable period is of the order of Q.1 sec.

and many collisions can occur in such a period at feasible pressures.

Derivation of One Bond Energy from Another Using Thermochemical Data
As Baughan and Polan;;’ first pointed out, if we know one bond energy
R=X it is possible to assess another bond energy R-Y provided we know the
heat of substitution of the reaction
RY + X RX + T + Qg kcals
from thermochemical heats of formetion.
Thus
Qs = Q¢ (RX) - Qe (RY) + Qe (¥) = Q¢ (X)
where the terms in Qp are the heats of formation of gaseous RX, RY, Y and X
from elements in their standard states and D(R=Y) = D(R-X) - Qg kals.
Another way is to use the following equations
D(R=X) = Q¢ (RX) - Q¢ (R) - Q¢ (X) (1)
D(R-Y) = Q¢ (RY) - Q¢ (R) - Q¢ (Y) (2)
from a value of D(R-X) a value for Qp (R) can be determined which can then
be substituted in equation 2 to obtain a value for D(R-Y). Roberts and
Skinnaesr have applied this method to organic compounds very extensively. They
used certain well established C-H bond energies as a starting point, and the
best available thermochemical data to derive bond energies for a wide
selection of C-C, C-H, C-0H, C-NHp, C-Cl, C-Br and C-I bonds.

Applications of these llethods to the Alkyl Iodides

Neither the electron impact nor the equilibrium methods have been
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applied to any of the alkyl iodides.,

Spectroscopic Applications

Ireda;:q%ound that the alkyl halides all displayed a continuous spectrum.
For methyl iodide in the liquid phase he found a long wave length limit to
the continuum at 3950 A and in the gaseous phase at 3300 A, Hubumato“o
studied a great many organic halides., In all the iodides he observed two or
three continua, which may correspond to the production of Slightly excited
alkyl radicals. He found that the long wave length of these continua
increased asymptotically with the halide pressure., He and Herzberg and
Scheibg‘have suggested that the halide decomposes into a free radicgl and a
halide atom in the 22Pi stafe. This could be proved either by chemical
reaction (see Kg:;) or by observing the characteristic frequency of the
transition of the halide from 22P% to the unexcited 22E% state, which would
be in the far infra-red.

Porret and Goodevtsfound that for methyl iodide the long wave length
limit depended not only on the halide pressure but also on the length of the
absorption tube and so point out the impossibility of deriving an accurate
value for the dissociation energy from the spectrum,

Chemical Kinetic Avplications

The criteria mentioned before (Page [6 ) for a correct estimation have
not been satisfied in many of the earlier studies of the reactions of the
halides. For instance, Ogglf Ig.n a study of pyrolysis of the alkyl iodides
used the pressure change as a measure of the rate of reaction, in the case
of the reaction of the alkyl iodides with hydrogen iodide he estimated the

amount of iodine formed colorimetrically.
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Lessig and Polissar have studied the static thermal decompesition of

the alkyl halides, the latter determined the reaction wvelocity by titrating
the iodine formed; in both cases, however, the percentage decomposition was
high and any secondary reactions would play an important part.

A very extensive study of the static photolysis of methyl iodide has
been carried out by West and Schlessingerl::’ They determined the products of
the reaction after separating them by fractional distillation at low tempera-
tures, the iocdine formed being estimated colorimetrically.

On the basis of the cbserved products (chiefly CH), CgHg, CoH) and

CHoIo). They propose the following mechanism,

CHs;I '+ hv » CHz+1I (1)
CHz + I «  CH3I (2)
CHz + CHzI +  CH) + CHpl (3)
CHoI + I -  CHoIp (&)
CHpI + CHz «  CpHsI (42)
CHpI + CHsI +  CHplIp + CHj (5)
CHoIo + hv » CHp + Ip (6)
2CH» +  CoHy (7)
CHp + CHsI +  CpHsI (8)
CHz + CHgs + CoHg (9)
I+I+XM s Io+M (10)

The quantum yield was found to be very low due, presumably, to the
high efficiency of reaction (2), wherees reactions(3) () and (5) were respon-

sible for the bulk of the products. The efficacy of (2) was supported




by the results obtained when silver was added tc the reaction. In that case

the quantum yield rose to about one and all the iodine formed appeared as
48

Agl. Moreover Bates and Spence found the addition of hydrogen had no effect

which means reaction (2) is faster than

CH3 + H - CHI._

An alternative to reaction 2 is

CHz + Ip + CHzI +1I (11)
L9
This has been supported by Iredale from a consideration of the reaction
50

in the presence of nitric oxide and by Andersen and Kistrakowsky, who inves=-
tigated the photclysis of mixtures of CH3I, HBr and Io. In this latter case,
however, a large excess of I, was present which might be expected to favour
(11). It wes suggested that (2) and (11) ocour at almost every collision.

