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2EL
A considerable amount of work has been published on the thermal 

and photochemical decomposition of organic iodides# These 

substances are, indeed, attractive as subjects for kinetic 

investigations because the carbon bonds are weak and preferential 

fission of these links is a possible initiating step in the overall 

process of decomposition#

Benzyl iodide is a particularly suitable substance for study

in this respect since not only is its carbon iodine bond weak but

the benzyl radical is an entity of moderate stability# When

radicals of marked reactivity are produced, a kinetic analysis can

be complicated by the number of possible secondary reactions which

oan take plfce# However in spite of its apparently obvious 
(1)

advantages, only one previous study ' of the gas phase thermal 

decomposition of benzyl iodide haw been made and details were not 

published in the literature. The work was done by Szwarc who used

a flow system with low pressures and short contact times, after the
(2)

manner of previous studies of iodide pyrolyses by Butler and Polanyi • 

Szwarc found that the reaction was not first order and suggested, from

his data, that the fission process Bzl------ > Bz- + I was followed to

some extent by the reverse recombination process# Experimentally, 

Szwarc was unable to test this by adding iodine to the decomposing 

benzyl iodide since his reactant injection techniques were not 

sufficiently controllable#

One of the first objectives of the present work was to establish 

accurately the kinetic laws under similar conditions by the use of
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refined techniques. In the following pages, this work Is reported 

together with studies of several variations of experimental 

conditions. The general aim of these variations was to obtain data 

from which a value of the carbon-iodine bond dissociation energy 

might be obtained. This quantity is of interest as part of the 

growing knowledge of bond energy values and also because its 

evaluation permits the heat of formation of the bensyl radical to be 

deduced. At present, this Is a topio about which there Is much 

dispute and independent methods of obtaining it are very important.

Before describing In detail the experimental procedures and 

results, a survey is given of topics in the literature which are 

relevant to the discussion of the thermal decomposition of benzyl 

iodide.

THE DECOMPOSITION OF ORGANIC IODIDES

Since carbon-iodine bonds. In general, are much weaker than

carbon-carbon bonds and, as a result, might be expected to favour 

single bond rupture, the organic iodides have proved Interesting

subjects for bond strength Investigations. The usual products of

the decomposition of an iodide of the general formula

R*GH2»GH2«I arc R*CH * CH2, R*CH2»CH^, R*CH2*CH2*CH2*CH2*R, I2 and HI.

Although It is not possible to determine the mechanism of an iodide's 

decomposition merely by identifying the end products, the mechanism 

oan often be inferred from a detailed kinetio analysis.

The mechanisms by which iodides decompose and many of the 
experimental results In the literature have been collated by Steacii^ .
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A brief review of some of the reactions involved, with particular 

reference to the oase of benzyl iodide, is given below.

Initiation Reactions

There appear to be two possible primary steps in the 

decompositions, either the rupture of the carbon-iodine bond to give 

an organic free radical and a free iodine atom or the

disproportionation of the iodide to give an unsaturated hydrocarbon 

and hydrogen iodide. Mary iodides, such as methyl, trlfluoromettyl, 

phei\yl» find bensyl cannot decompose to give an olefine while others, 

such as tertiary butyl iodide, are considered to decompose entirely to 

the olefine and hydrogen iodide.

(a) The occurrence of reactions of the type RI —> R ♦ I
(2 3)Early work by Polazyi et al * ' attempted to

produce values for the carbon-iodine bond strengths in 

a series of organic iodides. Their primary objective 

was the review of a large number of compounds with the 

intention of determining trends in the bond strengths in 

order to correlate them with molecular structures.

Polanyi assumed extensively that by using a fast flow 

system with low partial pressures and low percentage 

conversions he could obtain kinetic data free from 

secondary disturbances, and therefore made the assumption 

that the rate determining step was the split of the 

carbon-iodine bond and that the energies of aotivation 

obtained were equivalent to the bond energies. If his
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assumptions are correct then the energies of

activation so obtained do give the relation of bond

dissociation energy to molecular structure. On the

whole, the answers he obtained seem reasonable, e.g.

a variation from 54 K cal for methyl iodide to

44 K cal for benzyl iodide. However, later data,

also obtained by fast flow techniques, show that,

in many cases, the decomposition kinetics are much
(1)more complicated than Polanyi assumed. Szwarc , 

investigating the pyrolysis of benzyl iodide, 

showed that true first order kinetics were not

obtained. The occurrence of a strong reverse 

reaction was postulated by Szwarc, who put forward

the mechanism

Bzl -—> Bz* + I (1)

M + I + I —> I2 ♦ M (2)

2 Bz* ——> Bz - Ba (3)

to account for his results. Calculations on this 

basis lead to a tentative value of 59 X oal/aol. 

for the energy of activation of the decomposition 

reaction. No exp or iment al evidence of the

postulated
,(5)

reaction was presented by Szwarc,
(6)Horrex and Lapage' and Cundall and Horrex ' have

used the fast flow technique extensively to study 

the decomposition of methyl iodide. Experiments
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were carried out at both high and low pressures,

with toluene being used to ellsiin&te the reverse

reaction* Both Lapage and Cuncial 1 presented

evidence for first to second order transitions,

the decomposition being apparently first order in

the region of 600 am. pressure. They showed that,

under first order co ditions, the rate constant for

the decomposition was given by k = 2,6 x 10^
, 54,700

x e RT . Using both toluene and hydrogen 
(7)iodide as radical acceptors, Downs and Horrex , 

in a study of the decomposition of trifluoromethyl 

iodide, found that the initial split into a 

trifluoromethyl radical and an iodine atom had 

an energy of activation of 52*5 K oal/mol.

In addition to the flow technique data,

quoted above, a substantial amount of work has

been done using static systems. These involve
(2)the type of conditions which Polanyi et al 1 

attempted to avoid, i.e. opportunities for 

reactions of the type R* + Ig —> Kt + I etc. as 

the iodine concentration increases. In particular, 

Ogg has investigated the decomposition of many 

iodides, both alone and in the presence of HI in 

static systems. Amongst those investigated by 
Ogg, methyl^) * etlylene^, n-propyV1°\
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(44) (12}iso-propyl? ' and seo-butyl ' iodides were ail 

assumed to include a simple rupture of the carbon- 

iodine bond as a contributing reaction# In 

general, Ogg concluded that the carbon iodine 

bond strength varied little from one compound to 

another and usually had a value of about 43 K cal/ 

mol. This conclusion seems exceedingly unlikely 

in view of the known differences in reactivity of

the various iodides and therefore some doubt must 

be cast on Ogg’s mechanisms. As an example of 

the type of mechanism, proposed by Ogg, that for
(8)methyl iodide , in the presence of hydrogen

iodide, may be considered. For this system,

proposed

CHjI -> CHj ♦ I (4)

HI + CHjI —-> ch4 + I (5)

CH3+HI ai4 * 1 (6)

ch3 ♦ I2 —-> CH3I + I (7)

2 1+11 —> Ig 4- M (2)

Ogg deduced that (4) was first order at pressures 
12in excess of 50 ®m. &nd quoted k as 3*9 x 10 

43,000
x e~ RT sec.”' Because of the results 

obtained in the present investigation and also 

those of Downs and Horrex(?) on the decomposition 

of trifluoromethyl iodide, in neither of which any
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bimolecular reaction similar to (5) was observed,

it seems unlikely that the observed dependence of

the irate on the hydrogen iodide concentration is

attributable to such a step. A probable

explanation is that in the absence of a large

excess of hydrogen iodide, reaction (6) does not

entirely preclude the reverse reaction (7)*

Almost precisely this interpretation has recently 
(13)

been put on Ogg’s results by Benson and O’Neal •

(b) The occurrence of reactions of the type

The most clearly established example of 

this type of reaction is the decomposition of 

t-butyl iodide into iso-butylene and hydrogen 

iodide. In a case, such as this, the only 

likely subsequent reaction is the addition of 

hydrogen iodide to the olefine to reform the 
parent iodide. According to Jones and Ogg^^, 

thia reverse reaction does take place with 

t-butyl iodide and an equilibrium is set up.

Subsequent, reactions

When the primary step is a split into a radical R and an 

iodine atom there are several possible subsequent reactions. 

These may be summarised as follows

_______
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(a) an iodine atom may react with the parent 

molecule to give a free radical and an

iodine molecule

(b) the radicals may dlmerise or disproportionate 

into an olefine and a paraffin

(e) the radical may react with iodine atoms 

of molecules to reform the parent iodide

(d) the radical may attack the parent iodide

according to either R ♦ RI ---- > R-R * I

or R + RI-----> R-H + R^ where R^ contains

an iodine atom and may take part in 

subsequent reactions

(e) an iodine atom may react with a free radical 

to give an olefine and hydrogen iodide

(f) the organic radical can decompose into an .

olefine and a hydrogen atom which may 

subsequently attack the parent iodide

(g) iodine atoms will take part in the normal 

equilibrium I ♦ I *—> I2

Only a limited number of these reaction types is likely in the 

case of bensyl iodide since disproportionation reactions of the 

bensyl radical are unknown♦ There is, however, a great deal of

evidence for the occurrence of reactions of the types (a), (b),
(c) and (g) which are all likely to occur during the decomposition
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of bensyl iodide* A review of some of this evidence will be 

given here*

(i) Occurrence of reactions of the type I 4 RI---- > R + I2

The decomposition of several iodides has

been found to be at least partially an iodine catalysed 

reaction, the rate being given by an expression such as

d (HI) ±
* ------- * k (KI)(I2)^

dt
(10) (11)N-propyl ' and iso-butyl iodides were found by 

Ogg to obey such an expression* Ogg put forward 

the following reaction sequence to account for this

result*

C3H7I -—> C^Hy 4 I

CjH7 4 C^H^I -> CjHs CjHgl

CjHgl -—> C^H6 4 I

n—CjjHyl ——♦ n-CjHy + | I2

n—CjHy 4 I2 “—> iso—C^Hj 4 I

isO-C^Hyl -—> i CjHa ♦I CjH6 + | i2

2 1 + M -—> x2 + M
(15)However, Schumacher ' has criticised Ogg’s mechanism 

and suggested that the reaction

n-CjHyl 4 I ----- > iso-CjHy 4 I2 was the cause of

the observed iodine dependence* Schumacher 

proposed the sequence
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W2 —> C^I + I (8)

I2 X + I (?)

Wa *1 -* W ♦ Ig (10)

C^I —* C2H4 + I (11)

CgH,,! + Ig —» Cjftjz ♦1 (12)

k12
Provided that k11 (ig) compared with unity >

this sequence gives Arnold and Kistiakowslsy’ s 

experimental rate equation*

This type of iodine atom reaction with the 

parent molecule has also been found in the thermal 

and photochemical iodine exchange reaction of the 

allyl and bensyl iodides* Noyes and his 

collaborators in a series of papers reported the 
exchange of radioactive iodine with ethylene^1?* 

sec-butyl allyl^* and bensyl iodides^) e

In the case of bensyl iodide, the reaction between

the iodide and radioactive iodine was studied in

solution in hexaohlorobut-1:3-diene at temperatures

between 60 and 90°C. The exchange of the

isotoplcally labelled iodine was found to obey an
expression of the form R « k(Bsl) (l2)^. Gasith 

(23)and Noyes suggested that the mechanism was:-

Bsl — Bs + I (S1)

X2--> I ♦ I (S2)
I + Bsl — Bs 4- 12 (S3)
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Bs + I2 —> Bsl ♦ I (34)

I ♦ I —> I2 (55)

Bs + I —> Bsl (86)

Bs * Bs —> Bs -Bs (87)

and evaluated all seven of the rate constants at 

36°C. They deduced that the carbon-iodine bond in 

bensyl iodide is 1*9 K cal/mol. stronger than the 

bond in molecular iodine i.e. 37*4 K cal/mol.
The value of kj was quoted as 7*1 x 1<A I. molZ^ 

sec.*^ and as 3.3 x 10^ 1. rnol."^ seo.~\ If 

It is assumed that the energy of activation of 

reaction (S3) is equal to its endoth^rmicity i.e#

1.9 K cal/mol. (this is equivalent to assuming 

that the energy of aotivation of reaction (S4) is 

sero), then the pre-exponential factor may be 

calculated. Such a calculation leads to the

conclusion that the attack of an iodine atom on 

a bensyl iodide molecule has a P (or sterio) factor 
of the order of 10*^ to 10*\

(ii) Occurrence of reactions of the type R + R----- >R-R

Although a great deal of evidence exists

for the occurrence of the simple dimerisation of 

organic free radicals, these reactions are difficult

to study directly. The main difficulty in
evaluating the rate of such a reaction is the lack
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of knowledge of the concentration of the radicals.

For the ease of the dimerisation of methyl

radicals, two methods have been employed to
oircuavent this difficulty. Marcus and Steacie’'24'1 

(25)and Miller and Steaoie have carried out

experiments in which the reaction between methyl

radieals and nitric oxide competes with the

dimerisation reaction. Since the rate of the

reaction CHj + NO —> products had been assessed 
(26^in separate experiments by Foraythx i and later 

(27)by Durham and Steaoie , the rate of

recombination of methyl radicals could be
calculated. G-omer^) GrOmCr and

(29)Kistiakowaky ' investigated the life time of 

methyl radicals in a static system by the 

intermittent irradiation of mercury dimethyl.

Both approaches aowed that the energy of 

activation of recombination was approximately 

sero and Steaoieconcluded that both sets of 

experiments were compatible with & collision 

efficiency of about 0.3.

Similar dimerisation reactions of 
trifluoromethylethyl^\ n-butyl^^) and 

phenylradicals have been described and 

in all of these very low or sero energies of 

activation have been assumed. The combination
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of two benzyl radicals to form dibensyl has

frequently been shown to occur e.g. in the thermal 
(55)decomposition of tin dibenayl and mercury 

(36)dibenzyl 7 the product is dibenayl. Furthermore,

in many of the reactions investigated by the

toluene carrier technique, dibenzyl is formed,

indicating that the recombination of two benzyl

radicals occurs readily. In their examination

of the iodine exchange reaction with benzyl iodide,
(23)Gasith and Noyes z calculated the rate of

oombin&tlon of benzyl radicals as 1.6 x 10^ 1. mol“1 sec.

(iii) Occurrence of reactions of the types 
R + I2 —* RI + I and R + I ---- > RI

The most comprehensive evidence for 

the occurrence of reactions of this type has been 

provided by studies of the photolytic

decomposition of iodides. Investigations of 

the photolysis of methyl iodide by West and 
Ginsberg37) f West and Schlessingerand Bates 

and Spence^* all showed that very low 

quantum yields were obtained, presumably due to 

the efficiency of a recombination reaction.

West and Schles singer considered that the reverse 

reaction wa. CHj + X ---- > CHjI but Bates and Spence



reported that CHj + Ip —> CH3I ♦ I was also 
(kl)important* Williams and Ogg f photolysed

methyl iodide in the presenoe of hydrogen iodide

and tacitly assumed that the reverse reaction

involved a methyl radical and iodine molecule*
(42)Iredale , whose evidence for the existence of

a strong reverse reaction was based on the increase

in the quantum efficiency when nitric oxide was

added to the system, considered both forms of the

reverse reaction to be important. (iredale and 
(u)McCartney demonstrated that the quantum 

efficiency did roach unity when sufficient nitric 

oxide was added)* In an attempt to distinguish 

between the two types of reaction, Anderson and 
Kistiakowsky^^ photolysed methyl iodide in the 

presence of added iodine and hydrogen bromide*

In this system the possible methyl radical removing

reactions were

- 14 •

CIU + I —-> CH5I (13)

CH3 + I2 —-> CH3I + I (7)

+ HBr -—> Qty. + Br (14)

and the disappearance of the radical would be given 

by R = kU(HBr)(CH3) ♦ k,3(083) (i) + k7(CH3)(X2).

From their experimental results, Anderson and 

Kistiakowsky concluded that the reaction of the 
radical with an iodine atom was unimportant* This
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conclusion would not necessarily be valid In 

experiments with methyl iodide alone In which 

no excess of molecular Iodine would exist* In
(30)a similar way to the work on methyl iodide, Dacey ' 

has studied the photochemical decomposition of 

trlfluoromethyl Iodide. Once again low quantum 

efficiencies, wi ioh could be increased by the 

presence of silver of nitric oxide, were obtained. 

Dacey attributed the low yields to the occurrence

of both forms of the reverse reaction.

In a summary of all the published work on the 
decomposition of organic iodides, Steaoie^ has 

stated that the mechanism can usually be represented 

bys*

RI --- > R +1
R + RI --- > KH + R1 (15)

R1 -----> Olefine + H

I + I —> I2

R + I ---- > RI

with R + Ig ---- > RI + I occurring at higher

percentage decompositions. In the case of bensyl 

iodide, however, no reaction akin to reaction (15) 

occurs since neither toluene nor stilbene has been 

observed in the products of its decomposition.

The sterlc hindrance involved in such a reaction 

and the relative stability of the bensyl radical
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way well "be the reasons for the failure of this type 

of reaction to occur* The high efficiency of the 

reverse reaotion may also be a contributing faotor*

21<3%S! ’ V WYKTTi Cf

The bond dissociation energy of all benzyl compounds can be 

related to the heat of formation of a benzyl radical if the 

relevant thermochemical data are known* The equation relating 

the two quantities is

D(Hi«CH2-X) = - AHfCPh-CHg-X) + A Hf (Fh.CHg-) ♦ ZSHf(X) 

In the case of toluene, for example, the heat of formation of 

toluene and of a free gaseous hydrogen atom are well established 

and thus, if the bond dissociation energy is measured, the value of 

the heat of formation of the benzyl radical can be deduced*

A review of the data available to them on the bond strength 

of benzyl-X compounds has recently been given by Benson and Buss^'' 

They tabulate values of the heat of formation of the benzyl radical 

as derived from the various bond strengths and the appropriate 

thermodynamic data* A selection of this data is presented in 

Table 1*

The range of values obtained for the heat of formation of the

radical casts considerable doubt on the values of certain of the

bond strengths quoted and probably on some of the thermodynamic

data used* Therefore a few comments on the methods of

determination of some of the more important benzyl compound bond
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Tfta?. .1

Reaction Sp
K cal

&H298
K Ml

Ah£ (Ba)
——V

Fh-CH^i —> Bs + H 77.5 77.8 37.8

Fh*CH2*Br —> Bs + Br 50.0 51.3 45

Hi*CH2*NH2 ->Bz + NH2* 59 60.5 30.1

Fh-CH2*CH3->Bs ♦ CH^* 63.2 64.5 39.6

Bz ♦ C2H<5* 57.5 58.8 33.8

Fh’CHj ---- > Ba+ + H + e*1 95 55

strengths seem appropriate.

Toluene

The commonly quoted value for the bond strength of toluene of 

77*5 K cal was obtained by Sswarc using a fast flow technique. 

He claimed that the decomposition was first order and could be 

represented by
„ M , 4fti3 - ZZ^ 
k sec. « 2 x 10 exp ac

The value of 77*5 & cal/mol. was assigned by Sswarc to the carbon* 
(49)hydrogen bond strength. However, Blades, Blades and Steaoie ' z 

have criticised Sswarc’s postulated mechanisms and have shown the 

decompositions to be much more complex than he assumed. Although 

Steacie et al. did not exactly repeat Sswarc’s work, in that they 

used a higher temperature and much shorter contact times, it seems 

unlikely that Sswarc*s mechanism is correct and therefore his
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value of the bond energy must be in doubt# Steacie was not

prepared to deduce a value for the bond energy from his data but

pointed out that a plot of an assumed first order rate constant 
1

against gave an energy of activation in the region of 

90 K oal/mol.

A totally different and unfortunately much less direct method 

was employed by Anderson, Sheraga and Van Artsdalen z who 

studied the thermal and photochemical bromination of toluene#

Their derived value for the toluene bond strength is 89 K cal# 

which is probably best regarded as an upper limit# As Van 

Artsdalen points out, the difference between his value and Sswarc's 

is such that further investigations, by independent means, are 

required. It may be noted that, using well established 

thermochemical data, the heat of formation of the bensyl radical 

may be calculated as 37*5 K cal using Sswaro^ value and 49*5 K cal 

using that of Van Artsdalen#

Attempts have been made to use the electron impact method to

decide between the two extreme values of the toluene bond strength*

An apparent confirmation of Sswarc’s value was obtained by 
(51)Schissler and Stevenson'^ ' who measured the appearance potential 

of the C7H7+ ions from both toluene and dibenzyl. Using these 

two appearance potentials in conjunction with known thermochemical 

data, they oaloulated DCPh^CHg-ii) as 77 * 3 K cal/mole. This 

appears to be excellent confirmation of the work of Sswaro but, 

unfortunately, the values of the appearance potentials obtained by

_____
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(52)Schissler and Stevenson have been questioned by Farmer et al. .

Farmer, using Schissler and Stevenson’s values for the appearance

potentials and the appropriate heats of formation, calculates the

ionisation potential of the benzyl radical as 8.51 e.v. A direct

measurement of this ionisation potential by Los sing, Ingold and 
(55) «Henderson ' gives the value as 7*8 e.v. Further evidence of

complicating factors is presented by Farmer et al. in their

experiments on the ionisation of trideuterotoluene. The ions

CyH^Dg* and CyH^pj+ were produced in the statistical amounts

demanded by the assumption that all the hydrogen atoms are

equivalent in the dissociation process. Similar conclusions have 
(5A)been reached by Inlander, Meyer son and Grubb, who examined the 

mass spectra of Fh*CH^, JPh^CHgD and Ph*CDj, except that the latter 

oonclude that the C7H7* ion is neither the benzyl nor the tolyl ion, 

as suggested by Farmer, but in fact the tropylium ion. It is 

evident that whatever the true nature of the dissociation process 

may be, it is not the simple process it has been assumed to be and 

therefore the agreement between Schissler and Stevenson’s value 

for the oarbon-hydrogen bond strength and that of Szwarc must be 

regarded as fortuitous.

A recent application of the equilibrium method to the 
(47)bromination of toluene has been made by Benson and Buss . They 

measured the equilibrium constant for the reaotion

FfcfCHj ♦ Bt2 ---- > Ph-GHg-Br ♦ H-Br

at 425 °K and used their value of the equilibrium constant to
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calculate the associated change of free energy. Using a 

calculated value of the entropy of bensyl bromide, they obtained 

the change in heat oontent of the reaction by use of the equation

Z\G° a Z\H° -T &S°. Thi. &H° is related to the bond 

strength of toluene by the equation

D(Ph«CH2-H) - D(Ph-CH2-Br) a ZSH° + D(H-Br) -D (Bt2).

Although the values of D(H-Br) and D(Bp2) in the literature may 

be considered to be accurate# it is doubtful if the same is true 

of the value for D(Ph*GH2~Br). Benson and Buss used the value of 
Sswarc# Gosh and Sehon^) of 50.5 K cal and hence evaluated 

D(Fh*CH2~H) as 64 K cal/mole - this leads to a value of 44^9 K cal 

for the heat of formation of the benzyl radical.

If an accurate value for the central carbon-carbon bond in 

dibensyl oan be obtained then this is obviously an ideal bond 

strength from which to calculate the heat of formation of a benzyl 

radical. Since two such radicals are formed from each molecule 

of dibensyl the accuracy of the deduced radical heat of formation

will be doubled.
Horrex and Miles^^) investigated the pyrolysis of dibensyl in 

a flow system at temperatures between 630°C and 774°C. They found 

that the overall reaction could be represented by

3 Ph^CH^-CHg-Fh----- > 2Ph*CH^ + Ph*H + Fh*CH « CHg + Fh-CH * CH*Fh.

The overall energy of activation of 48 K cal/mole was associated by* 

them with thh strength of the central carbon-carbon bond since they
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considered that the rate determining step was the initial split 

into two bensyl radicals* A re-investigation of this system by 
Pittilo^?) showed that a recombination of the bensyl radicals took 

place and that the rate was determined by the rate of attack of a 

bensyl radical on a parent dibensyl molecule to form toluene, as well

as by the initial split. It was, therefore, considered impossible
Z cft\

to assign a bond strength on these studies. However, Alexander ' 

recently investigated the pyro3ysis of dibensyl in the presence of 

hydrogen iodide and found that free iodine was produced at a rate 

which was first order in dibensyl and sero order in hydrogen iodide. 

This he ascribed to the fact that the hydrogen iodide was acting as 

a radical catcher in a similar manner to the toluene in Sswarc’s 

carrier technique. Unfortunately, Alexander ’ s results were 

complicated by the occurrence of the reaction Fh*CHg-CHg*Fh

+ Ig----> Ph*CH « CH*Hi + 2HI. Nevertheless, by studying this

secondary reaction also, Alexander was able to calculate its effect 

on the overall reaotion and to allow for it in estimating the bond 

strength of dibensyl as 61 K cmX/acl. Using -29.7 K cal/mol a® 

the heat of formation of dibensyl, this leads to a value of 45*3 K cal 

for the heat of formation of the bensyl radical.
(59)

A completely different approach to the problem by Davidson ' 

leads to a value of 60 K cal/mol. for the central carbon-carbon bond, 

in excellent agreement with Alexander. Davidson, by means of a 

high resolution mass spectrometer, followed the dissociation of a 

mixture of Ph»GHg-CHg«Ph and Hx*CDg-CDg*Ph under conditions where
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the recombination of the radicals and not the decomposition of 

dibenzyl was the predominant reaction. The actual phenomenon 

observed was the rate of growth of the peak at mass 184> 

corresponding to the molecule Ph*CH^-CH2»Ph. This work gives a 

value of 44*9 K oal/mol. for the heat of formation of the benzyl 

radical and this is in such close agreement with the work of 
Alexander and with that of Benson and Bu8b^7^ that considerable 

reliance may be placed on this value.

Bensyl Bromide
(55)Szwarc and his co-worker s ' have investigated the thermal

(60)decomposition of benzyl bromide using the toluene carrier technique' ' 

and have assigned the overall energy of aotivAtlon of 50*5 K cal/®°l» 

to the carbon-bromine bond strength.

An indirect calculation of the bond strength by Gellner and

Skinner' 7 estimated it as 43*5 K oal/mol.9 apparently an excellent

confirmation of Szwarc *s value. However, Gellner and Skinner only

obtained a value for the bond strength by assuming a value for the

heat of formation of the benzyl radioal of 37.5 K cal and this does

not therefore constitute an independent check. Indeed, if the data 
(59) (58)of Davidson 7 and Alexander ? , quoted above,are correct then

Geliner and Skinner’s data would give a value of 54.1 ~ 3 K cal/mol.

for the carbon-bromine bond strength. (if the value of Z\

(benzyl bromide) is 1$.6 as suggested by Gellner and Skinner).
(53)Electron impact data by lossing, Ingold end Henderson give 

D(Fh*CH2~Br) as 44*7 • 3 K cal. This value seems much too low and
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it la probable that the doubt a expressed previously as to the 

validity of the assumption that the C7R7+ ion is in fact the bensyl 

ion account for this low result*

Benzyl Iodide

As will have been realised from the foregoing comments on the 

bond strength determinations on toluene, dibensyl and bensyl bromide, 

there is a great deal of conflicting evidence about the value of the 

benzyl radical heat of formation*

In the seetion concerned with the decomposition of organic 
iodides It was mentioned that Sswarc^* quotes a value of 

39 K oal for D(Fh*GH2~l) while Gasith and Noyes^^ quote 37*4 K cal/ 

mol. In order to oaloulate the heat of formation of the bensyl 

radical from these values it is necessary to have a value for Z\Hf 

(bensyl iodide). In a recent review on thermochemistry, Skinner 

suggests that the ’best* value for H^ (bensyl iodide) is 

27*2 ±3 K oal. Us-ng this, the two suggested bend strengths of 

bensyl iodide are equivalent to 42 K cal and 39«1 K cal respectively.

Onee again, electron impact studies have been made in attempts to 

obtain confirmatory evidence. Los sing, Ingold and Henderson

have measured the appearance potential of the C7H7+ ion from benzyl 

iodide and found it to be 9*23 + 0.Q5 e.v. Taken in conjunction 
with the Ionisation potential of the ion of 7*73 + 0.08 e.v.^\ this 

leads to a value of 34*6 + 3 K cal for DtPh^CHg-l). Unfortunately, 
the evidence of Inlander et al.^54)> already quoted, makes it unlikely
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that any reliance can safely be placed on electron impact studies 

where the benzyl ion is expected to exist#

It is hoped, in the present investigation, to determine the 

value of the carbon-iodine bond strength by a method similar to that 

used by Szwarc, except that additional measures will be taken to 

establish fully the mechanism by which the iodide decomposes#

THE DEFINITION OF BOND DISSOCIATION ENERGY

The bond dissociation energy, D(R-R) of a bond R-R is strictly

defined as the change in energy, at absolute zero in the ideal gas 

state, associated with the reaction R-R—>R» + R», the products being 

in their ground states# Fortunately the change in enthalpy, measured 

at normal temperatures, does not differ markedly from the time value 

of the bond energy# In the case of the dissociation of benzyl iodide 

into a free radical and an iodine atom, the difference is equivalent 

to approximately 3/2 RT or about 2 K cal/mol, for determinations at 

between 300 and 400°C. Only in a very few cases are experimental 

data sufficiently accurate to justify the application of this correction 

and even then the necessary heat capacities, required to evaluate the 

correction accurately, are not always available#

METHODS OF DETERMINING- BOND ENERGIES

The successful determination of bond dissociation energies 

requires an experiment in which energy is supplied to the bond in 

question under carefully controlled conditions# The necessary energy

may be supplied thermally, photolytically, or by a high energy electron
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beam. An excellent summary of the available experimental methods 

has recently been given by Cottrellit would be superfluous 

to give here a detailed account of these methods* Therefore, only 

the kinetic method, which was used in the present investigation will 

be discussed.

In the kinetic method*the activation energy for the process 

R-R —> R* + R* is calculated from measurements of the rate of the

reaction over a range of temperatures. It is assumed that the 

reverse reaction involving the recombination of two free radicals lias 

aero energy of activation* Because it is difficult (although 

possible by means of mass spectrometry) to measure the concentration 

of free radicals directly, the energy of activation of the initial 

split has usually to be calculated from a study of the overall 

reaction* If such a calculation is to be valid then the following

conditions s;ust be satisfied:-

(a) the rate determing step should be the breaking of
A

the bond being examined

(b) the mechanism should be conclusively established

(c) all side reactions should bs eliminated or their 

extent accurately assessed*

In the present work, both static and flow techniques have been used 

to study the thermal decomposition of benzyl iodide. The fast flow 

technique was used to a greater extent because the very short reaction 

times Involved were expected to eliminate complicating secondary
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processes. This method does, however, have some serious

(1) only a narrow range of reaction times can 

generally be covered and thus it is not a very 

suitable method for determining the order of a

reaction

(2) the true value of the reaction time is not known 

with high acouraey. This is a result of the 

fact that the gas does not attain the temperature 

of the reactor immediately it enters it nor is 

the reaction quenched immediately when the 

reactants leave the tube

(3) no account is normally taken of the effects of

diffusion with the gas stream. The assumption

that this effect is negligible is probably

justified if not more than 5*1 of the reactants

are used up as they pass through the tube. In

principle, the effect of diffusion can be

calculated, using equations due to Forster and 
(2*6)Geib , although these are difficult to apply 

in practice.

Although much less use was made of a static system, tills method 

proved extremely valuable for extending the range of temperatures

over which the reaction oould be studied. Of course much higher 
ooneentrations of reactants were necessary with this system than
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with the flow system and the possibility of secondary reactions 

occurring was correspondingly greater. One advantage of the static 

system is that, with the longer reaction times involved, errors in 

the measurement of this time are usually negligible.

................................. ... ....... ... ........................
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This section is concerned only with the nature of the apparatus 

and the techniques employed; the detailed results of the many 

experiments performed are given in the next section*

Two distinct experimental methods were employed in the present 

investigation. The main part of the work was done with a flow 

technique, using total pressures of 10 mm. or less, short reaction 

times and relatively high temperatures. In order to study the 

reaction over a wider range of temperature and at higher pressures, 

a static method was also used for part of the work.

The apparatus used in each method and also the analytical 

techniques employed will he described, in detail, in the following

* 28 -

pages.
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(ft) FLOW METHOD

The apparatus used was In essence similar to that employed by 
(2)Butler and Polanyi ' in their initial investigations on the pyrolysis 

of organic halides. The method has undergone many modifications 

and improvements since then and greater experimental accuracy has 

thereby been attained.

Basically, the method consists of injecting small quantities of 

the compound under investigation into a stream of inert gas9 in this 

case nitrogen, which Is being circulated through a hot tube and then 

freezing out the products of the decomposition by passing the gas 

stream through a trap surrounded by either an acetone/solid carbon 

dioxide mixture or liquid oxygen.

The entire system could be evacuated, normally to a pressure of 

10*^mm. of mercury, by means of a mercury diffusion pump backed by 

a two stage rotary oil pump. The pressure in the system could be 

measured by a single high vacuum McLeod gauge.

smBS
The nitrogen carrier gas was circulated round the apparatus by 

a triple jet mercury vapour pump. The pump was heated by a Wood's 

metal bath, the temperature of which was controlled to within +- 1°C 

by means of a Sunvio Energy Regulator. The stem of the pump was 

also heated by winding it with nichroae tape since it has been shown
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by Alexander^®' that this leads to a more constant rate of flow.