The technique developed by Rice was extended by Butler, liandel and
PolaA;;r;o the thermal decomposition of organic iodides at low pressures.
The progress of the reaction was measured by collgction and titration of the
iodine fcrmed., They interpreted their date in terms of the first order
constant (k); from the temperature variation of k or from the equation

k = 1013 ¢ /gy

they deduced a value for the activation energy of the decomposition which
they associated with the energy required to break the R-I bond., Their work
aimed at a broad survey with the object of seeing if bond energies derived
in this wey agreed with other data and ordinery expectations, This proved,

in general, to be the case but later and more deteiled studies of particular

iodides have shown that the kinetics of the reactions were not as simple as
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they assumed. Their work sugcested however, that the C-I bond energy could
vary between 39 kcals and 55 kcals.

Application of Thermochemical Data

Skinner and Robertga;pplying the method previously described obtain
values for several iodides where the appropriate data was available. Their
results show the same trends with structure as Butler and Polanyizfound. In
a later study Skinneguhas obtained very accurate velues for the C-I bond in
methyl and ethyl iodides. An accurate value for the heat of formation of
CH3I was determined from a measurement of the heat of hydrolysis of cadmium
dimethyl in water and in dilute sulphuric acid, the heat of reaction of
cadmium dimethyl and iodine in ethereal solutions and other established
thermochemical data. This together with the dissociation energy of 102.0

kecals for the C-H bond in methane gives a value for the C-I bond in methyl

iodide.
2,5)
A table of the various results obtained by Butler and Polanyi, Horrex,
3 Sy 38
Gowenlock and Szwarc and Skinner are given below.
Table I
Butler Horrex
Iodide Mandel Szwarc Skinner
Polanyi Gowenlock
kcals

n-Propyl 50
Iso-Propyl L6.1

Butyl L9
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Table I (Contd)

Butler Horrex
Iodide landel Szwarc Skinner
Polanyi Gowenlock
kcals
Tert-Butyl g 45.1 45.0
Allyl 3940 3ok
Benzyl L3.7 2 (29.5) 36.5_
Vinyl 55.0
Acetonyl 45.0 46.0
Acetyl . (50.7)
Benzayl 43.9
Cyclohexyl L49.2 .
B=phenyl ethyl 50.0
Dichlormethyl 42,0
Dibromomethyl L4
Diiodomethyl (37)
B-chloroethyl 15.9

The Effect of Structure on Bond Energy

Since many compounds containing the same characteristic link have been
found to vary widely in reactivity (see Hammei:) which in turn depends on
the energy required to break the link in question, it is clear that a
relationship between reactivity and bond energy may be assumed.

The preceding table demonstrates very clearly that the bond energy of
the C~I bond is very dependent on the compound in which it is found. The

56
work of Polanyi. and colleborators on the reaction between sodium and the



various organic halides further supports the previous table.
activation energies were found by Polanyi for the reaction

Na + RC1 -

where R is an organic halide

B
Methyl
Ethyl
n=Propyl
Iso-Propyl
n-Butyl
sec~Butyl
ter-Butyl
Vinyl
Allyl
Benzyl
Phenyl
Acetyl
Benzoyl

Acetonyl
57

NaCl. + R

Table IT

Activation Energy kcels

10.0
b
9.2
8.6
846
8okt
7.8

104
640
2.9

10.4
5.0
0

2.0

45

The following

Evans and Polanyi from a consideration of the potential energy diagram

for the approach of the socdium atom to the chloride and passage through a

transition state
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showed that the relationship between the difference in bond energy (AH) and
the difference in activation energy (AE) should be of the form

AE = 4 AH
if the changes are solely due to alterations in R, Butler and Polanyia'
calculated a value of « = 0,27 which agrees with the experimental value of
0.28 obtained by plotting the value of the activation energies for the
reaction with sodium against the bond energies for the iodides.,

Many other workers have found variations in bond energy in other types
of links. For example Zieglegsdetermined the bond energy of the C-C bond
in several eryl substituted ethanes by an equilibriunm method.and obtained
values ranging from 19.0 kcals to 30.0 kcals. Similar variations in the
C=C bond were found by Conan:qand Keevifc;n the case of the dixauthyl
compounds,

Many workers have found a progressive weakening of the C-H bond in
the sequence primary, secondary, tertiary. For example Steine:: in a study
of the substitution of chlorine in hydrocarbons obtains a decrease of
1¢1 = 1.3 kcals and 1.7 kcals in the C-H bond energies for the change to
seccndary and tertiary respectively which agrees with Rice's values of
12 kcals and 1.8 kcals for these changes. The general trends in the
activation energies with sodium suggest that variations in the C-halide
bonds are produced in the f'cllowing way.

(1) Veakening of Bond due to:-

a) The change from primary to secondary to tertiary halide.

b) An aromatic group on the C-atom,
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¢) The introduction of a @ double bond.
d) An increase in the number of halogen bonds on the carbon atom.
e) Lengthening of the carbon chain
f) Progressive change from chloride to bromide to iodide.
(2) Strengthening the bond is caused by:-
a) The intrcduction of an « - double bond.
b) When the carbon atom is part of an aromatic ring.

(3) Branching of the chain some distance from the C-atom has little effect,

Theoretical Explanations of these Variations as Applied to Halides

The energy of a bond must depend on a variety of factors the chief of
which are the extent of resonance involving the bond, the existence of
angular strain in the molecule, polarity of the bond and the energy of
reorganisation of the radicals formed when the bond is broken.