It is essential, in this type of system, to select the 

temperature of the Wood’s metal hath so that the rate of flow is not 

critically dependent on this temperature. There was a considerable 

range of temperature over which, for a given total pressure of 

nitrogen, the rate of flow was not significantly altered. In 

Figure 1, • Pe^), which was the difference between the squares

of the pressures before and after the capillary, and was directly 

proportional to the rate of flow, is plotted against the bath 

temperature. The bath temperature required to produce the optimum 

pump performance was markedly dependent upon the static pressure of 

nitrogen and the figure illustrates this dependence.

Variations in the rate of flow at a fixed nitrogen pressure were 

readily achieved by altering the capillary, two capillaries being 

fitted in parallel, or alternatively by partially opening a tap which 

was connected between the inlet and outlet of the circulation pump.

By this latter method, it was easy to make small adjustments to the

rate of flow and so produce any desired reaction time. It is
,c ■ >

especially desirable In experiments where the partial pressures of
J ' f I ■}*.}, « ’ I I ’ , ’

several compounds must be kept constant, that the rate of flew of 

carrier gas be readily adjustable and the above method proved entirely 

satisfactory for this purpose.
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MEASUREMENT Off RATE OP FLOW AND THE PRESSURE IN REACTION VESSEL

The rate of flow of nitrogen was determined by measuring, on a 

pair of McLeod gauges, the pressure at each end of a capillary, the 

dimensions of which were known. Theoretically, by using Meyer’s 

modification of Poiseuille’s formula, the rate of flow can then be 

calculated directly from
If r4 (P,,2 - P*2)

n a .................... • .......
16 2 LRT

where
n ss molea/sec.
r ss radius of capillary in oms

Ph and PA ss pressures before and after the capillary 
expressed in dynea/onu*

I ss the viscosity of the gas
L ss length of capillary in cm.
R ss the gas constant
T a absolute temperature

We may therefore write that n a K (P^ - a^) where K is the 

capillary constant. Table 2 gives the dimensions of the two 

oaplllaries and the calculated capillary constants for air, using
Partington’s^®) values for the viscosity of air.

1 ♦
Table 2

Capillary Length Radius K air x 10^

Long 13*7 cm* .1557 cm. 3.410

Short 6.15 cm* •1557 cm. 7.598
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fc 6 cj8)However, the experience of previous workers in St. Andrews^* » > / 

has shown that deviations from Poisseuille's Law are significant, 

especially at high rates of flow. Accordingly, it was felt that 

the capillaries should be calibrated directly. This was done by 

passng a known volume of dry air through the capillaries and 

measuring Pa and P^ on the double MoLeod gauge. The apparatus used 

for this purpose is shown in Figure 2.

A plot of mole^/sec. of air calculated using Meyer's formula 

against molety/sec. calibrated by the above method is shown for each 

capillary in Figures5 (a) and 3 (b). As can be seen from these 

graphs the deviations were greatest at high rates of flow and were 

greater for the short than for the long capillary. In view of the 

fact that the deviation was more pronounced in the case of the short 

oaplllary, it. seems reasonable to assume that the deviation was 

primarily an ’end-effect*• The derivation of Meyer's formula 

requires that the length of capillary shall be very large by comparison 

with its radius and also that the radius shall be much larger than 

the mean free path of the molecules of the gas stream. Since both 

capillaries had the same radius and the mean free path remains constant, 

the deviation must be attributed to the fact that the lengths of the 

capillaries were not sufficiently large by comparison with their radii. 

Other possible Causes of deviation have been examined by Cowan' J who 

found that neither 'slip' at the capillary walls, the correction for 

which he found to be insignificant, nor turbulence of the flow, since 

the Reynold's Number was too low for streamline flow to become 

turbulent, could be used to explain the deviations.
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In addition to a knowledge of the rate of flow of gas through 

the furnace, the average total pressure in the furnace had to be

measured before the time of contact could be calculated* This could

not be done directly without exposing the mercury in the McLeod gauge 

to the gas stream while it still contained reactant molecules* Some 

calibration experiments were therefore carried out in which one of 

the pair of McLeod gauges was connected via a two-way tap to a point 

on the furnace side of the jet to prevent back diffusion (see Figure 4)» 

Various pressures of nitrogen were circulated and Pa. Bk and P? (the 

pressure in the furnace section) were measured at several different 

rates of flow* If there was no resistance to flow between the 

furnace and the flow capillaries, and Pf should have been identical* 

This was not found to be the case and thus, if we assume a negligible 

resistance along the length of the furnace itself, the collection 

traps must have constituted a measurable resistance* Now the total 

rate of flow, in moles per sec*, must be the same throughout the 

apparatus and we may write

K(Pf2.Pb2) = K1(Pb2’pa2)

assuming the trap system to act like a capillary of constant K1 * 

Therefore
Pf = Pb2 ♦ - (Pb2 - Pa2)

K K

and — was found by this series of experiments to be 1.09. Tills 

equation was found to hold for both capillaries and over a large rangeV ■
of rates of flow* Since Pjj and Pa had to be measured in every 

experiment in order to determine the rate of flow, it was a simple
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natter to calculate Pz. from the sane data.

REACTION VESSELS

Two reaction vessels were used in the course cf the experiments, 

one of transparent silica, which was used in the major part of the 

work, end the other of pyrex. Both were fitted with a central 

thermocouple pocket. The volume of the silica vessel was 214 cc. 

and that of the pyrex vessel was 507 co. The exit end of the pyrex 

vessel was detachable, by means of a ground glass joint which was 

sealed with pioien wax. This permitted the introduction of pyrex 

tubes to alter the surface to volume ratio in a few experiments 

designed to study the effect of the surface on the reaction.

The vessels were heated by means of an electric furnace. This 

consisted of an inoonel tube oovered first with a layer of asbestos 

paper, then with a layer of alundum cement on which was wound nichrome 

tape. The niohrome tape was covered with a further layer of alundum 

cement and the whole encased in a two inch thick asbestos steam pipe 

casing. The winding had six tappings on it, including the two ends, 

and across these were connected shunting resistors. The shunts were 

adjusted so than an ever temperature was produced in the working region 

and as sharp a fall as possible occurred at each end. The variation 

in temperature along the ’hot’ length was ultimately reduced to 

- 1.5°C. When the furnace had been so smoothed, the thermocouple 

was set in a position in its pocket which read the average temperature 

of the furnace.

A small auxiliary healer of nichrome tape was wound on to the
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reaction vessels themselves and covered with asbestos paper. This

was the heater which the furnace controller operated*
• . ' . * ' *

TEMPERATURE CONTROL AND MBASCBEMEWt

The main furnace heaters were supplied from the mains via a 

500 watt voltage stabiliser and an auto transformer. Also included

in the circuit was a rheostat to enable tho main furnace current to

be varied. This current was adjusted so that a temperature, somewhat

below that required, was attained by the use of the main heaters alone.
(67)A furnace controller, modelled on that of Shepherdson , was used 

to switoh the auxiliary heater on and off and so maintain the reaction 

vessel at a desired constant temperature. The circuit of the 

controller is shown in Figure 5- The B.M.F. generated by the 

thermocouple was balanced against that of the potentiometer. When 

the furnace was too hot the galvanometer light shone on the photocell 

and the negative voltage rose across the grid and cut off the valve. 

The Sunvic switch therefore opened and the auxiliary heater was 

switched off. Then the furnace cooled again and the light moved off 

the photocell, the negative grid potential fell, the valve again 

conducted, and the switch closed, switching on the auxiliary heater.

In this way the temperature of the furnace could be controlled to 

within - 0.5°C.

The temperature of the furnace was measured by means of a 

chromel-alumel thermocouple, the E.M.F. of which was measured on a 

direct reading potentiometer. The data of Roeser, Dahl and 
Gowens^^ was used to convert this E.M.F. to the corresponding
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temperature in degrees Centigrade.

INJECTION SYSTEMS

The following compounds were all injected into the apparatus 

at some stage of the investigation, bensyl iodide, iodine, benzene, 

hydrogen iodide and methyl iodide.

(i) Bensyl Iodide Injection

The choice of the method of injection of a oompound is

governed mainly by the vapour pressure of the compound at some readily. 

attained temperature and by the reactivity of the oompound.

It was hoped initially that it would be possible to inject bensyl

iodide through a capillary by means of some type of valve. In order

to obtain a steady injection rate in this kind of system, a pressure

of at least 20 mm. is required on the iodide reservoir side of the

capillary. Although no accurate data are available on the vapour 
(69)pressure of bensyl iodide it is reported by Whitmore and Thurman z 

to have a vapour pressure of ~10 mm. at about 95°C. It was 

therefore obvious that the iodide reservoir had to be maintained at 

a temperature in excess of 1OO°C and in order to prevent condensation 

on the valve it also had to be heated to more than 1OO°C. Previously 

much use had been made in St. Andrews of all metal bellows type valves 

which were connected to the apparatus by metal to glass seals.

However, these valves were very prone to leaks in the bellows, 

especially when used at elevated temperatures and it was decided to

look for a new type of valve.
A valve unit which operated by means of a pressed nickel
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diaphragm was eventually designed. In practice two valves were 

needed when using a capillary injection method since it was necessary 

to evacuate the reservoir and outgas the iodide and it would be a very 

slow process to do this through the injection capillary. The system 

required is shewn diagrammatically in Figure 6, and a scale drawing 

of the injeotion valve is shown in Figure 7* This type of valve 

operates by the thrusting of a rod of a soft metal into a machined 

seat of a harder metal, in this case the rod was platinum-tipped and 

the seat was made of nickel. This was found to give a very satisfactory 

valve aotion and trial injections of bensyl iodide were made. 

Unfortunately it was discovered that the iodide in contact with the 

hot valve (approximately 120°C) was rapidly decomposed. The cause 

of this was eventually traced to the silver solder used in

constructing the valve, experiments having shown that the solder was 

an efficient catalyst for the decomposition of bensyl iodide. All 

attempts to poison this oatalytlo activity failed and it was decided 

that some means of injection which did not require the valve to be 

heated to such a high temperature would have to be employed. The 

method selected was the ”saturator technique” * this consists of having 

a glass spiral, containing the compound, through which the carrier gas 

flows picking up the vapour pressure of the substanoe at the 
temperature of the spiral. Warhurst^^ showed that consistent 

injeotion rates were only obtained when two such saturators were 

employed, the first being maintained at about 1O°C higher than the 

second controlling saturator, and this system was adopted. The valve 

unit, described above, was used as a "greaseless tap” to cut off the
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saturators from the rest of the flow system. The way In which the 

saturators were linked to the rest of the system can be seen In 

Figure 4, which also shows the use of a "split-flow* technique to 

pick up the bensyl iodide in one section and the iodine or benzene in

the other.

The temperature of the second saturator was maintained constant

by means of a small water-filled bath, controlled by an Electro-Methods

Cartridge thermostat. The bath had a small electrical heater immersed

in the water and this was switched by the thermostat. Since

temperatures in the region of room temperature were required, the

bath also contained a copper coil through which cooling water could be

circulated if the desired temperature lay a few degrees below room

temperature. This constantly stirred water bath was capable of 
▲

maintaining the temperature to within - 0.1 °C with ease. The first, 

or •hot*, saturator was kept at about 1O°C above the second by 

surrouhdin it with a large Dewar vessel containing hot water at the 

appropriate temperature.

The main advantage which a saturator method of introducing a 

compound into the gas stream has over the more positive valve 

injection method is that a constant partial pressure of the compound 

is obtained. If the flow line was not divided this partial pressure 

would be the vapour pressure of the compound at the temperature of 

the saturator but, where a split-flow technique is used, it is a 

fixed fraction of this vapour pressure. Therefore a plot of the 

logarithm of the partial pressure of bensyl iodide injected by the



Fio.8. Log. of BzI Partial .V.



39

system described above against the reciprocal of the temperature of 

the thermostat should be a straight line or rather two straight lines, 

since the temperature range oovered includes the melting point of 

bensyl iodide. Figure 8 shows that this is in fact the case, the 

data all being obtained from runs where only bensyl iodide was injected, 

since the introduction of other compounds in significant amounts 

invalidates the above argument.

(ii) Iodine and Bensene Injection

Fortunately all the work in the design of the diaphragm

type valves described in the previous seotion was not wasted as valves 

of this type proved highly satisfactory for the injection of iodine and 

at a later stage in the Investigation these same valves were readily 

adapted to inject bensene. The main body of the valve, as well as 

the diaphragm, was made of nickel and the soft metal used was platinum, 

both nickel and platinum being highly resistant to iodine vapour even 

at high temperatures. A glass injection capillary was used and this 

was sealed into its nickel holder by silver chloride.

To obtain a sufficient vapour pressure in the iodine reservoir, 

it had to be heated to 80° - 100°C. This was done by means of a 

small, constantly stirred, oil-filled bath which was controlled to 

within * .2$°C by means of a Sunvic bimetallic steam thermostat. The 

bath had two heaters, the main one wound on the outside and an 

auxiliary one immersed in the oil and controlled by the Sunvic

thermostat.

When in use, the valves were heated to about 30°C above the



reservoir temperature to prevent condensation of the iodine in the

interior of the valve*

The only modifications reqired to make the valves suitable 

for the injeotion of large amounts of ben sene were the replacing of 

the capillary by a much wider one and the provision of another 

thermostat which operated in the region 20 - 2*jO°C. This thermostat 

was essentially the same as that used in the injection of bensyl 

iodide, the only difference being that a Fenwal thermostat was used 

instead of an Electro-Methods unit.

(ill) Hydrogen Iodide Injection

The vapour pressure of hydrogen iodide at the temperature

of an aoetone/solid carbon dioxide mixture is about 55 and

this provides sufficient backing pressure for a simple capillary 

injeotion systsm. The apparatus used can be seen in Figure 4* 

Hydrogen iodide was frozen down into the small reservoir (T9) ftrom the 

main storage bulb which was of five litres oapaoity and was painted 

black to prevent the slow phot o-decompo sit ion of hydrogen iodide.

The small reservoir was then surrounded by aoetone/solid C02 and the 

vapour passed through an Edwards needle valve, and then through the 

injeotion capillary into the main flow line. A mercury monometer, 

placed between the valve and the capillary, enabled the fore pressure 

of HI to be measured. Any desired fore pressure up to 55 mm. could 

then be obtained by adjusting the needle valve. Since a wide range 

of hydrogen iodide injection rates was required, it was found 

neoessazy to use several capillaries and these were therefore made
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interchangeable by the use of a B7 Quickfit cone and socket.

(iv) Methyl Iodide Injeotion
(72)Methyl iodide has a vapour pressure of 141 am* at 0°C' '

and thus it can conveniently be injected by a method similar to that 

just described for the injection of hydrogen iodide. The apparatus 

used can be seen in Figure 1+. The methyl iodide was placed in the 

detachable reservoir (T8) and was thoroughly degassed before use.

PREPARATION AM) PURIFICATION OF REA&ENTS

(i) Nitrogen

The nitrogen carrier gas used in all of the flow experiments 

was carefully purified. The purification system, which was evacuated 

to approximately lO"’^min. before use, is shown in Figure 9. B.O.C. 

cylinder nitrogen was passed through a fine oaplllary into a trap, 

which was cooled to -1QO°C to remove any condensable gases. It 

was then passed through two traps in series which contained sodium 

(the trap being heated externally by two small electric heaters) to 

remove any oxygen present. A tube packed with glass wool prevented 

any sodium oxide being carried through with the gas stream which then 

passed into the storage bulb, monometer B being provided to measure 

the pressure in the storage volume,

(ii) Bensyl Iodide

The method used for the preparation of bensyl iodide was 
that of Norris^\ as modified by Gazith and Noyes^2^. Basically,
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the method consisted of reacting benzyl alcohol with concentrated 

hydriodic acid, a good yield of the iodide being obtained in the 

presence of an excess of acid. In practice, about 50 oc. of benzyl 

alcohol and 200 cc. of commercial hydiodic acid (wh-ich contained some 

free iodine) were shaken for about five hours, Two layers were 

formed and the lower oily layer was separated off. This was washed 

with sodium bisulphite solution (to remove fres iodine) and solid 

bensyl iodide was obtained. The iodide was filtered off and vacuum 

dried.

Purification by recrystallisation proved to be difficult and

rather wasteful, as did distillation under reduced pressure as
(23)suggested by Gasith and Noyes . The substance was therefore 

purified by sublimation at low pressures. The benzyl iodide, thus 

obtained, was a white crystalline solid which melted at 23*5°C. As 

a check on the purity of the benzyl iodide produced in this way, its 

U-V adsorption was measured over the range 220 m/x. to 340 m/x. • The 

resulting spectrum is shown in Figure 10 which shows maxima at 270 

(log £ « 3*28) and 235 a/* (log £ ® 3*^6). These values are in
excellent agreement with those of Hillmer and Paersh^^ who quote 

maxima at 270 - 274»>u. (log £ » 3*3) and at 238 * 235 »/* (log £ = 

3»9). Their spectrum does not show the decline in the extinction 

coefficient at wave lengths less than 235 but this is probable due 

to the fact that they made very few observations at wave lengths less

than 250b>ajl •
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(ill) Hydrogen lodlAe

Pure hydrogen iodide, required for use as a radical acceptor, 

was prepared as shown in Figure 11. Commercial 55% hydriodlc acid 

contained in the dropping funnel (A) was allowed to drop slowly into 

phosphorus pentoxide in the flask (B). The phosphorus pentoxide 

absorbed the water and gaseous hydrogen iodide was drawn through the 

purification apparatus by means of a water pump. The purification 

apparatus consisted of two tubes (c) and (b) containing more phosphorus 

pentoxide to remove traces of moisture and a trap (D)f cooled in a 

mixture of ice and salt> to remove free iodine. The product was 

collected in trap (F) which was cooled in liquid oxygen. The 

reaction vessel (b) tended to heat up during the reaction and so it 

was surrounded by an ice bath.

The product still contained a certain amount of free iodine and 

was further purified by bulb to bulb distillations at low pressures - 

distillation being from a trap cooled to -80°C in an acetone/solid 

carbon dioxide bath to a trap cooled In liquid oxygen * and then 

distilled into the hydrogen iodide storage bulb.

(iv) Iodine

A resublimed grade of commercial iodine was given a 

further sublimation before use.

(v) Bensene

"Analar” grade benzene was used, without further purification.
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(vi) Me$fcl Iodide

Methyl iodide was distilled using a short "Fenake” column 

and the fraction boiling between 42 - 43°C was collected* This had 

a faint pink colour due to traces of free iodine* The colour was 

removed by shaking with a small amount of mercury*

cotucrioN sraeat
A triplicate system of collection traps was used in order to 

check the constancy of the results being obtained. In Figure 4 of 

the whole apparatus, the collection system is connected to the points 

CL and CL • The gas stream after leaving the furnace could pass 

through any one of four solenoid valves, three leading to the analysis 

system and one to a spare trap which was used when stabilising 

conditions of flow, rates of injection eto* The solenoid valves 

consisted of a metal rod, sealed inside a glass tube carrying a B U 

standard cone, whioh could be raised or lowered into the socket at the 

top of the trap by means of a solenoid magnet. Bach collection system 

(of whioh only one is shown) consisted of throe traps. The first 

(T1) hed a double walled inlet tube and a nichrome tape heater was 

positioned between the walls so that the inlet tube could be heated 

without exposing the gas stream to the metal of the heater. The trap 

was so constructed to prevent the more involatile of the products from 

condensing out in the entrance tube and eventually blooking it. The 

trap was cooled to -80°C in acetone-carbon dioxide. Leaving T1, the 

gas stream next passed through an ordinary trap (T2) whioh was
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oooled in liquid oxygen to xeraove the rest of the products, before 

rejoining the main recirculation system. On a side-arm of T2 was 

attached a small trap (T3) which contained degassed methanol. In 

the experiments using hydrogen iodide, the hydrogen iodide condensed 

out in T2 and was subsequently distilled into the methanol in T3»

In addition to the system of collection traps a furnace by-pass system 

was included. The object of this system was to enable measurements 

of the amount of reactant being injected to be made. Obviously this 

could not be done after the reactant had passed through the furnace and 

therefore a by-pass valve, similar in type to the solenoid valve 

already mentioned, was inserted between the injection system and the 

furnace. By raising the glass cone in this valve, the gas stream was 

diverted through a double U-tube (U1), cooled to -80°C, and a trap Tf> 

similar to the heater trap T1. The double U-tube was used to collect 

bensyl iodide, and the trap T5 to collect iodine, in those experiments 

where iodine was added.

DSSCRIFTION OF AN LUCPERIMENT

Since several kinds of experiment were performed with this 

apparatus, a general description of the technique of performing a run 

in whioh bensyl iodide and hydrogen iodide were injected, will be given 

first and a description of the various modifications given later.

The diagram of the complete apparatus in Figure 4 is used to illustrate 

this section dealing with experimental procedures.

Pure methanol was placed in T3 and the other two corresponding
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traps and the methanol frozen down in a liquid oxygen hath# About 

1 gram of the purified benzyl iodide was placed in the primary 

saturator S1 and this was surrounded by a -80°C bath. All the taps 

except 9 and 23 were then opened to the vacuum line and the apparatus 

pumped down to 10 cm. or lower. Wher a satisfactory vacuum had been 

obtained, the system was isolated by closing taps 2, 10, 14> 18, 19>

20, 21 and 22. After closing taps 1 and 3, the methanol in T3 was 

allowed to warm up to room temperature, evolving some of the occluded 

air. The methanol was subsequently refrozen, tap 2 reopened to the 

vacuum line and the released air pumped out. This "degassing** 

procedure was repeated twice. A similar "degassing" of the benzyl 

iodide in S1 was carried out via E71 and tap 18. By closing tap 8 and 

opening tap 9, nitrogen, from the reservoir, filled the manostat 

section, pushing the mercury down below the end of the inner tube of 

the manostat, the inner tube being closed with a carborundum disc which 

is porous to gases but not to mercury. Thus, when tap 9 was closed and 

tap 10 opened, nitrogen was pumped out until the mercury in the 

manostat sealed off the porous disc and a definite volume of nitrogen 

was contained between tap 8 and the disc. (T5 was an ordinary 

standard joint flask and was made interchangeable so that flasks of 

different volumes could be substituted and therefore different fixed 

volumes of nitrogen obtained) • Tap 8 was opened and the nitrogen 

filled the circulation system of the apparatus (normally to a pressure 

of about 4 mm.). The solenoid valve controlling the entrance to the 

spare trap was then opened and the mercury diffusion pump started by
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and 6 opened so that the nitrogen flowed through T4. This trap 

contained hot sodium which reacted with any traces of oxygen left in 

the nitrogen and converted it to sodium oxide# After circulating 

the nitrogen through T4 for about one hour, tap 24 was reopened and 

the sodium trap isolated. Hydrogen iodide from the storage reservoir 

was distilled into T9 which, after tap 23 had been closed, was 

surrounded by a -80°C bath. On openihg tap 22, hydrogen iodide flowed 

into the nitrogen stream and its rate of injection could be controlled 

by use of N.V.I., the pressure before the capillary being measured on 

the manometer M1. The rate of flow of nitrogen plus hydrogen iodide 

was measured using the double McLeod gauges and if necessary the rate 

was adjusted by means of the by-pass tap 13* A satisfactory rate of 

flow having been obtained, the -80°C bath on S1 was removed and replaced 

by a water bath about 1O°C hotter than the thermostatted bath on S2 

and the injection valve IV1 was opened. Bensyl iodide now flowed 

into the system at a rate whioh was governed by the setting of the 

thermostat surrounding S2 and by the rate of flow of nitrogen. when 

all the injection rates became steady and the temperature inside the 

reaotion vessel was at the desired value, the flow was switched from 

the spare trap to the first analysis system. Undecomposed bensyl iodide 

and iodine appeared in T1 and the unchanged hydrogen iodide and toluene in 

T2. The flow was continued through this system for a known time, 

usually between 15 and 30 minutes, depending on the quantities of 

iodide being injected. This was repeated for the second and third 

analysis systems. The hydrogen iodide injeotion was then stopped
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while the gas again flowed into the spare trap* When the flow had 

restabilised, usually after 5 minutes, the by-pass solenoid valve was 

raised and benzyl iodide was collected in the double U-tube U1 which 

was cooled to -80°C. (A double U-tube was used to ensure complete

removal of the iodide from the gas stream). Finally the flow was 

again switched to the spare trap and the benzyl iodide injection valve 

closed. After a few minutes, the circulation pump was switched off 

and the hydrogen iodide and toluene in T2 were distilled into the

small trap T3« This was done by closing taps 1 and 3 and opening 2

-5and pumping out the section to approximately 10 cm. Tap 2 was then 

closed and the liquid oxygen bath removed from T2. The hydrogen iodide 

and toluene distilled over into T3 and were frozen down onto the surface 

of the solid methanol. T3 was then allowed to warm up and the methanol 

dissolved the products. After refreezing, T3 was pulled off, filled 

up quickly with more methanol and the contents analysed. Air was 

then admitted to the rest of the circulation system and trap T1 (and 

the other two corresponding traps) removed. The products in these 

traps were dissolved in methanol, great care being taken to ensure that 

none of the product was left adhering to the inner tube of the trap, 

and made up to standard volumes for analysis. The benzyl iodide in 

U1 was also dissolved in methanol after the U-tube had been cut from 

the apparatus.

It was found that the benzyl iodide, left in S2 after an experiment, 

slowly decomposed and this was undesirable as it could lead to the 

injeotion of iodine along with the bemyl iodide in the next experiment.

Therefore, after every experiment, S1 was replaced by a simple U-tube
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surrounded by a -80°C bath. Tap 16 was closed and the saturator 

seotion pumped out via EV1 and tap 18. The residual bensyl iodide 

in S2 was then allowed to distil into the U-tube and was discarded

before the next experiment was started.

In experiments in which iodine was injected, the amount being

injeoted was calibrated by use of T10. This calibration was performed 

before the experiment proper was started. With tap 16 closed the 

nitrogen flow was no longer split and all of the nitrogen flowed 

through IV2. When T11 was surrounded by its oil thermostat at a given 

temperature, the amount of iodine injeoted was independent of the rate 

of flow through 3V2 and therefore was the same whether tap 16 was open 

or closed. Thus, by opening the by-pass valve, while T10 was at -80°C 

and U1 was at room temperature, the rate of injeotion of iodine could 

be measured by collecting the iodine In T10 for a known time.

Similarly in experiments in which benzene or methyl iodide was used, 

the injection rate was calibrated prior to the main experiment. In 

these cases, however, the by-pass system could not be used as it did 

not have a suitable collection trap and so one of the collection system 

sections was used for the calibration. Benzene and methyl iodide were 

both unaffected by passage through the furnace at the temperatures 

involved and were collected in T2. They were ultimately distilled 

into T3 which, in such cases, contained no methanol*
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(h) STATIC METHOD

The apparatus used in the static system was much simpler than

that used in the flow method. In essence the method consisted of 

placing a sealed bulb, fitted with a break-seal, in a furance at a 

controlled temperature for a known period of time.

The type of reaotion vessel used is shown in Figure 12. The

part of the vessel above LlJ was made as a unit and replaced after

eaoh experiment. The majority of the experiments, performed in the

static system, were studies of the decomposition of bensyl iodide alone.

A weighed amount of bensyl iodide in a small sample tube was carefully

placed in the tube A (Figure 12) at the bottom of the reaction bulb

and the sealing-off unit was then glass blown on. The vessel was

attached to the vacuum line and evacuated through the capillary

constriction. During evacuation the tube A was surrounded by a -dfiOHC

bath to prevent any of the benzyl iodide being pumped off. When a 
-5

pressure of 10 cm. or less had been obtained the vessel was sealed 

off and inserted into the furnace. This furnaoe was of the same type 

as that used in the flow system, except that, in this case, the 

temperature was controlled to within - 0.5°C by a commercial Sunvio 

controller. This type of controller operates by having a platinum 

resistance thermometer placed in the furnaoe; this thermometer and 

the normal thermocouple being fixed co-axiallv in the furnace. The 

main defect of this system was that, when the furnace was opened to 

introduce the reaction vessel, the temperature fell considerably and 

it took a few minutes for the controller to bring the temperature back
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to its desired value. This made the time of starting the reaction

uncertain. Nevertheless this error was not serious if the total time

of reaction was long and, in these experiments, a reaction time of at 

least two hours was used, whenever possible, in order to minimise the 

errors due to the uncertain time of starting. After the desired 

reaotion time had elapsed, the vessel was removed and the tube A 

cooled in a -60°C bath in order to rapidly quench the reaction. A 

standard B.14 joint was then attached to the break-seal and the 

reaction vessel unit connected to a vacuum system via a system of 

collection traps which was identical with one of the analysis trap 

systems on the flow apparatus. When a satisfactory vacuum had been 

obtained in the trap system, the tap to the vacuum line was closed and 

the seal broken. The products of the reaction were allowed to distil 

out of the reaction vessel into the collection traps, the method of 

collection being exactly the same as that used in the experiments with 

the flow system.

A few experiments, in a static system, were also made on the 

decomposition of the iodide in the presence of hydrogen iodide. This 

reaction is much faster than the reaction without the radical acceptor 

and, therefore, a much lower temperature was required. The technique 

used was similar to that above, except that a large oil-filled 

thermostat (instead of the fumaoe) was used to heat the reaotion 

vessel. The thermostat consisted of a well lagged 1 gallon iron tank 

which was fitted with an ordinary 1500 Watt kettle heater near the base 

The heater was fed from the mains through an auto-transformer with a

rheostat in series with it so that the main heater current could be



52 -

varied. A small coiled-wire heater, of approximately 40 ohms 

resistenoe, was also included and this was controlled by a Sunvic 

stem thermostat. The oil in the thermostat was constantly stirred 

by a small impeller type stirrer and the temperature distribution 

throughout the bath was very unifora. This thermostat was capable 

of maintaining the temperature to within 0.25°C over very long periods 

of time. This method of heating had the advantage over the electric 

furnace of having a much higher heat capacity and was thus not 

appreciably cooled by the insertion of the reaction vessel.

____ ____ __ I.
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(o) ANALYTICAL TECHNIQUES

Many analytical methods were used in this investigation and a 

discussion of each, as applied to the various reactants and products, 

is given below.

FREE IODINE

Small quantities of free iodine were obtained in the decomposition

of bensyl iodide and these were removed from the apparatus as a

solution in methanol. The iodine concentration in these solutions 

-3was often 10 molar or less and thus a sensitive method of analysis 

was required. The normal starch detection of the end-point in 

thiosulphate-iodine titrations, while being very sensitive, is liable 

to error if the iodine solution is made up in more than about 20$

alcohol. The starch end-point is also rather difficult to observe when

-3titrating with 10 N thiosulpjfcate. The technique selected was the 

(75)
amperometric method of Foulk and Bawden in which two platinum 

electrodes are placed in the solution containing the iodine and a 

10 mV potential is applied to them. The current flowing in the circuit 

is measured by means of a sensitive galvanometer. As thiosulphate is 

added,the current gradually diminishes and reaches zero at the end

point of the titration. The 10mV required was supplied from a iye 

Potentiometer and the galvanometer used was a Tinsley, which had a 

scale sensitivity of 1650 mm. per micro-amp. According to Potter and 
V/hite^?^, this method is accurate to 0.01 ml. of 10*^ N thiosulphate 

if the galvanometer sensitivity is greater than 1500 mm. per micro-amp.

....... ... .......... ..... ...... .________
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The method was found to be very satisfactory for use in titrations 

with 10 N thiosulphate and to be unaffected by the presence of

BffZYL IODIDE

Two methods were available far the determination of bensyl iodide. 

These were (a) hydrolysis with sodium hydroxide solution and subsequent 

estimation of the sodium iodide with silver nitrate and (b) dis

placement of the iodine by bromine followed by its oxidation by freeA - * >

bromine to the iodate and estimation of iodine liberated on addition

of potassium iodide. The second method was selected because it could 

also be applied to the other iodides used in the investigation viz. 

hydrogen iodide and methyl iodide.

This oxidation by free bromine method is essentially that of

(77)Pregl z for the analysis of methyl iodide-in Zeisel determinations.

10 ml. of the iodide solution and 10 ml. of a 10% solution of sodium 

acetate in glacial acetic acid are placed in a 250 ml* conical flask, 

fitted with a ground glass stopper. About five drops of "Analar" 

bromine are added, followed by 25 ml. of a 2C% aqueous solution of 

sodium acetate and the mixture placed in the dark for approximately 

one hour. Excess bromine is then removed by addition of "Analar" 

formic acid until the solution is colourless and no longer decolourises 

methyl red. The addition of 10 ml. of 10% potassium iodide solution

and 25 ml. of 2 N sulphuric acid liberates free iodine and this can be

-2
titrated with 10 N thiosulphate, using a starch end-point.
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HYDROGEN iodide

The hydrogen iodide, whioh was removed from the apparatus as a 

solution in methanol, was made up to a standard volume with water.