Walsg?has recently stressed the effect of polarity, together with the
effect of the extent of valency hybridization in the arbitals of the carbon
bonding electrons. Since the electronegativity of the carbon atom, with
respect to the bond, depends on the amount of S character in the carbon
valency, the effect of hybridization and of polarity are basically two ways
of expressing the same thing.

Furthermore Walsh has been concerned mainly with the quantity we have
called "bond energy term" rather than dissociation energies and some of his
conceptions appear rather difficult to translate into quantitative terms
at present,

63

Pauling and "'heland have suggested that these variations can be

explained by considering that there is resonance within the radicals which
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gives the radical extra stability. This has been extended by Baughan,
Evans and Polanyfﬂfo a ccnsideration of the possible resonance between a
covalent and ionic bond and the effect of stabilizing resonance in the ion,
radical or whole molecule.

They regard every bond as having three components, the covalent state
and the two ionic states R¥ - Hal™ and R™ = Hal® which cen each be defined
by an energy which is a function of interatomic distance., The R™ - Hal®
state is so far above the other twec that for practical purposes the ground
state can be regerded as a resonance hybrid of the other two alone.

The influence of resonance can best be shown by consideration of
potential energy curves, If we take a methyl halide as the standard of
reference, since it has no possible resonance except that between the
ionic and covalent state, we can represent these twc states on a potential
energy diagrem by the curves Mj and Mg (Fig.1). The ground state of the
molecule will be below the covalent curve by an amount depending on the
energy of separation and the interaction between the two states (neglecting
zero point energy). This interaction has a resonance energy E, and results
in a bond energy of Ep, ¥Then rescnance is possible in only the covalent
molecule, as for instance in vinyl halide between the forms

CHp =CH -1 and =CHp - CH = I*
The ground state energy will be decreased and the strength of the bond
increased, (see Tables I and II). IMoreover, Hugill, Coop and Su’ctoxg> 5£‘cund
that the bond length was smaller in vinyl iodide than in methyl iodide.

When resonance can occur in both the ion and the radical interaction
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between the two curves R; and R, would occur (Fige1) with a consequent
lowering of the ground state. Thus the bond energy would become
E = Ep - (B, -Eg3)

wnere Ep = methyl halide bond energy

E), = Resonance energy of radical R
and Ez = Difference in resonance energy between CH Halide and R Halide.

Baughen, Evans and Pblanwdézmd Butler and Polanyilhave used known
forms of resonance to explain the differences obtained in tables I and II.

Alkyl Halides

66
Wheland has suggested the following resonance possibilities in the

radical
H H H H
I I I
0 - f - CHp- H=-C = CH, H ? = CH, H - f = CHp
H H H H
which can also occur in the ion thus
H ;5 H ?
H=-C -t H-C = CH H+c|:=CH2 H - C = CHp
¢ ! ! i

but cannot in the covalent state, These considerations were extended by
Baughan Evans and Polanyi to longer hydrocarbon radicals.

They explain the decreases in bond energy in the sequence methyl -
tert-Butyl as a balance of the two opposing factors (E, and Ez) the
increasing radical resonance which tends to weaken the bond and the
increasing interation of the ionic and covalent states.which tends to

strengthen the bond.
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Phenyl Halide

This is a similar case to that of allyl halide since the covalent mole-

cule can resonate between the five structures

S e e TN

whereas the radical can only resonate between the structures:-

Benzyl Halide

In this case the bond energy is found to be much reduced as might be

expected from the radical resonance possibilities of
e : —chy >
oo oo w el Ol

whilst the ion can resonate between three possible structures and the covalent
molecule only between the two Kekule forms.

Acetyl and Halide Substituted llethyl Halides

The case of Acetyl halide at first appears anomalous since the covalent

molecule can resonate between the two structures

0
CH = C, and CH «C
I b

and there should be strengthening of the bond. Polanyi explains the observed

7/

weakening (Table I) by regarding the resonance effect as offset by the with-

drawal of electrons from the bond by the electronegative oxygen atom, This
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is supported by the observed weakening in the case of the di-chloro, di-bromo
and di-iodo methyl iodide though one would expect the chlorine substitution
to cause a greater reduction in bond energy than the iodine. However, the data
is not of sufficient accuracy for great emphasis to be laid on such small
variations and only general trends can be considered.

Walsht&in his considerations, has regarded the polarity of the bond as
proportional to the ionization potential of the non-bonding electrons in the
molecule; where bond energy data is not available he considers variations in

bond length to correspond to changes in bond energies. The relationship he

derives can be best shown in the case of carbonyl compounds,

Molecule T oy Cc=0 C=0 %
volts Bond Length Bond Energy Polarity
A kals

co 14.55 1.128 211 1
COp 13.73 1415 ~202 9
cos ~12 1.16 ~199 134

Glyoxal ~11.4 1.20 ~186 29
CHO 10483 1.21 ~190 35

CH zCHO 10.18 1.22 ~18) L2
C20 ~11.4 1.20

He regards the changes in polarity to be caused by change in the electro-
negativity of the other atoms or groups attached to the carbon atom. In the
case of the halides the data is not sufficiently extensive for any definite
conclusions to be drawn, though Price and Stevenson and Hipple.%ave found a

decrease in ionization potential down the series methyl, ethyl, i-propyl to
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t=butyl chloride which agrees with the decrease in bond energies found by
Butler and Polanyi.