Estimation of the iodide was then carried out in a similar manner to

that described for bensyl iodide. However, s'noe muoh larger amounts 

of hydrogen iodide were being used, more bromine had to be added to 

ensure complete oxidation and the liberated iodine was titrated with 

1O~1 N instead of 10*^ N thiosulphate.

METHYL IODIDE

The methyl iodide, which is the compound for which the Pregl 
(77)

method ' was originally developed, was also estimated by bromine

oxidation.

BENZENE

A few experiments were performed in which benzene was passed through 

the reaction vessel along with the benzyl iodide and hydrogen iodide.

In these instances, one of the three collection systems was used to 

measure the amount of benzene being injected. This was done by 

shutting off the benzyl iodide and hydrogen iodide injection units and 

allowing the benzene to be collected in the trap cooled in liquid oxygen. 

At the end of the experiment, the benzene was distilled into the small 

trap (T3) (which, in this case, contained no methanol) and estimated 

gravimetrioally.

The analytical methods described in the foregoing paragraphs were 

used as a routine procedure after every experiment to which they were
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applicable. Other methods of analysis, including mass spectrometry# 

U-V Spectrophotometry and I-R Spectrephotometry were also used.

They were# however, only employed on specific occasions and they will 

be described in their correct context in the following section of 

the thesis which deals with the experimental results.



EXPERIMENTAL RESULTS

AND DISCUSSION
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EXPERIMENTAL RESULTS AND DISCUSSION

In a previous study of the decomposition of bensyl iodide by 
(1)

Szwarc , it was shown that the products of the decomposition were 

dibenzyl and iodine, although no evidence for the equivalence of 

these produots was presented. The investigation also showed that, 

although the reaction was independent of the surface of the reaction 

vessel, the decomposition was not a simple first order reaction and 

it was suggested that the dissociation, envisaged as the first step, 

was partially reversible. The first part of the present investigation 

was devoted to attempts to establish the nature of this reverse reaction 

and, if possible, to derive a bond energy for the carbon-iodine bond 

in benzyl iodide. The possibility of eliminating the reverse reaction 

by the use of hydrogen iodide as a radical acceptor was examined in the 

later sections of this work. (A complete record of all the primary 

experimental data, viz. temperatures, concentrations, percentages of 

decomposition, reaction times etc., is given in the tables In 

Appendix 1).



1. THE SYSTEMS BmYL IODIDE ALCffl .AIW BHiZYL IODIDE 

TOPS FREE IODINE

1.1 EXPERIMENTS USING A FLOW SYSTEM

The first step in the present investigation was to try to 

establish that the overall reaction, which takes place when benzyl 

iodide decomposes, is 2 Bzl —> Bz-Bz + I^. It was decided to 

attempt to determine by mass spectrometry the amount of dibenzyl 

formed in the reaction. Unfortunately it proved impossible, in the 

course of a normal experiment, to separate benzyl iodide, iodine and 

dibenzyl as they left the reaction zone and they were all collected 

in a trap, cooled with an acetone/solid carbon dioxide mixture. All 

the products were subsequently dissolved in pure methanol and aliquots 

of this solution used for iodine analyses in the usual way. A further 

quantity of this solution was shaken with mercury (to remove free 

iodine), filtered, and then the solvent was removed by distillation 

under vacuum from an ice bath to a trap at -20°C. It was shown, by

using known solutions of benzyl iodide and dibenzyl in methanol, that 

this distillation procedure did not result in ary detectable amount 

of dibenzyl being distilled off, although a considerable amount of 

benzyl iodide was removed. (it was estimated that the vapour 

pressure of benzyl iodide is about 100 times that of dibenzyl at 0°C). 

The residual solids were vaporised in a heated solids handling system 

and injected into a Mier type mass spectrometer.

Before the mass spectrometer could be used to give quantitative

dibenzyl analyses, it waw necessary to calibrate the instrument by
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the injection of known amounts of dibenzyl. In order to allow for 

variations in the sensitivity of the instrument, the peak heights 

corresponding to mass 182 (i.e. dibenzyl) were always corrected to a 

fixed sensitivity - the sensitivity being determined by the peak 

corresponding to mass 40 given by a known pressure of argon. The 

response of the instrument to dibensyl was shown to be linear provided 

that sufficient time (about 15 minutes) was allowed to elapse between 

the injection of the solid and the measurement of the peak height.

The sensitivity of the mass spectrometer was 6.95 mV/mgm. of dibenzyl 

at an argon sensitivity of 2 V/mm.

As a cheok on the accuracy of the overall technique^ 2.93 mgm. of 

pure dibenzyl were dissolved in 100 cc. of methanol and the solvent 

removed by the distillation process described above. A mass 

spectrometer analysis of the residual solid showed it to be equivalent 

to 2.99 mgm. of dibensyl - an error of approximately 2$. This process 

was repeated several times and the divergence between the actual amount 

of dibenzyl used and the amount found varied between 0.5,7- and 2$> in 

either direction.

This method was employed in three experiments to determine whether 

the amount of iodine and of dibenzyl being produced from benzyl iodide 

were, in fact, equivalent. The results are shown in Table 3* It is 

evident from the table, that although the rate of formation of dibenzyl 

is very close to the rate of formation of iodine, it was, in all three 

instances, slightly lower. For this reason, attempts were made to

identify any other possible products which might have been formed from
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Table 3

Exp. No. Temp. °K p.p. Bzl 
in mm.

Mole8 I^ 
formed/sec.

Moles Bz -Bz 
formed/sec.

10 650.5 •09
2.11 x 10"8 2.07 x 10"8

8 650 .068
0

2.23 x 10" -8
2.05 x 10

4 650 .074 2.62 x 10“ti -a
2.50 x 10

benzyl radicals, an obvious possibility being stilbene* A standard 

mess spectrum of stilbene was therefore obtained using the same 

conditions as for the dibenzyl calibrations. Comparison of this 

cracking pattern with that obtained from the solids in experiments 

Nos. 4, W, produced no evidence for the presence of stilbene.

It must, however, be noted that the presence of up to 5% of stilbene 

in the dibenzyl could have remained undetected.

In addition to the mass spectrometer analyses, an ultra-violet 

spectroscopic examination was made of the solid products from 

experiment No. 10. Figure 13 shows the spectrum of a methanol 

solution of these products as well as the spectra of pure benzyl iodide 

and of dibenzyl, which contained 1% of stilbene. It is obvious from 

a comparison of these curves that the effect of even small amounts of 

benzyl iodide is to raise the general level of absorption in the dibenzyl 

region. Consequently, it seems very unlikely that the products in 

experiment 10 could have contained as much as 1$ of stilbene, although 

the presence of small amounts of benzyl iodide and possibly free iodine, 

makes the data difficult to interpret.
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The failure of mass spectrometry and ultra-violet spectroscopy 

to give any indication of significant amounts of a product other than 

dibenzyl, makes it seem reasonable to assume that we may represent 

the overall decomposition reaction by 2 Bzl ----- > Bz-Bz + Io*

All further calculations and deductions in this thesis have been

carried out on this assumption*

Variation of Reaction Rate with Time of reaction

If the decomposition of benzyl iodide is accompanied by some 

form of back reaction, then it is clear that the rate of reaction 

should decrease with increasing tame of reaction* A short series of 

experiments was undertaken to prove this point and the results are 

shown in Table 4 and also in Figure 14* The esqjeriments were 

conducted, as nearly as possible, with the same partial pressure of 

reactant and, of course, at the same temperature. The percentage 

decompositions shown in Table 4 have been calculated from the 

expression

Cone* of iodine atoms
% decomposition = ' ' " ' ' ...............

Cone, of benzyl iodide injected

Figure 14 shows clearly that there is probably a rapid initial 

reaction wh-<ch is being slowed down as the reaction time increases. 

This is exactly the behaviour to be expected if a back reaction were 

operative.
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Table 4

£«»jagature ,°K

Exp. No. p.p. Bzl 
in mm.

Reaction Time 
Secs.

%
Decomposition

17 .075 •36 5.36

22 .070 .38 5.15

3 .074 .41 5.35

4 .074 .41 5.58

13 .077 .42 5.70

7 .068 .54 6.45

8 .068 .54 6.82

25 .071 .56 6.02

39 .071 .66 6.90

40 .071 .66 6.97

49 .070 .85 7.75

41 .081 1.20 8.20

42 .081 1.20 8.90

Derivation of a possible Mechanism for the Decomposition

In view of the fact that dibenzyl and iodine appear to be the

only products of the decomposition, the simplest mechanism which 

could account for the results is probably of the fora shown below.

Ke
Bzl 4------- > Bz + I 4------>2 Ig

k2 0)
V

i Bz - Bz

It should be noted that the mechanism outlined does not imply any

particular mode of back reaotion.
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The main obstacle in utilising this equation lies in deoiding 

whether or not the two equilibria suggested are actually attained in 

our experimental conditions* If we assume that both the equilibria 

are established and that diffusion mixing in the reaction vessel is 

negligible, then we may derive the following rate expressions*

Let a = initial concentration of benzyl iodide 

x « concentration of benzyl radicals

and dC = fraction of iodine as atoms 

d(Bz - Bz)
Now, dt = k2(Bz)

But Ke

(Bz)(X)
(Bzl)

therefore
d(Bz -Bz) 

dt

kgK^BzI)2

(I)2

or

a(*)
2

dt

kgK/Ca-x)2

o^X2

therefore by integration,

r X

(a - x)2
dx = (2)

This last equation is capable of experimental proof since a graph of

the integral on the left hand side of equation (2) against t (the time

of reaction) should be a straight line whose slope is equal to 

2
2k£Ke • The simplest method of evaluating this integral is graphically



where p^

PI2

therefore

pi "

and thio can only be done If data on the value of are available.
/ 78)

Fortunately, Perlman and Rollefson'' ' have made some accurate

measurements of the iodine dissociation equilibrium at several

temperatures, and by extrapolation of their data it may be calculated

that log. Kp at 65O°K is -6.92. Although their data have been used

throughout the present work, it is interesting to note that the value

of -6.92, predicted from Perlman and Rollefson’s data, agrees

reasonably well with that obtained from much earlier results by 
(79)

Bodenstein '» Bodenstein’s equation,
-7550

log. K a “ + 1.75 log. T - .OO4D9T + 4.726 x HfY + .102

gives •6.83.

With this information, the value of <k can be calculated for any 

given total concentration of iodine, by the following process.

Let Pj = partial pressure of total iodine expressed as atoms 

i.e. Px x Pj ♦
■*•2

of iodine as atoms.

of iodine as molecules.

(1- <4)PI 

2

-61,-

actual pressure

actual pressure

otPj and pj^ as

Kp =
(1- <<)Pn

or log. Kp « log.
1-dL

+ log. Pj ♦ log. 2 (5)
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In any particular experiment, the value of is given by the

percentage decomposition and therefore, ct itself can readily be 

calculated from equation (3).

Since it is possible to obtain a value for o<,it is clear that a 

graphical evaluation of the integral in equation (2) can be carried out. 

Perhaps the clearest way of showing how this may be done is by an actual 

example.

Example of the Evaluation of , \o dx.
......... (a - x) £-

In experiment No. 3> we have

Partial pressure of benzyl iodide = .075 mm.
c

Temperature = 650 K.

Percentage decomposition = 5.35.

Thus

(b«i)
075 X 273

a
22.4 x 760 x 650 

» 1.85 x 10*6 moiSe/i£tre

x » (Total Iodine)
5.35 x 1.85 x 10*6

Pj(atms.)

100

« 9.9 x 10 ^atoms/litre

9.9 x 10"8 x 22.4 X 650

• •

—6
5.27 x 10 atms.

273
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Prom Perlman and Rollefson’s data, log. at 6f>O°K « -6.92 and 

therefore from equation (3)» we get 

2
lOg 4

1-<A

hence

= -6.92 - log. 5.27 x 10"6 - .301 

= -1.945

• 0.102 ( ol is obtained directly from a graph of 

oC'log< '• * )

1-

and
ql2*2

(a-x)2

•1022 x 9»9‘ x 10“16 

175*12 x io*16 

,-4a 0.33 X 10

To integrate this function graphically, the value of
at Sc2

, for
(a~x)2

various values of x, must be determined and a graph plotted of one agai

the other.

,-6We have already shown that when PT equals 5*27 x 10 atms. 
ot-2 - - ,-4

equals .33 x 10 ' and we may similarly calculate the value of(a-x)2

this function when the partial pressure of iodine (as atoms) equals

.8P,, .6Pj etc. Figure 15 shows the results of this calculation.
,2*2

The value of the integral of is given by the area, under the
(a-x)^

graph in Figure 13, as 1.31 x 10*12.

The above example has dealt with the simplest case w ich involves

the decomposition of benzyl iodide alone. However, the suggested 

mechanism of decomposition implies that the addition of iodine to the 

system will result in the extent of decor: osition being decreased.
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This is a direct consequence of the postulated equilibrium between 

bensyl iodide on the one hand and bensyl radicals and iodine atoms 

on the other. If the total concentration of added iodine, expressed 

as atoms, be c atoms per litre, then we can extend equation (2) to 

include this case by replacing x by (c + x).

q<* 2(c + x)2
(4)i.e. dx(a - x)^

The integral in equation (4) can be evaluated in an analogous fashion

to the described above#

Experimental Values of
ot2(c + x)2

(a-x)’
dx at various ’contact* Times

To test the validity of the type of mechanism, suggested in 

equation (l), a series of experiments was carried out, all at as near 

the same temperature as possible but with varying times of reaction. 

Some of the experiments were performed with, and some without, the

presence of added iodine and the corresponding values of
ot2(o + x)2

dx were calculated using the graphical method outlined
(a-x)2

in the previous section. The results are given in Table 5* 
o<2(c + x)2

According to equation (4), a plot of dx against
(a- x)2

the contact time should be a straight line, the slope of which is
2

equal to Zkg^e • Such a plot is shown in Figure 16 from which a value
“12 2 o ,of 4»25 x 10 for 2kgKe at 65O.5 X (the mean temperature for this 

series of experiments) may be deduced.
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Table 5

Temperatures 650-651 °K

Exp* No* Reaction Time 
secs*

p.p. Bsl
mm*

1
p.p* Added 

Iodine^
mm. x 1C£

r?<.2(o + x)2

(a-x)2
.-,12 x 10

3 •41 .074 1.51
4 •41 .074 - 1.71
7 •54 .068 • 2.34
8 •54 .068 2.63
9 .95 .09 * 4.27

. 10 .95 .09 4.20
13 •42 .077 1.75
14 .42 .077 .21 1.68
15 .42 .077 ♦21 1.90
17 .36 .075 • 1.60
18 .36 .075 .11 1.75
19 .31 .063 1.46
20 .31 .063 .27 1.30
21 .31 .063 .27 1.20
22 .38 .070 •» 1.50
23 .38 .070 .23 1.95
25 .56 .071 - 2.00
28 *62 .081 - 3i02
39 .66 .071 - 2.78
40 .66 .071 - 2.82
41 1.20 .081 - 4.30
42 1.20 .081 4.80
44 .56 .076 .167 2.33
45 .58 .076 .167 2.86
46 .67 .067 2.78
47 .67 .067 .199 2.20
4S .67 .067 .199 2.50
49 .83 .070 - 3.30
50 .83 .070 .244 3.53
51 .83 .070 .244 3.46
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Two further similar series of experiments were carried out at 

663°K and 674°K and the results are given in Tables 6 and 7 respectively*

Table 6

Temperatures 662-662 "K

Exp* Ko.
Reaction

Time
secs.

p.p. Bzl
mm*

p.p. Added 
Iodine 

mm. x 10^ -

r 12/ \2
2k2Ke2 

x 10^
(a - x)2

.n12 x 10

87 •53 .096 6.54 1.23
88 .53 *096 - 6.84 1.28
89 .53 .096 .17 7.08 1.33
90 .60 .112 - 6.54 1.09
91 .60 .112 - 6.23 1.04
92 .60 .112 •20 6.20 1.0
93 .36 .041 - 2.80 0.78

94 .36 .041 2.79 0.77
95 .36 .041 •141 5.30 1.46
96 .83 .032 - 7.10 0.86
97 .83 •032 - 7.10 0.86
98 .83 •032 .586 9.48 1.14
99 .55 .030 5.2 0.95

100 .55 .030 5.2 0.95
101 .79 .034 - 6.82 0.86
102 .79 .034 - . 8.0 1.07

! 103 .79 .034 .104 9.4 1.18-
104 *81 .20 - 8.4 1.04
105 .81 .20 - • 8.4 1.04
107 . .51 .148 «■» 6.5 1.28
108 .51 .148 - 6.8 1.33
109 .51 .148 .108 9.4 1.80
110 .37 •046 - 4.6 1.24
111 .37 .046 - 3.9 1.05
112 .37 .046 .061 3.5 0.95
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Table 7

Exp. No.

I

Reaction
Time
secs.

I

p.p. Bzl 
nun.

p.p. Added 
Iodine

mm. x 10^

f ot2(o + x)2 , '

(a-x)2 

x 1012

52 .34 .071

1 11
!

8.0
53 .34 .071 7.1
54 .34 .071 .154 6.1
55 .37 .069 ** 7.8
57 .37 .069 .206 5.8
61 .70 .094 21.7

62 .70 .094 - 22.2
64 .44 .065 - 9.6
65 .44 .065 10.2
67 .63 .08 * 17.2
68 .63 .08 • 18.7
69 .63 .08 .238 17.1
70 .74 .093 18.1
72 .74 .093 .425 19.8
73 .50 .078 • 12.8
74 .50 .078 13.1
75 .50 .078 .26 12.2
76 .86 .091 - 26.1
77 .86 .091 - 26.1
78 .86 .091 .175 21.0

These results are also shown in Figure 17 - the results obtained 
o

at 65O.5 K being included for comparison. From the gradient of the 

lines in Figure 17, the values of (see equation (4) ) may be

calculated as 2.6 x 10~11 at 674and 1.06 x 10~11 at 663°K.

It is, of course, possible to calculate a value for 2k£Ke^ from any
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one experiment by merely dividing the value of the integral of
jyr
.. dx by the contact time. This calculation has been carried
(a-x)*

o
out for the experiments at 663 K and the results are given in the

final column of Table 6. Neglecting the result of experiment No. 109,

2 -11the average value of is 1.07 x 10 , the standard deviation

—11being 0.18 x 10 . Although each individual result is obviously

much less accurate than the value obtained from Figure 17, they can be

used to demonstrate that, within experimental limits, the value of

2
‘kh® concentration of bensyl iodide, e.g. at 

-110.03 mm. bensyl iodide, the average value is 0.95 * 10 whereas at 

0.20 mm. it is 1.04 x 10 . Thus a sevenfold increase in the partial

pressure of bensyl iodide lias not significantly affected the value of 

2k2K.2.

The experimental results, recorded in Tables 5, 6 and 7, are 

consistent with the mechanism outlined in equation (l), i.e. they are 

in accord with the theory that the recombination rate of two bensyl 

radicals is an irreversible process which results in the withdrawal 

of bensyl radicals from an equilibrium system involving bensyl iodide, 

iodine atoms and iodine molecules. The results are also in agreement 

with the suggestion that both of the postulated equilibria are, in fact, 

established in the reaction sone.

Variation of with Temperature
2 o o

In the preceding seotion, values of 2k^' e at 650.5 K, 663 K and 
o

674 K, were obtained from the results of a large number of experiments
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at each temperature. Duplicate experiments, at four other 

temperatures, were also conducted and the results are given in 

Table 8.

Table 8

Exp. No.
o

Temp. K
Reaction 

Time 
in secs.

p.p. Bzl 
mm.

f ot2x2 2k2Ke2 

x 1012
i \2 °ai(a-x)* 

x 1012

79 702 .30 .072 139.8 465
80 702 .30 .072 151.8 505
81 605 .37 .075 29.6 80.0
82 685 .37 .075 20.8 57.0
83 611 .86 .085 .0183 .0212
84 611 .86 .085 .0175 .0205
85 632 .86 .086 .402 .468
86 632 .86 .086 .391 •455

2
Data are thus available on the variation of 2kgKe over a 

temperature range of about 100°C. This function is the product of a 

rate oonstant and the square of an equilibrium constant and it is 

apparent that a value for the temperature independent factor can be 

calculated. However, the accuracy of the value obtained can obviously

be increased if the temperature range is extended. Although the
o

reaction is too slow, at temperatures below 610 K, to be conveniently 

studied by the flow technique, the use of a static system with much

longer reaction t mes, would enable the reaction to be studied at
o

temperatures appreciably below 600 K. Experiments, carried out using

such a system, are described in the following section.
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1.2 EXPERIMENTS US^PG A STATIC SY^EM

A detailed description of the method by which these static 

system experiments were performed has already been given in the section 

entitled ’Apparatus and Experimental Technique’.

It was observed that, when the products were being pumped out 

of the reaction vessel, traces of a white solid were usually left on 

the vessel walls. A micro-determination of the melting-point of thia 

solid gave it as 45 °C and it is, therefore, likely that the solid was 

dibensyl (m. pt. 52°C) which would be expected to distil only rather 

slowly out of the reaction vessel. The ultra-violet spectrum of a 

methanol solution of the solid confirmed the suggestion that it was 

dibenzyl.

A major difference between the static and flow systems is that 

much higher concentrations of reactant must be used in the former to 

obtain enough product for an accurate analysis to be performed. Thus, 

in th s series of experiments the concentration of benzyl iodide was 

usually of the order of 10 mols./l. whereas in the flow experiments 

it was generally of the order of 10*^ mols./l. Therefore, the 

experiments using the static eystem not only make it possible to study 

the reaction at lower temperatures but also provide the opportunity of 

testing the postulated rate equations at much higher benzyl iodide

concentrations.

Altogether eight successful experiments were carried out at
o

temperatures ranging from 5^6 to 557 K. The results are shown in 

Table 9 - the calculations having been carried otot in an analogous 

manner to those for the flow system results recorded previously.
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Table 9

Exp. Ko. Temp. K

Reaction 
Time 

in secs, 
x 10**

Benzyl 
Iodide 

cone, in 
mols./l. 
x icA

f/2x22
J (a -x)2 

x 1012*'

^9 

x 101*

SI 557 3.6 1.75 27.4 764
S3 534 10.26 1.66 2.56 25.0
S4 534 11.4 2.2 1.74 15.2
S5 545 7.02 0.67 5.88 84.0
S6 545 7.62 2.69 6.82 89.2
S7 553 6.0 1.09 29.7 479
88 516 20.5 2.60 .534 2.48
S9 519 15.3 2.76 .387 2.53

p
Experiments S5 and S6 show clearly that the function 2kgKe is 

independent of the benzyl iodide concentration.

1.3 THE TEMPERATURE DEPENDENCE CF THE FUNCTION 2koK„2

Combining the results obtained by the flow and static methods, 
2

data are available on the values of 2k2^e over the large range of
o O

temperatures of 186°C - from 516 K to 702 K.

Ke has been defined as the equilibrium constant for the reaction

Bzl ------ > B« + I and therefore according to the Van’t Hoff isochore we

may write

d(ln 1^)

dT

AH

RT 2

(where AH equals the 
enthalpy change of the 
reaction)

AH
ln.K ■ + const. (5)

RT
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Similarly kg has been defined as the rate constant for the 

recombination of two benzyl radicals and we may write

E
RT

k2 at Be

or ln.k2 3 InB -
E

RT
(6)

Combining equations (5) and (6) it is obvious that

o ,2 AH E . • / x
In.kgK, = - + — ) + const. (7)

2 2Thus, if from collected data on 2k^Ke , a graph of log, 2kgKe

against the reciprocal of the absolute temperature is plotted, then
2 AH + E

the slope of the straight line obtained will be equal to .

Such a plot is shown in Figure 18 which leads to a value of 84 K cal./mol 

for (2 AH + E). Since E is the energy required for the recombination 

of two similar free radicals its value is likely to be small and may even 

by zero. The highest reported activation energy for the recombination 

of two similar free radicals is that for triphenyl methyl radicals, which 

is given by Ziegler as 7 K cal./mol.j it would, therefore, seem 

reasonable to assume that the much less hindered benzyl free radicals 

would require less energy than this to dimerize.

If it is assumed that for two benzyl radioals the recombination 

energy is in fact zero, then, from the results in Figure 18, AH for the 

benzyl iodide equilibrium may be calculated as 42 K cal./mol. This is 

the maximum value of the carbon-iodine bond strength and this value
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must be reduced by 1 K cal./mol. for every 2 K cals, of activation 

energy required by the recombination of two benzyl radicals. Since 

it is likely that this latter energy is not more than 2p-5 K cal./mol., 

it is concluded that, on the basis of the experiments summaHaed in 

Figure 18, the carbon iodine bond strength in benzyl iodide must lie 

between 2+0 and 42 K cal./mol.
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2. THE DECOMPOSITION OF BENZYL IODIDE IN THE 

PRESENCE OF A RADICAL ACCEPTOR

2.1 BOOE^ion

It has been demonstrated that, in the decomposition of benzyl 

iodide, a reverse reaction takes place which is increased in rate by 

the presence of iodine. In order to study a reaction without the 

interference of a complicating reverse reaction, it lias been common 

practice to use a radical acceptor e.g. the toluene carrier technique 
used to a great extent by Szwarc^ \ The underlying principle of this 

method is to introduce to the system a compound, such as toluene, which 

contains a relatively weak bond and which is therefore an energetically 

favoured target for free radical attack. For example, toluene can be 

used to trap methyl radicals with which it reacts to produce methane 

and relatively inactive benzyl radicals. Since methane has a much 

stronger carbon hydrogen bond than toluene, this reaction obviously 

represents an energy gain by the system. Unfortunately toluene 

cannot be used in a study of the decomposition of benzyl iodide because 

neither the benzyl radical nor the iodine atom, formed by the decomposition 

of the iodide, would react with toluene since both dibenzyl and benzyl 

iodide (the possible products) contain weaker bonds than the carbon 

hydrogen bond of toluene itself. However, hydrogen iodide, with a 

bond strength of 71 K cal./mol. offers a convenient radioal acceptor 

for the benzyl iodide system. In theory, the reactions to be expected, 

when benzyl iodide is decomposed in the presence of hydrogen iodide,

are:-
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Bzl -----> Bz + I (1)

Be + HI ------» Bs’H + I (2)

M + I ♦ I ----- > I2 ♦ M (3)

When the hydrogen iodide is present in considerable excess over the 

bensyl iodide, then, assuming reaotion (2) to have a low or zero energy 

of activation, it might be expected that tl is reaotion would remove the 

bensyl radicals from the system too quiokly to permit their reaotion 

with iodine atoms or molecules to reform benzyl iodide. Thus the 

decomposition should become a unimoleoular process. This part of the 

thesis describes experiments which were carried out using a system as 

suggested above.

2.2 IDETTIFIGATION OF PRODUCTS

Apart from iodine, the only product to be expected in the 

decomposition of benzyl iodide in the presence of excess hydrogen iodine 

is toluene. Although no attempt was made to estimate toluene

quantitatively, it was identified, by means of its ultra-violet spectrum, 

in the reaotion products.

2.3 EFFECT OF PARTIAL PRESSURE OF HYDKOG-H; IODIDE ON THE
PERCENTAGE DECOMPOSITION

If hydrogen iodide acts as a radioal acceptor, then, provided 

a oertain excess of hydrogen iodide over benzyl iodide Is maintained, 

the decomposition rate should be virtually independent of the actual 

amount of hydrogen iodide present. Further, if the mechanism outlined 

in 2.1 is correct, the percentage decomposition of benzyl iodide should
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decrease with decreasing concentrations of hydrogen iodide when the 

concentration of the latter falls below the prescribed excess.

A few experiments, carried out at 585 K, demonstrate that the type 

of behaviour, suggested above, is found in practice. The eiqjeriments 

were performed with as near the same t?mes of reaction as possible and 

with approximately constant partial pressures of bensyl iodide. It 

was not possible, however, to obtain exactly the same reaotion time from 

one experiment to another due to the nature of the flow apparatus and 

consequently the percentage decompositions have been corrected to a time 

of 0.54 sec. (in order to make this correction, it has been assumed 

that, over the short range of times involved, the percentage decomposition 

is directly proportional to the time of reaction). The results of 

these experiments are given in Table 10.

Table 10

Temperature

Experiment
No.

Reaction 
time in

secs.

p.p. Bsl 
mm.

p.p. HI 
mm.

% Decomp, 
corrected

to 0.54 sec.

121 •54 .044 .488 12.2
122 .54 .044 .488 12.1
123 •54 .048 .388 11.9
124 •54 .048 .388 12.6
126 .58 .047 .20 12.6
127 .58 .047 .20 12.4
129 .58 .055 .084 8.1
130 .58 .055 .084 8.4
132 .55 .058 .035 4.5
133 .55 .058 .035 4.6
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The result8 are also presented in Figure 19 ffrom which it is clear 

that,onoe a certain excess of hydrogen iodide is achieved the rate of 

decomposition becomes virtually independent of the extent of the excess.

2.4 EFFECT OF VARYING THE BENZYL IODIDE CONCENTRATION

When a sufficient excess of hydrogen iodide is present, the

rate determining step in the decomposition should be the initial 

dissociation of the benzyl iodide molecule. A series of experiments, 

at 585°K, was carried out to determine the effect of variations in the 

benzyl iodide concentration on the rate. At least a sixfold excess 

of hydrogen iodide over benzyl iodide was maintained throughout the

series.

The results are given in Table 11 and are also shown in Figure 20 - 

on the graph the "corrected” percentage decompositions (corrected to a 

reaction time of 0.54 sec.) are plotted against the partial pressures of 

benzyl iodide.
I

It is immediately evident from Figure 20 that the rate of 

decomposition, under these conditions, is markedly dependent on the 

concentration of benzyl iodide. Thia implies that, even in the presence 

of sufficient hydrogen iodide to prevent the occurrence of a reverse 

reaction, the decomposition is not a first order reaction and is indeed 

approximately second order at the lowest pressures used.
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Table 11
o

Temperature 5o5 K

Experiment
No.

Reaction 
time in 

secs.

p.p. Bzl 
mm.

p.p. HI 
mm.

% Decomp, 
corrected 

to 0.54 sec.

135 .54 .020 •266 7.6
136 .54 .020 .266 7.5
138 .57 .020 .254 8.6
139 .57 .020 .254 8.3
121 .54 .044 .488 12.2
122 .54 .044 .488 12.1
126 . kn 0o .047 .200 12.6
127 .58 .047 .200 12.4
123 .54 .048 .388 11.9
124 .54 .048 .388 12.6
141 .52 .050 .455 12.8
142 .52 .050 .455 14.2
144 .51 .065 .585 15.2
145 .51 .065 .585 16.2
153 .50 .134 .885 22.0

The collision theory of unimolecular reactions predicts that all 

such reactions should tend towards second order as the pressure of 

reactant is decreased and it was thought that the intermediate order 

observed in the decomposition of benzyl iodide was due to this low 

pressure effect. (The development of the Hinshelwood-Lindemann 

mechanism for unimoleoular reactions and some of its subsequent 

modifications are discussed in Appendix 2). Although there is 

relatively little direct experimental evidence available on the order 

transition in the case of molecules containing as many atoms as benzyl 

iodide. Slaterhas predicted that at pressures of the order of 10*^ mm.

i
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a thirteen atom molecule would be in its transition region. Since 

theory demands that the more complex the molecule the lower will be the 

pressure at which the rate ceases to be first order, benzyl iodide, with 

fifteen atoms, might be expected to exhibit transition effects at 

slightly less than 10*^ mm. Probably the most complex molecule which 

has been thoroughly investigated, at both hign and low pressures, is 

cyclo-butane. The decomposition of this compound was shown by Genaux 

and Walters' z and Kero and Waltersv to be first order at pressures 

of over 100 mm. and to have fallen to about one third of its high 

pressure rate at 10 mm.

A possible method of checking whether the observed variation in the 

rate of decomposition of benzyl iodide with partial pressure of reactant

is due to a first to second order transition would be to determine the

effect of varying the inert gas pressure. If a genuine first to second 

order transition is being observed then the rate should increase with 

Increasing inert gas pressure, since even "inert" gases may cause 

activation by collision.

2.5 EFFECT OF INERT GAS PRESSURE

In these experiments the benzyl iodide and hydrogen iodide partial 

pressures end the time of reaction were maintained as nearly constant as 

possible.

(a) Variation of Nitrogen Pressure

The effect on the reaction rate of varying the nitrogen

pressure from 2.0 mm. to 9.9 mm. was investigated in a series of

exp rioents at 574°K. The results are given in Table 12 and are
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illustrated in Figure 21a.

Table 12

Temperature 574°K

Experiment
No.

Reaction
Time
secs.

p.p. Bsl 
mm.

p.p. HI 
mm.

p.p. n2 
mm.

% Decomp, 
corrected 

to 0.41 sec.

156 •41 .047 .472 3.5 6.3
157 .41 .047 .472 3.5 6.7
158 .41 .050 .471 6.9 8.0
159 .41 .050 .471 6.9 8.5
162 •44 .050 .452 9.9 8.7
163 •2i4- .050 .452 9.9 8.8
164 .44 .048 .460 2.0 6.0

The effect of the partial pressure of nitrogen is seen to be small 

but is nevertheless significant.