Previous Determinations of the C=I Bond in Methyl Iodide

68
One of the first estimates was made by Ogg and Polanyi who, from a

consideration of the heats of ionization of, and negative ion substitution
in alkyl halides obtained a value of 44 kals. Oggf%crived a value of 43 kals
from the heat of reaction of methyl iodide with hydrogen iodide,
Iredalzogbtained the two values of 50 k.cals and 54 k.cals from the
absorption spectrum in the liquid and gas phase respectively but as has been
mentioned, Porret and Goodevg'have shown that an accurate value cannot be

found in this waye
2

Skinner, from thermochemical considerations incorporating a value of
102 kals for the C-H bond, derived values of 55.0 kals and later 54.8 kals.
Several estimates of the energy have been made by consideration of data
on other C-I bonds and the observed effect of structure; thus Butler and
Polanyiléstimate a value of 54 kals from their other pyrolytic data. Iredalzo
considers it likely that the CH; radical can be regarded as similar to that
of the fluorine atom, and so reaches a value of approximately 52 kals from
the following data
Bond I-I I-Br I-Cl I-CH3
D k,cals 36 46 50 (52)
which he finds to be in agreement with his value of 52 k.cals derived from

72
the data on Raman spectra of Dadien and Koklrausch.
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The Present Investigation

- 8
The work of Butler and Polanyi on the pyrolysis of organic iodides

contained only a very cursory investigation of methyl iodide; their data
consists of five experiments, all at the same temperature from which they
concluded that reproducible results were not given., As a preliminary to
more detailed work on the decomposition of the halides the experimental
arrangements of Butler and Polanyi were subjected to a critical investiga-
tion by MoorZ? The modifications suggested by his work were embodied in
an apparatus used by Szwarg‘fbr benzyl iodide and by Gowenlocﬁsfor ethyl
iodide and produced an increase in reproducibility.

The essential alterations were the maintenance of more constant flow
rates, modification of the furnace design to obtain temperature uniformity,
improved measurement of temperature and provision of sampling systems for
triplicate analyses on each experiment.

All these improvements have been applied in the work described below
together with experimental arrangements devised to suit the problems arising
during the investigation.,

Butler and Polanyi assumed the rate determining step of the pyrolytic
decomposition of the iodides to be the breaking of the R-I bond., The
results in the particular case of benzyl iodide do not support this
hypothesis. The kinetic date obtained by Szwarc can be interpreted on the

basis of the following reaction scheme:-
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CHCHI S5 CglglHp- + I (1)
I+ T ¢ M S (2)
20gHcCHy=  —  CgHgCHy=CHoCgHs (3)

The rate determining step in the reaction sequence is reaction (3) and
the extent of dissociation of benzyl iodide is progressively decreased as
reaction proceeded due to the accwrulation of iodine, some of which is in
the atomic form (reaction (2)) and therefore has to be allowed for in the
equilibrium (1). In this case the energy of activation is related to the
heats of the reactions (1) and (2) in a simple wey but the complexity
revealed indicates the need to consider the influence of reactions following
the primary break.

Gowenlock's work on ethyl iodide showed that the reaction is not of the
first order and that the reaction scheme is probably more complicated but he
had insufficient data tc select the predominant reactions from a number of
possibilities.

The present study of methyl iodide is an extension of work sterted at
Sheffield Universit;£6n'this compound which showed that the reaction is not
| of the first order. Various aspects of this earlier work will be considered
in the appropriate sections below.

Anparatus and Experimental Technique

The apparatus (Fig.2) consisted of:-
1« A circulating system containing a circulating pump, mercury traps, a
reaction vessel heated by an electric furnace, 3 sets of traps for ccllecting

the products of the decomposition and cepillaries for measuring the rate of
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flow, The flow of gas could be directed through a saturator to pick up
velatile liquids.or solids.

2, A device for introducing the halide.

3. A veacuum line and storage bulks for the carrier gases,

The Reaction Vessels

The reaction vessel in Fig.d R.V. was made of silica and had a
centrally placed thermocouple tube T.H. The diaﬁeter of the heated portion
wes 2.8 cms, the length was 60 cms and the volume 275 cecs. In later work
at lower temperatures a pyrex vessel wes used which had a diameter of 4.5 cms.
end a volume of 385 ccs. In this case the thermocouple tube and exit end of
the furnace could be removed by means of a ground glass joint so that tubes
of known dimensions could be put in the reaction wvessel to change the ratio
of surface to wvclume by an accurately known amount.

The Furnace and Temperature Control and lieasurement

The furnace consisted of a wrought iron tube, insulated with asbestos
and alundum and wound with nichrome tape. The winding was closer at each
end and there were also tappings along the winding so that by altering the
voltage across the various portions of the tube a constant temperature,

F 3°C could be obtained along it. The tube was encased in an asbestos fibre
casing and the ends plugged with asbestcs. The temperature of the furnace
was maintained constant to ¥ 2°C by manuval control of a rheostet, as mains'
voltage variations were removed by a constant voltage transfcrmer this

proved satisfactory.
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The temperature of the reaction vessel was measured by a Chromel Alumel
thermocouple which was calibrated at various standard temperatures and the
values for the electromotive force were plotted against the temperatures,
see Table, The temperature of the reaction vessel for any particular E.M.F.

was then reed directly off the graph.

TABLE
Temperature °C E.M. P, in millivclts

Ice 0 0

M.p. Tin 234.9 9.25

M,p. Lead 327 13431

M.p. Zino 119 17.175

M.pe Antimony 63045 26,15

Mepe Silver 960.5 39.76

The Circulation Pump

A mercury vapour pump (V.P.) was used to circulate the carrier gas.
This pump was heated by a Woods metal bath which could be maintained at a
constant temperature ¥ 1°C by means of a Sunvic energy regulator. Moore
found that there was a definite temperature, dependent on the pressure, at
which the pump gave optimum performance, In the case of the pump used here
it was found that provided a certain minimum temperature was reached the
pumping speed remained constant over some 20°C,

For later high pressure, 600 mms, experiments a different pump was used.
At first a pulsating rubber diasphragm type of pump was used, but it was very

difficult to ensure that this was completely airtight. Later a pump was made
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out of four Drayton bellows, Fig. 7. The bellows were actuated by shafts
attached to the inside of the head of the bellows and bearing against an
eccentrically mounted ball race at the other end. The bellows moved up and
down inside steel tubes and steel ball bearings on brass seats were used as
valves, The whole system was made vacuun tight and could be made to pump up
to 3 litres a minute depending on the extent of the throw of the bellows. A
small magnet was used to 1lift the ball bearings in the valves during evacua-
tion.

The carrier gas after leaving the pump passed through a trap T3 immersed
in liquid air and then through trap TA’ which was heated at the top to 300°C
and cooled below in liquid air, to ensure the complete removal of all mercury
vapour, The stream then éassed through a jet to prevent back diffusion to
the reaction vessel, the traps E and F for collecting the products and then
through one of the capillaries K4 K, or Kh'

Collection of the Products

The traps were arranged in a triple system so that three runs could be °
done consecutively without opening up the apparatus to the air. The delivery
tube from the reaction vessel divided into three paths one of which is shown
in Piged « The gas first passed through the all glass valve, V, consisting
of a plunger with a piece of soft iron piceined inside it. The plunger
could be raised or lowered into the ground glass joint by switching the current
in the solencid S on or off. The gas passed down the double walled tube, on
the inner wall of which nichrome tape had been wound and which could be heated
to prevent the products condensing on it., The gas then passed through trap E,

tap 9 and trap I and tap 11 and was then joined by the other two parallel paths.
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This part could be evacuated separately through tep 10. In the case of
experiments with no carrier gas all the products were frozen out in trap E
in liquid air so that first the iodine and then the methyl iodide could be
titrated.

In the high pressure experiments it wes found necessary to have both
traps in liquid air to obtain complete removal of the products, it was also
necessary to insert a tube wound with glass wool in a spiral, see Fig. 7
into trap F to ensure removal of all the products.

The Circulation Capillaries Ky Ko and Kﬁ

These were also in a parallel system so that any one of the three may be
used, thus enabling a change in flow rate to be easily effected. Frem
2 2
Poiseuilles formula the rate of flow of a gas in moles per sec rrk (P4% - Pp%)

16 ILNRT
r = radius of the capillary in cms, determined by measuring the length

and weight of a thread of mercury.

n = the viscosity of the gas in Poises. L = length of capillary (cms).
T = Absclute temperature and R = the gas constanf. P, and P, are the
pressures on either side of the capillary in dynes/cmz, and are determined
from the double licLeod gauge readings.

Other work has shown that Poiseuille's formula is not always accurate
for short capillaries, due probebly to the end eff'ect, the capillaries used
were calibrated experimentally by determining the time taken flor a known
volume of air to pass through at a measured pressure. The difference between
the calibrated rate of' flow and that calculated from Poiseuille's formula

was found to be negligible. The results obtained are shown aphically in
(&) [}
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Fig 3« The figures by the points correspond to the average pressure in
mns. at which the calibration was made.

Pressure Determination

The average pressure in the reaction vessel was also determined from
the double licLeod gauge readings. When there was no carrier gas the pressure
could not be read on the lcLeod gauge since.the methyl iodide wvapour would
condense and a spiral Bourdon gauge was used instead. One side of the gaﬁge
was connected to the reaction vessel and the other side to the vacuum line
and to one.of the double licLeod gauges. In order to amplify the deflection
of the mirror on the end of the glass spiral, the reflection of an ordinary
galvanometer lamp was allowed to fall on to a photocell which had been divided
down the centre of its sensitive face. When the spot of light moved to one
side a current passed from one half to the other and ocould be measured with a
galvanometer, To measure the pressure in the reaction vessel the pressure in
the outside of the spiral was adjusted until there was no deflection of the
galvanometer and then read on the licLeod gauge. By this means a sensitivity
of 5 cas, galvenometer deflection for 1 mm pressure difference was obtained.
The Bourdon gauge was used to measure the pressure in the high pressure
experiments as well, though in this case the equalizing pressure was read on
a mancmeter.