(b) Variation of Hydrogen Iodide Pressure

In Section 2.3, it was shown that, at low hydrogen iodide to

bensyl iodide ratios, the reaction rate was markedly dependent on 

hydrogen iodide o ncentration but that once enough hydrogen iodide was 

present to eliminate the recombination reaction, the rate became 

independent of the pressure of hydrogen Iodide. Obviously if thia 

system is in the transition region of a unimolecular reaction, the rate 

should still be slightly dependent on the hydrogen iodide concentration 

even In the presence of an excess, due to the activating effect of the 

hydrogen iodide molecules. A single experiment was carried out at a

much higher partial pressure of hydrogen iodide than in the previous
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work (Section 2.3) and this result, together with those from Table 10, 

has been ihcluded in Table 13 - all the results being corrected to 

0.54 «ec* reaotion t5me and 0.048 mm. partial pressure of benzyl iodide.

Table 13
o

Temperature 585tK 

Nq Pressure 3*7 - 3*5 mm.

Experiment Reaction Time p.p. Bzl p.p* HI Corrected %
No. secs. mm. mm. Decomp.

121 .54 *044 .488 13.3
122 .54 *044 •488 13.1
123 .54 .048 .388 11.9
124 .54 .048 .388 12.6
126 .58 .047 .200 12.9
127 .58 .047 •200 12.7
148 .50 .053 2.20 15.7

It is evident from these results that, above the Critical pressure 

of hydrogen iodide,there is only a very slight dependence of rate on 

the hydrogen iodide concentration. This slow increase in rate, at 

pressures above about 0.2 mm. of hydrogen iodide, could be due to the 

activating effect of the hydrogen iodide on the bensyl iodide molecules.

(c) Variation of Benzene Pressure

It is generally accepted that the efficiency of energy transfer

by an inert gas increases with the complexity of the molecule at least 

until apparent maximum efficiency is reached when further complexity 

leads to no further increase in the transfer efficiency. Several

experiments were therefore carried out in which varying partial
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pressures of benzene were added to the system. Although benzene does 

not seem to have been used for this purpose before, it was selected, 

in preference to toluene, which lias been shown to be very efficient

because it was thought less likely to react with the hydrogen iodide 

present in the system. A trial experiment, under normal experimental 

conditions,showed that no interaction between hydrogen iodide and benzene 

took place.

The results of the experiments with added benzene are given in 

Table 14 and are also shown in Figure 21b. The percentage decompositions 

have, as usual, been corrected to a constant contact tj~ie viz. 0.44 secs, 

and they have also been corrected for slight variations in the benzyl 

iodide partial pressure. The latter correction has been made on the 

assumption that the reaction is second order and it has already been 

shown (Section 2.4) that this is approximately true at the low partial 

pressures involved. The results have been corrected to a benzyl iodide 

partial pressure of 0.013 mm.

Although the experiments on the nitrogen and benzene variations 

were unfortunately carried out un< er different experimental conditions, 

it is nevertheless apparent that benzene has a much greater effect on 

the reaction than has nitrogen.
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Table 14

Temperature 558-559°K 

Nq Pressure 1.47-1*55 mm.

Experiment
No.

Reaction 
Time secs.

p.p. Bel 
mm.

p.p. HI 
mm.

p.p. Ph-H 
mm.

.............................
Corrected
5$ Decomp.

223 •44 .0114 .482 1.88 1.72
224 •44 .0114 .482 1.88 1.81
227 .42 .013 .471 0.75 1.10
228 .42 .013 .471 0.75 1.19
229 .42 .0133 .442 * 2.52 2.04
230 .42 .0133 .442 2.52 2.08
232 .45 .0149 •510 1.13 1.31
233 .45 .0149 .510 1.13 1.42

(d) Variation of Methyl Iodide Pressure

Since it is presumably the carbon-iodine bond in bensyl iodide

which must acquire sufficient energy to cause decomposition, it was 

considered that the introduction of a non-reacting molecule containing a 

carbon-iodine bond might result in greatly increased reaction rates. For 

this reason, methyl iodide was selected as a possibly efficient inert gas. 

Preliminary experiments demonstrated that methyl iodide did not decompose 

under the experimental conditions and did not react with hydrogen iodide. 

Using similar conditions to those used in the benzene addition

experiments, a few experiments at several different partial pressures 

of methyl iodide were carried out and the results are recorded in 

Table 15 and Figure 21b.
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TemEerature^K 

Np treasure 1 .gj-1 tg7 mm.
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Experiment
No.

Reaction 
time secs.

p.p. Bzl
mm.

p.p. Hl 
mm.

p.p. CH^I 
mm.

Corrected*
% Decomp.

238 .42 .0121 .452 1.40 0.96
239 •42 .0121 .452 1.40 1.00
241 •2+4 .0118 •45 .995 1.05
243 •44 .0118 •45 .995 0.96
246 .40 .012 .45 2.2 1.33
247 .40 .012 .45 2.2 1.13

Corrected to 0.2+4 sec. reaction time and 0.012 mm. partial 

pressure of Bil.

It is immediately clear from Figure 21b that methyl iodide is much 

less effective than benzene in increasing the decomposition rate of the 

bensyl iodide. The graph also shows that both the methyl iodide and 

the benzene curves cut the vertical axis at approximately the same 

percentage decomposition. Since both series of experiments involve 

about 1.5 mm. of nitrogen and 0.45-0.5 due. of hydrogen iodide in addition 

to the methyl iodide or benzene, thia intercept is presumably the 

percentage decomposition in the presence of only the nitrogen and the 

hydrogen iodide.

(e) Variation of Surface Area to Volume Ratio

Previous workers at St. Andrews^* have noted that in the

first to second order transition region for methyl and trifluoromethyl 

iodides, a distinct wall effect was observed.
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A limited number of experiments were carried out on the 

decomposition of benzyl iodide, in the presence of HI, in a Fyrex 

furnace; the furnace had removable sleeves so that the surface area 

to volume ratio could be readily altered.

The results of these experiments are difficult to interpret and 

since they do not affect the main thesis, they are included in an 

appendix (see Appendix 3).

2.6 KELATIb EKflCIENCI^S OF THE VARIOUS IHBRT GASES

In the preceding section a qualitative picture of the

relative efficiencies of the four inert gases vis. nitrogen hydrogen 

iodide, benzene and methyl iodide, has been presented. It is, however, 

possible to express these efficiencies quantitatively with reference 

to the efficiency of the benzyl iodide molecule itself.

In the original development of the Hinshelwood-Lindemann mechanism, 

it was assumed that the reactant was activated by other reactant 

molecules only and no account was taken of the part played by the other 

molecules present. A development of the original theory allows the 

efficiency of inert jases, in transferring energy to the reactant 

molecules, to be calculated. Such a development has been given by 

Johnston' ; in a series of papers. The reasoning used by Johnston is 

described in Appendix 2 and it will suffice here merely to give his 

final equation which is;

k = lc,(A) + k,x(X) + k^Cf) (4)

where k = experimental rate constant lor assumed first order reaction 

kj » rate constant for A + A ----- s> A* + A
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k^ * rat© constant for A + X------ >A ■+• X
©

fcjy « rate constant for A + Y ------->A + Y

The efficiency of an inert gas X in transferring energy to the reactant 

A, relative to the efficiency of A itself, is obviously given by

X “ —- . It should be emphasised that equation (4) only holds
k1

in the second order region i.e. at low partial pressures.

From equation (4) it is evident that a graph of k against (X) at

a fixed bensyl iodide concentration should be a straight line of slope 

and intercept k (Bzl). When there are two or more inert gases

present at the same time, if only one of them, (x), is varied, then the

intercept becomes k(Bzl) + kjy(Y) .................. or kj £ (a) +°^y(y) ......................J

slope X Q(A) + oiy(Y) .............. j .and therefore = Plots
intercept

of assumed first order rate constant versus pressures of nitrogen, hydrogen 

iodide (in the region where there is no reverse reaction), benzene and 

methyl iodide are shown in Figures 22a and 22b. In each case, a 

reasonably straight line graph is obtained. Unfortunately all four of 

the gases were not investigated at the same temperature but, if we assume 

that the relative efficiency of inert gas molecules is independent of 

temperature over the short range involved, then it is possible to 

evaluate °^N2^ °^HI» and Since there is always at

least two of the gases present (nitrogen and hydrogen iodide), a pair of 

simultaneous equations must be solved to give °^ki and °^N2* The valu©8 

of these can then be used to calculate the relative efficiencies of

benzene and methyl iodide. Uoing the results in Figures 22a and 22b 

the following values are obtained:-
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<*■ N *2
= .003

01 Hl E .008

^Hi.H = .012

SS .004

As Hrould have been expected benzene is the most effective of the gases 

and nitrogen the least. However, eve: the value for benzene is much 

lower than the efficiencies quoted in the literature e.g. 0.07 for

°^N2 and 1.10 for °^ph«H decomposition of cyclo-propane.

2.7 VARIATION OF BEKZYL IODIDE PRESSURE AT DIFFERENT

NITROGEN PRESSURES

A further consequence of the Lindemann theory of unimolecular 

reactions (see Appendix 2) is that a graph of the reciprocal of an 

assumed first order rate constant against the reciprocal of *effective* 

pressure should be a straight line. The ’effective* pressure is defined 

as the partial pressure of reactant plus the effective partial pressures 

of the other gases present i.e. in thi? case equal to p.p. Bzl +

^2 + °^HIXP*P* Using the values of °^HI

derived in the previous section, it is possible to use the results in 

Section 2.4 to construct such a graph. The calculations are shown in 

Table 16 and in Figure 22c. The fact that Figure 22c is a reasonable 

straight line would seem to indicate that the reaction is a unimolecular 

one proceeding according to the Hinshelwood-Lindemann mechanism.
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Table 16

Experiment
No.

Assumed 1 st. 
order rate 

const.
sec.”^

1-- sec. 
*1st.

Effective
pressure

mm.

1

Eff. pressure 
rarT'l

135 .146 6.85 .0326 30.7
136 .144 6.95 .0326 30.7
138 •166 6.0 .0334 30.0
139 .160 6.25 .0334 30.0
141 .253 3.95 .0647 15.5
142 .282 3.55 .0647 15.5
144 •304 3.30 .0862 12.5
145 .326 3.07 .0862 12.5
153 •464 2.15 .150 6.67
121 .240 4.16 .059 17.0
122 .238 4.20 .059 17.0
126 .248 4.04 .060 16.7
127 •244 4.10 .060 16.7

In an attempt to give further support to this, two series of 

experiments, with 6.2-6.5 ma. and. 9.2-9.6 mm. of nitrogen respectively, 

were carried out in which the partial pressure of bensyl iodide was 

varied* The results are given in Table 17 - the percentage decompositions 

having been corrected to 0.71 sec* reaction time.

____ . .____ ____ ___
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Temperature 554-555°K

Table 17

Experiment
No.

Reaction 
time secs.

p.p. Bsl
mm.

p.p. HI 
ram.

p.p. Ng 
ram.

Corrected
decomp.

183 .71 .069 .77 6.3 5.4
184 .71 .069 .77 6.3 5.7
186 .71 .030 .815 6.3 3.3
187 .71 .030 .815 6.3 3.5
189 .75 .0191 .847 6.2 2.1
190 .75 .0191 .847 6.2 1.9
213 .78 .0936 .835 6.5 7.9
214 .78 .0936 .835 6.5 7.4

192 .68 .020 .788 9.5 2.5 I
193 .68 .020 .788 9.5 2.5
19$ .71 .0618 .790 9.4 6.1
196 .71 .0618 .790 9.4 6.3
198 .70 .0366 .794 9.6 4.5
200 .70 .0366 .794 9.6 4.5
201 .69 .0872 .810 9.4 8.9
202 .66 .0872 .810 9.4 9.1
204 .75 .113 .860 9.2 9.7
2Q5 .75 .113 .860 9.2 10.0
207 .73 .053 .850 9.5 5.7
208 .73 .053 .850 9.5 5.8

These results are Illustrated in Figure 23a. Using values of the

percentage decomposition at various partial pressures of bensyl iodide 
1

from Figure 23a, the corresponding values of , ....... order
1 *1 st. oracr

and

Effective pressure
can be calculated (the values s 0.003 and

HI « 0.008 obtained in Section 2.6 being used). The results obtained 

from such calculations are shown in Table 18.
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Table 18

Average 
p.p. n2

p.p. Bsl 
mm.

Eff. p. 
mm.

1
k1at> order 
sec.”^

1

Eff. p.
mm. "I

kls-l. orda‘ 

sec.

.020 .04$ 22.2 .324 3.08

6.3 mm.
.0W»
.060

.065

.085
15.4
11.7

.550

.790
1.82
1.27

.100 .125 8.0 1.09 .920

.020 .0545 18.4 .396 2.53

.040 .0745 13.4 .672 1.49

4.3 mm.
.060 .0945 10.6 .905 1.11
.10 .1345 7.45 1.30 0.77
.120 •1543 6.50 1.46 0.68

The reciprocal of the assumed first order rate constant has been plotted 

against the reciprocal of the effeotive pressure in Figure 23b. This 

graph, while approximating to a straight line at the higher pressures, 

shows distinct deviations from this behaviour at the lowest pressures 

studied. At these low pressures of bensyl iodide and relatively high 

pressures of nitrogen^the value of the term x PN2 same

order of magnitude as the partial pressure of the bensyl iodide itself 

and therefore the calculations will be very sensitive to errors in the 

experimentally determined value of ^M .

2.6 VARIATION OF REACTION RATE m TEKgKRATURE

In the foregoing sections it has been suggested that the

decomposition of bensyl iodide in the presence of an excess of hydrogen
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iodide is unimolecular but the reaction is not first order because of

the very low partial pressures employed - in fact, the reaction is 

apparently close to second order at the lowest pressures of benzyl iodide 

used. It should be possible, therefore, by working in the region of 

0.02 mm. pressure of benzyl iodide, to determine the variation of the 

second order reaction rate constant with temperature. In Table 19> 

the results of experiments at temperatures in the range 534°-596°K are

collected. The second order rate constants shown in the Table have

been calculated using the expression

1 X 1 T -1
~ *** mole sec2nd. order t . a(a_x)

where x = moles/l of iodine

a = initial (Bel) in moles/l 

t s. reaction time in secs.

Table 19

Nc Pressure 3.6-3.8 mm.

HI Pressure 0.19-0.25 mm.

Exp. No. Temp.
°K

Reaction 
Time 
sec s.

p.p. Bzl
mm.

%
Decomp.

Seccnd order 
rate constant 

k2 x 10"5
log k2

138 585 .57 .020 9.0 3.24 5.510
139 585 .57 .020 8.7 3.14 5.497
165 596 .58 .0168 15.7 7.04 5.848
166 596 .58 .0168 16.1 7.26 5.861
168 565 .61 .0166 3.4 1.24 5.093
169 565 •61 .0166 3.6 1.29 5.111
171 554 .71 .020 2.1 0.501 4.700
172 554 .71 .020 2.2 0.525 4.720
174 544 .89 .0188 1.5 0.314 , 4.497
175 544- .89 .0188 1.6 0.316 4.500
177 534 .95 .0186 0.58 0.111 4.045
178 534 .95 .0186 0.56 0.107 4.029
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If the reaction is second order for the reasons outlined, then a plot of 

the logarithm of the seoond order rate constant against the reciprocal 

of the absolute temperature should lead to an aotivation energy which is 

equivalent to the energy required to be gained by a bensyl iodide molecule 

before it can decompose* The results in Table 19 have been used to 

construct figure 24 and from the latter, the activation energy may be 

calculated as 2+0 K cal./mole. This aotivation energy should, in fact, 

be the bensyl iodide bond strength, provided the kinetic interpretation 

is correct, and as such it appears to be excellent confirmation of the 

results obtained from the experiments described in Section 1. (in 

Section 1 it was shown that the bond strength probably lay between 2+0 

and 2+2 K cal./mole).

The Arrhenius factor B, in the expression order ~ Be

can be calculated from Figure 24 as 1O20*2*-. The simple collision theory

for bimoleoular reactions predicts that the collision frequency will be

of the order of only 10 1 mol. sec.”1. However, the type of

reaotion, involved in this particular case, is the activation by

collision of a bensyl iodide molecule and, since the molecule is a

complex one, this process might be expected to proceed at a rate in

excess of that predicted by the simple collision theoiy. The rate of

activation of a complex molecule can be much higher than that for a simple

one since the probability that it has an energy greater than E is 
E 1 . E

( • e whereas for a simple molecule it is
. E *

merely e jj, n being the number of vibrational degress of freedom 

which can contribute to the activation energy. Even such a simple 

molecule as fluorine monoxide has been shown to have a second order
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19.7decomposition rate which obeys the expression k b 10 * x

exp. (-39000/RT) 1 mol.-l sec.”\ At this stage in the investigation,

it therefore seemed not at all unreasonable that benzyl iodide should 

20have a pre-exponential factor as high as 10 in the second order region.
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3. THE,DECOMPOSITION Bmyj., IODIDE IN.,THE

PRESENCE OF HYDROGEN IODIDE ANT FREE IODINE,

3.1 INTRODUCTION

Although the results in Section 2 appear to substantiate the 

theory that the decomposition of benzyl iodide, in the presence of 

hydrogen iodide is undergoing a first to second order transition in 

accordance with the tenets of the Hinshelwood-Lindemann theory, there 

are two major difficulties preventing the complete acceptance of this 

hypothesis viz.