Halide Introduction

The halide was contained in A. The rate of efflux of the halide was
controlled by the needle valve N.V. and was measured by the drop in pressure

across the capillary K. The fore pressure was read directly off the
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manometer and the back pressure taken as the average pressure in the reaction
vessel,

Tap 16 is a two way tap so that eithcr the pressure immediately after
the capillaries could be read or the pressure between traps 3 and 4. The
average pressure was taken as that at the exit of the furnace plus one third
of the difference between this and the pressure between traps 3 and 4. One
third was taken rather than a half to allow for the fact that the major part
of the pressure drop was found to be jet before the furnace,

The value of the capillary constant was determined experimentally by
doing runs with the furnace ccld and weighing the amount of halide that came
over for different values of the pressure drop across the capillaries. In
the case of a fine straight capillary a straight line relationship between
the constant and pressure difference was obtained (Fige. 4). With a coiled
capillary the relationship between the constant and the pressure drop was
of the form shown in Fig, 5.

In the case of experiments performed without a carrier gas the arrange-
ment shown diagrammatically in Fig. 6 was used. The rate of flow of the
halide was controlled by closely fitting rods which could be moved along the
tube by means of solenoids, and held in position against the gas flow by the
same means, The amount of halide flowing through was determined by titration
at the end of the experiment,

In the high pressure experiments the halide was put in the saturator S
which was kept at 0°C. In order to obtain a partial pressure of approximately

1 ma, (vapour pressure of Mel at 0°C = 140 mms,) the carrier gas flow was
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divided and the proportion passing over the halide controlled by capillaries
(see Fige. 7). The partial pressure could be altered by changing these
capillaries. The amount of halide passing was again determined by titration.

The Vacuum Line

The apparatus was evacuated by means of a mercury diffusion pump backed
by a two-stage rotary oil pump. The pressure of the whole apparatus can be
read on the single lclLeod gauge. A pressure of 1075 - 1076 cnms. Hg was
obtainable,

The Carrier Gases

Nitrogen from a cylinder was purified by passage over sodium at approxi-
mately 300°C and through a trep at -180°C and was stored in three 3 litre
bulbs.

Nitric oxide, used in conjuncticn with nitrogen in the high pressure
experiments, was made by the action of 50% sulphuric acid on a solution of
equimolecular proportions of potassium iodide and sodium nitrite. The gas
was passed over concentrated sulphuric acid, soda lime, concentrated potassium
hydrcxide, calcium chloride and phosphorus pentoxide into an evacuated bulb.
The gas was then further purified by freezing it in liquid air and pumping
off any non-condensible gas, and then distilling it back to the flask at
-80°C to remove any nitrogen peroxide.

Purification of Substances

The methyl iodide was a product of British Drug Houses Ltd. It was
dried and fractionated thrcugh a long column, the fraction boiling between

42.3 - 42,6°C was collected,
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The toluene used in later experiments was dried and fractionally
distilled, the fraction boiling between 109° =110°C was collected. The
results obtained with toluene purified in this manner were irreproducible,
the work of Szwaré“%n the pyrolysis of toluene has shown that certain of the
impurities of toluene can only be removed by a partial pyrolysis of the
toluene. A simple apparatus embodying the basic features of Szwarc's apparatus
was set up (Fig. 8). After evacuation of the apparatus and outgassing the
toluene three times, the toluene was allowed to reach room temperature when
it distilled over into trap 1 which was immersed in liquid air the methane
and hydrogen formed were pumped off contimiously. The capillary at the exit
of the furnace was of such a size that the toluené distilled over with a
contact time of approximately 0.2 secs The furnace was a silica tube heated
by an iron tube wound with nichrome in a similar fashion to the main furnace.
The furnace was maintained at 84,5°-855°C and the temperature was measured by
a chromel alumel thermoccuple placed in the furnace alongside the silica tube.
Under such conditions Szwarc found that it was necessary to pyrolyse the
toluene twice before consistent results were obtained, so the toluene was
passed through the furnace twice and then fractionally distilled over sodium.
Toluene prepared in this manner gave reproducible results when it was added
to the carrier gas.

Estimation of lMethane

The methane was estimated by combustion in the apparatus shown in Fig. 9.
After a run all the gas, both nitrogen and methane, was extracted from the

circulation system by means of the circulation pump and the Topler pump into
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the combustion apparatus. Approximately three times as much oxygen as methane
was admitted to the system and the resultant mixture was circulated over
copper oxide at 300°-350°C by means of a smell piston and valve with a soft
iron core which was operated by an intermittently energised solenoid. When
combusticn of the methane was considered to be complete liguid air was put on
the U=tube and the carbon dioxide formed during the combustion frozen out.

The remaining nitrogen and oxygen were pumped out of the U=-tube by means of
the Topler pump. The amount of COp was then measured by allowing it to
evaporate into a known voluse and measuring the pressure rise., The combustion
was repeated until the amount of COp became constent.

Estimation of Carbon formed on the Walls of the Reaction Vessel

The carbon formed on the walls of the reaction vessel wes estimated by
combustion, About 15 mms. of oxygen was admitted to the circulation system,
after it had been evacuated of nitrogen and methane, and allowed tc circulate
through the ﬁmnéce which was maintained at 700°-750°C. The carbon dioxide
formed was frozen out in trap F immersed in liquid air. When combustion was
thought to be complete the taps 9 and 11 were shut and the trap F evacuated,
the carbon dioxide was then distilled into a tube of known vclume and the
amount formed was measured by determining the pressure rise when it evaporated
into the known volume, As before the combustion was repeated until the amount
of carbon dioxide was ccnstant.

Description of an Experiment

Before an experiment the apparatus was subjected to a hard vacuum for

one to two hours with the furnace hot and liquid air on traps T4 To T3 and
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Th' The helide was outgassed by freezing it in liquid air in A and pumping
out through tap 8, tap 8 was then closed and the halide allowed to warm up
whereupon the air dissolved in the halide bubbled out. Thé halide was then
refrozen and pumped out, this was repeated three or four times after which
all the air had come out of solution., The halide was then allowed to warm
up and A was immersed in ice and water,

In the high pressure experiments the halide and in some cases toluene
were in the saturator S.A. and this was outgassed in a similar manner.

When a pressure of 10~2 cms. Hg had been obtained taps 1 and 10 were
closed and the carrier gas was admitted to the desired pressure, this pressure
was read accurately on one of the licLeod gaugés. The Wood's metal bath was
then put round the circulating pump and brought to an appropriate temperature.
When the gas flow was steady, as indicated by the readings on the double
licLeod gauge, liquid air was put on traps F and solid COa/acetone baths on
traps E which had their heaters switched on. Two of the glass plungers were
lowered into their seats so that all the gas stream passed through one trap E.

Taps 7 and 8 were now opened and the needle valve N.V. quickly adjusted
so that the desired fore pressure was obtained. The time was noted. Readings
of the double licLeod gauge with tap 16 turned both ways were taken at frequent
intervals, the temperature of the reaction vessel was maintained constant

(within 7 1°C) by adjustment of a rheostat and the fore pressure as read on
the manometer M was also kept constant by use of the needle valve., The

iodine formed in the reaction was condensed in trap E and the methyl iodide,
toluene and hydrogen iodide and any other products formed were collected in

trap ¥, Due to the formation of methane the pressure rose during a run and
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formed a useful criterion of the amount of iodine formed., When sufficient
iodine for estimation had been formed the next plunger was raised and the
first one lowered, a second run thus being started the time being noted. At
the end of the third run taps 7 and 8 were closed and the gas allowed to
circulate for a few minutes, then the Wood's metal bath was removed from the
pumnp end taps 9 and 11 closed.

The traps F and G were then evacuated and any hydrogen iodide, or in the
high pressure experiments any methyl iodide and iodine that may have been
carried over into trap ¥, distilled into trap G from which they could be
weshed out for titration.

Air was let into the rest of the apparatus, the three E traps were
removed in turn and the iodine in them washed out with methyl alcohol. This
was titrated against 0,01 N sodium thiosulphate, and the end point was
determined potentiometrically. 10 millivolts were put across platinum elec-
trodes and when all the iodine has reacted no current passed as measured on
a galvanometer, The normality of the thiosulphate was determined by titration
against standerd potassium iodate with excess potassium iodide and hydro=-
chloric acid.

In the later experiments without a carrier gas and at very much higher
pressures the methyl iodide passed during a run was also titrated since the
amount passed could not be calculated, The methyl iodide, dissolved in methyl
alcohol, was oxidised by bromine in the presence of water and sodium acetate
to give the iodate, which, after removal of the excess bromine by formic acid
was titrated against sodium thiosulphate using excess potassium iodide and

15
mineral acid. (Pregl).

\
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CHBI + Br2 - CH BBI‘ + IBr

IBr . ¢« W0 + 2Bry 3 HIO; + SHBr

Calculation from the Results

Butler and Polanyi in the case of the other helides considered that the
formation of iodine followed an approximete first order law, the first order

constants for the rate of production of iodine being calculated from the

expression
Rl a -1
Kl = % loge ;— o Sec
when t = contact time = wvolume of the reaction

rate of flow of gas in ccs/sec

' 275 x P x 273
Circulation rate in moles/sec x 22400 x T x 760

where P was the average pressure in mm, Hgfthe absolute temperature in the
reaction vessel and 275 ccs the wvolume of the reaction vessel.

a = the total amount of halide passed was found by multiplying the time
of the experiment by the helide rate of flow. This latter wa.s given by
[Helide capillary constant x (Halide fore pressure? - Average pressure?)].

The partial pressure of the halide was given by

Rate of flow of Halide
Circulation Rate

X average pressure:l

x = the gram atoms of iodine formed and is determined from the titrations.

The percentage decomposition was calculated directly from a and x.

The activation energy of the reaction was obtained directly from the
slope of the graph of 10310 kq against%- or from the expression

kl = g'. e -Q/RT
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where Al was 1017,

Experimental Results

The work at Sheffield showed that the decomposition of methyl iodide did
not follow the first order law exactly, but that the reaction was more nearly
first order than any other, The present experiments were undertaken to try
and elucidate the features shown préviously and find conditions under which
the reaction did obey the first order law.

After the apparatus had been reassembled several experiments were
carried out to find whether the results were consistent with those obtained
at Sheffield. In every case the value of the reaction velocity k1 ;as found
to be approximately 107 higher than at Sheffield. The variations in ky due to
alteration in the partial pressure, contact time and average pressure remained
as before. Also the plot of log ky against 1/T°A gave the same slope as
previously although the intercept was slightly different. (See Fig. 10 and
Table III).

TABLE III
Expt: Temp. Partial Contact % Xq

No. °c Pressure Time Secs Decomposition

mims -

Sheffield

172 593 .21 1.02 2.1 .020
171 593 23 0.95 1.9 .021
168 681 21 0.83 2. 33
169 686 .19 0.80 27.9 o4
163 663 12 0.85 13.4 17
138 626 «20 0.86 5.7 «067
137 606 25 1.02 2.9 .029
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St. Andrews

1 641 31 1.11 19.3 «19
2 641 27 97 1542 17
L 638 23 «93 13.0 «15
5 638 22 .87 10.6 13
(7 613 o 21 .87 4.6 <054
12 630 022 .96 3047 o6
13 680 o19 «86 3604 «52
18 616 «27 «97 18.1 «20
19 616 «25 «99 171 21
8 578 «21 1.06 2,2 .021
9 578 37 1.03 2.6 .026
10 578 «83 0.96 345 037

Before any mechanism for the reaction could be considered a greater
knowledge of the products formed and their relative quantities was necessary.
The work at Sheffield had shown that methane was formed, the ratio to iodine
being approximately O.7. No other product had been found either in the
iodine or hydrogen iodide traps. However, when the furnace was packed with
silica wool the reaction was found to be partly heterogeneous and the percen-
tage decomposition rose to 50f%. Under these conditions a considerable emount
of carbon was deposited on the surface of the reaction vessel, in the earlier
experiments the amount of carbon would have been of the order of 10~3-10"%
gram-molecules and was probably burnt away when air was admitted to the

furnace prior to titration.



b

The technique described above was used to determine the amounts of

carbon and methane, the results obtained were as follows:-

TABLE IV
llethane
Partial 4 CH,, in I in CHA
Pressure Decomposition Gm-loles Gm=-Atoms /I
x 10 x 107+
ol|-5 o 030 17 803 1107 073
01}-5 = 036 17 7tll~ 1002 073
007 3w 006 10 L|~o9 6.8 .72
007 - 006 10 5.2 7.1 .72
Carbon
Partial y C in I in c
Pressure Decomposition Gm=loles Gm-Atoms /&
x 10~k x 10=4
o4 15 10.9 37 25
04 15 10.0 Y ho 026
ok 15 4.3 16.3 .25
ok 15 4.9 18.6 26

Packed Furnace

Carbon in Methane in Iodine in Hydrogen Iodide

Gm=loles Gm-licles Gm-Atoms in Gm-lMoles - A T 5 T
x 10~k x 1074 x 10=% x 1074
1'32 z‘-.ll- 5.6 S :B.Z
1036 1{-036 5.6 1 : 1 : 301
147 3,68 L.55 5 o9 3% 2 501
2.16 johg 8.0 085 096 $0e 3.02

Thus we see that the products are the same whether the furnace is packed
or not.

The overall reaction is evidently

JCH;I » 4T + 3CH + O (1)
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If the primary break is taken as:-

CHsI = Oz~ + X (2)

then the methyl radicals must either react with themselves or with the
parent methyl iodide to give methene:-
~CH + CHg- =+  OH +  =CHp- (3)

or - GHyI + OCHy= =~ =GHI '+ O (&)

Bawg7has done a ccnsiderable amount of work on the reactions of methyl
radicals using a sodiun flame technigue using en excess of sodium and
considers the-energy for reaction (4) to be too high to make it an important
factor, 3

Surface Effects

Since the carbon was invariably found on the hot zone a closer examina-
tion of the surface effect was deemed necessary, moreover if the reaction is
partly heterogeneous then the overall activaticn energy has little meaning
unless the heats of adsorption and desorption are knovm.

The effect of surface was studied by packing the furnace with silica
woole The diameter and length of several strands of silica wool was
measured and from their weight an average value for the surface per gram of
silica wool was determined and used to celculate the surface increase for

the addition of a known amount of wool.
The following results were obtained at 592°C :- (See Fig. 11).
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TABLE V
Expt: S -1 Partial Contact %z

§§, /V e Pressure mas Time sec. Decomposition fi

23 2.2 «30 1.0 6e7 .07
2l 242 «29 «95 5.7 .06
25 2.2 27 «90 b4e3 «05
35 1201 034 1.2 12.7 3 012
36 12.1 « 30 1.0 16.0 «16
37 12.1 33 1e1 10.0 «10
38 1241 «30 1.1 1445 o4
L2 25 35 11 7.2 «07
14.3 25 032 098 18.1 018
Ll 25 «29 91 23,6 «30
L7 25 « 30 1.C 19.2 21
48 25 «28 95 23.1 28
49 25 27 «90 23.8 «3