(a) the experimental values of the efficiencies of the 

various inert gases are very much lower than those 

found by other workers.

(b) if the bond strength of benzyl iodide is approximately

42 K cal./mol., as given by the results in Section 1,

13then, using an Arrhenius factor of 10 , the first

order rate constant at 554.4°K may be calculated as

-4 -12.5 x 10 sec. • This value is about a thousand 

times less than that suggested by the results in 

Table 17* Thus, if the reaction is genuinely in the 

first to second order transition region, then the 

decomposition rate must have an abnormally high 

pre-exponential factor under first order conditions.

" (23)
Gazith and Noyes , in their study of the exchange reaction 

between iodine and benzyl iodide in solution, postulate the reaction 

step I + Bzl—» Bz + Ig and it is possible that such a reaction also
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takes place in the gas phase. It was shown in Section 1 that a

consistent kinetic analysis was obtained by assuming that the rate of

decomposition of benzyl iodide was governed by the equilibrium 
Ke

Bsl «------> Bz + I followed by the recombination of iodine atoms.

It should, perhaps, be pointed out that tris is technically equivalent
Ke*

to assuming that the equilibrium I + Bzl <------> Bz + l£ is established,

, where Kj is the equilibrium dissociation
*2

since the equilibrium constants, for these two processes, are related
« Ke

by the expression Ke = 

oonstant of iodine.

If an iodine atom-benzyl iodide reaction of this type does occur, 

the sedition of iodine to the system should increase the rate of 

decomposition of benzyl iodide when an excess of hydrogen iodide Is 

present. This is precisely the opposite ’iodine effect* to that found 

for the decomposition in the absence of a radical acceptor. The 

occurrence of an iodine dependent reaction of this type could, however, 

explain the difficulties encountered in attempting to reconcile the 

experimental results in Section 2 with the theories of uniaolecular 

reactions. For example, it would explain why the inert gas efficiencies, 

obtained in Section 2.6, are very low, since the inert gas would only be 

expected to affect the initial dissociation reaction of the benzyl iodide 

and not the iodine catalysed reaction. It is also probable that the 

initial dissociation does not, in faot, take place in the truly second 

order region, thus invalidating the inert gas efficiency equations which

yrere used.
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3.2 VARIATION OF REACTION RATE WITH CONCENTRATION
OF ALDSD IODINE

A few experiments, at constant temperature and constant partial 

pressures of bensyl and hydrogen iodides, were performed in which 

different amounts of free iodine were added to the system. These 

results are given in Table 20 - the percentages of decomposition have 

been corrected in the usual way for slight variations in the reaction 

time and in the partial pressure of benzyl iodide.

Table 20

Temperature 574 K

Exp. No.
Reaction

time
secs.

p.p. Bzl 
mm.

p.p. HI 
mm.

P*P* *2 
added 

ma. x 1Cr

Corrected % 
decomp.

(.5 sec. and 
.016 ma.)

292 •51 .0169 0.57 5.55
293 .51 .W69 0.57 2.16 7.80
294 .51 .0169 0.57 2.16 7.70
296 .51 .0156 0.60 2.92 7.82
297 .51 .0156 0.60 2.92 8.21
298 .49 .0146 0.61 - 5.68
299 .49 .0146 0.61 5.56 9.06
300 .49 .0146 0.61 5.56 8.90

From Table 20, it is immediately evident that the addition of iodine 

results in a considerable increase In the rate of decomposition. If 

this increase in rate is due to the occurrence of a reaction involving 

the attack of an iodine atom on the organic iodide molecule, then the overall 

decomposition rate can be represented by an equation of the type
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dig

dt
= M, (Bssl) + M2 (B«l)(l)

where and Mg are constants* Thus a graph of the rate of iodine 

production against the iodine atoa concentration, at constant bensyl 

iodide concentration, should be a straight line whose slope is given by 

Mg (Bzl) and whose intercept on the (i) « 0 axis is (Bzl).

Although actual values of the iodine production rate and the iodine 

atom concentration at any instant are not Known, it is possible to 

calculate their approximate mean values from the results in Table 20*

The mean rate of iodine formation nay be calculated directly but 

calculation of the corresponding mean iodine atoa concentration is not 

quite so straight-forward. Measurement of the total iodine present at 

the entry of the reaotion sone enables the concentration of iodine atoms 

there to be calculated, if the fraction dissociated is known. The degree 

of dissociation can be obtained from data on the equilibrium dissociation 

constants for iodine by the method described in Section 1 • Because the 

temperatures used in this series of experiments were very much lower than 

those at which Perlman and Rollefson studied the equilibrium dissociation 

of iodine, it was thought inadvisable to use a simple extrapolation of

their results. Instead the

♦ 2.44 computed by Downs

has been used. In an exactly similar way, the iodine atom concentration 

at the exit of the reaction zone may be calculated. The arithmetic mean 

of the initial and final values should give a reasonable measure of the

effective average iodine atom concentration.
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Values of the mean rates of iodine production and the mean iodine 

atom concentrations for experiments 292-300 have been calculated and 

the results are given in Table 21•

Table 21

Variation of__ £ with (i) at 574°K
at

Exp, No, p,p, Bsl
mm.

(I) x 109 

Initial

(I) x 109 

Pinal
Mean (i) 
x 1CF

Mean x 10$
dt

at 0,016 nua. Bzl

292 .0169 0.0 2.51 1.25 2.48
293 .0169 2.77 4.30 3.53 3.5
294 .0169 2.77 4.28 3.48 3.47
2# .0156 5.53 4.54 4.03 3.5
297 .0156 3.53 4.67 4.10 3.67
298 ,0146 0.0 2.50 1.25 2.55
299 .0146 4.74 5.85 5.29 4.05
300 .0146 4.74 5.80 5.29 3.95

dig(i) are expressed in gm. atoms 1~^ and in mols. 1“^ sec.*^

Figure 25 illustrates that, at constant bensyl iodide pressures, the 

rate of iodine production is directly proportional to the mean iodine 

atom concentration and from the graph M-j and Mg ^e calculated as 

4.48 x 1O“2 8eo.*^ and 0,89 x 10' 1 sec."^ gm. atom*^ respectively.

3.3 TEMPERATURE DEPWDENCB OF THE IODINE DEPENDENT
DECOMPOSITION RATS

dt

In the previous section, the constant Mg in the expression 

M«| (Bzl) + Mg (Bsl)(l) has been evaluated at 574°K.
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Siailar studies have been made of the iodine atoa dependence of the 

decomposition rate at 5^5% 536° and 505°K* The results of these

experiments, calculated on the same basis as those in Table 21, are 

given in Table 22 •

Table 22

Exp. Ko. Toap. i
°K

p.p. Bsl
am.

(I) x 109 

initial

(I) xlO9 

final

(I) x 109 

mean

Mean °^2 . 

dt 1
x 10^

at 0.016 an. 
Bzl

302 505 0.0152 0 4.35 2.17 3.67
303 585 0.0152 4*4 7.28 5.84 5.40
304 585 0.0154 0 4.25 2.12 3.64
305 585 0.0154 6.91 8.05 7.48 6.25
306 585 0.0154 6.91 7.80 7.36 6.03
307 536 0.0157 0 0.357 0.178 0.423
308 536 0.0157 0.975 1.13 1.Q5 0.775
309 536 0.0157 0.975 1.10 1.04 0.755
310 536 0.0172 0 0.409 0.204 0.460
311 536 0.0172 0.70 0.827 0.743 0.680
312 536 0.0172 0.70 0.842 0.771 0.715
313 536 0.0161 0 0.380 0.190 0.451
314 536 0.0161 0.650 0.761 0.705 0.622
315 505 0.0152 1.42 1.56 1.49 0.40
316 505 0.0152 1.42 1.58 1.50 0.425

As previously, the iodine atom concentration is expressed in ga. 

atoa 1*^ and the rate of iodine production in aols. 1*^ sec.”\

The results of the experiments at 5^5°K and 556°K are shown 

in Figures 26a and 26b respectively. From these two graphs, may be 

calculated as 1.01 x 10? and 7.36 x 10^ 1 sec.*^ ga. atoa at 585° and
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536 °K respectively* At 5Q5°K, no detectable reaction took place in the

absence of added iodine and thus it may be assumed that the M«j(Bzl) 

term is aero. This leads to a mean value of 0*535 x 10^ 1 sec."1 gm*

atom for M^* The term Mg is in effect the rate constant in the

reaction I + Bsl -----> Bs + Ig and therefore a graph of log Mg against

the reciprocal of the absolute temperature should yield the energy of 

activation of this reaction* The required Arrhenius plot is shown in 

Figure 27 from which the energy of activation may be calculated as 

4*1 K cal*/mol* and the corresponding pre-exponential factor as 

i*e. a steric factor of approximately 10 is involved*

The accuracy of the above determination is limited by two raajor 

factors

(a) The assumption that the arithmetic mean iodine atom 

concentration is a good approximation for the 

effective iodine atom concentration may not be 

justified. Also the implicit assumption that the 

iodine atom-iodine molecule equilibrium is attained 

may not be valid.

(b) The relatively small range of temperatures investigated

and the limited number of experimental values on each 
d(l2) , x

of the —— ■ versus (I) graphs with the consequent 
dt

decrease in the accuracy of determining the slopes.

These two factors will now be considered in more detail*

(a) The work of iabinowitch and Wood^* on the kinetics of

the recombination of iodine atoms, indicates that, under the conditions
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of the present experiments, the combination of iodine atoms will be 

principally a hetergeneous wall reaotion and that the limiting rate 

step will be the diffusion rate to the wall. Iodine atoms, formed in 

the gas phase from bensyl iodide, will undergo collisions while 

diffusing to the wall where they will subsequently combine. A 

formula, given by Bursian and Sorokin (a more detailed discussion 

of this problem has been given by Semenoffk enables the number of

collisions, n, made by a particle in diffusing to the wall of a
3 d2

cylindrical vessel to be calculated. The equation is n ■ —n 
32 X2

where d a vessel diameter in cms.

\ a the mean free path in cms.

The mean free path is given by the expression

1
St --------  - ■ ■ - ■ I

J2 Tt vr\ c2

where <r a molecular diameter in cms.

m a number of molecules per co.

Since the largest proportion of molecules involved in these exper'ments
o

consisted of nitrogen molecules, it will be assumed that or = 3.8 A,

the value for nitrogen. Taking an average value of 0.02 am. partial

pressure of bensyl iodide in a total pressure of 5 mm., then at 55O°K,

m « 1017 moleculea/cc. crx mt 14*4 x 10*^ cms.2 and X= 1.6 x 10*^ cms.

neglecting the 
3 6.25

32 2.44 x 10-6

2.4 x 10* collisions

The diameter of the reaction furnace was 2.5 cms., 

thermocouple well, and n is therefore given by n =
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105 or 1.2 x 10* molecules of benzyl

Thus an iodine atom, in diffusing to the wall, will make this number

of collisions with other gas molecules of all kinds. It will therefore 
0.02

collide with —— x 2.4 x 4.0
iodide. The nuaber of collisions between iodine atoms and benzyl

iodide molecules which result in reaction is given by:-

No. of fruitful collisions « Total no. of collisions x P x e*

where P is the steric factor of the reaction. The current work suggests

-2a value of 10 for this steric factor and even lower values were fo nd 
(23)

by Gazith and Noyes . Thus, in order that an atom of iodine should 

make one fruitful collision with a benzyl iodide molecule before reaching 

the wall, the energy of activation involved would have to be less than 

3 K cal./raol. Experimentally, the activation energy obtained is 

4.1 K cal./mol. and therefore the assumption that the iodine atom-iodine 

aoleoule equilibrium is established is probably valid.

(b) Attempts were made to increase the accuracy of the value obtained 

for the activation energy of the reaction by carrying out experiments 

at much lower temperatures in a static system. As described under 

Apparatus and Experimental Techniques’, an oil-filled thermostat was 

used in these experiments, which were conducted in the region of 100°C.

The preliminary experiments were promising and showed that the 

decomposition rate of benzyl iodide in the presence of hydrogen iodide 

became independent of the hydrogen iodide pressure as soon as a sufficient 

excess warn present i.e. exactly analogous behaviour to that observed 

under flow system conditions. Figure 2o shows the type of results 

obtained. It soon became clear, however, that more benzyl iodide was

---------------------------------------------------- —_——-----------—--------------------------------- ------
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being decomposed than could be accounted for by the amount of free

iodine formed. This would indicate the formation of more complex

reaction products and indeed a solid having a melting point of about 

100°C was isolated from the reaction vessels. A cursory examination 

by ultra-violet and infra-red spectroscopy failed to identify the product, 

although there were indications that it contained stilbene (apt. 124°C).

It was noticed that there was apparently some difficulty in getting 

all of the benzyl iodide into the vapour phase in these sealed bulb 

experiments and it seems probable that some liquid phase reactions were 

occurring on the walls of the vessel. (Extrapolation of the available 

approximate data indicates that the vapour pressure of benzyl iodide at

110°C is not much greater than the partial pressure used in these 

experiments). Some such liquid phase reactions could account for the 

formation of stilbene or other more oonplex products which would be 

extremely unlikely in a true gas phase reaction at these low temperatures.

Because of these complications, the possibility of extending the

temperature range of the investigations of the reaction I + Bzl------ > 12 + &z

by means of a static system, was not pursued further. If the above 

explanation of the nature of the complicating reactions is correct, then 

static experiments, using lower partial pressures of benzyl iodide and 

thus requiring more refined analytical techniques or the use of much 

larger reaction vessels, might have been successful.

The determination of the activation energy of the reaction between 

an iodine atom and a benzyl iodide molecule as 4*1 K cal./mol. enables 

the bond strength of benzyl Iodide to be deduced directly, since the 

4*1 K oal./uiol. merely’ represents the difference between the bond strengths
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of benzyl iodide and molecular iodine# Since the bond strength of 

iodine is given by Perlman and Rollefson^as 36.5 K cal./mol. at 

53O°K (the mean of the temperature range investigated), these results 

are equivalent to a bensyl iodide bond strength of 40.6 K cal./mol.,

assuming that the reverse reaction Bz + In ----- > Bzl + I has zero energy

of activation. This value of AJO.6 K cal./mol. is in excellent agreement 

with that obtained in Section 1 by an entirely different approach.

3.4 KFFBCT OF THIS "IODINE DEPENDENT REACTION" ON PREVIOUS DATA

At the time at which the experiments discussed in Sections 2.4

to 2.8 were being carried out, it was not realised that a reaction,

involving the attack of an iodine atom on the parent molecule, was occurring

simultaneously with the normal decomposition reaction. Using the data

obtained on the temperature dependence of the rate constant of the

reaction Bzl + I ------> Bz + I2> the results of previous experiments can

be corrected to allow for the occurrence of this reaction. For example,

the experiments in Section 2.4 (Table 11), in which the dependence of the

overall reaction rate on the benzyl iodide concentration was demonstrated,

can now be recalculated to determine the extent of decomposition which

is due to the initial dissociation of the benzyl iodide molecule. In 
dl£

the expression —» 1L| (Bzl) + M2(Bzl)(l), the value of M2 can be 

obtained from Figure 27 as 10? 1 gm. atoms’^ secs.">! at 5^5and thus 

the contribution of the term M2(Bzl)(l) can be calculated, using the mean 

values of the iodine atom concentrations determined as described previously. 

The results in Table 11 (Section 2.4) have been recalculated, in this way, 

and the values of the rate of iodine production from the initial
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dissociation only have been obtained and are given in Table 23. From 

these data, values of the percentage decomposition (at 0.54 secs, reaction 

time) due only to the initial dissociation, have been calculated - these 

values being obtained by simple proportion from the values of the rate of 

iodine production for the overall and the initial dissociation reactions.

Table 25

Fxp.
No.

p.p. Bzl 
mm.

Mean 
(Bal) 

mols/1. 
x 10?

Total
£2

dtfl 
x 108

Mean
(I)9 
x 10*

. —

£2 from
dt

I + Bal—> 
12 + Ba 
x 10°

<&2 

dt 
from 

initial 
diBSOQ. x 10^

1 1 -• L.

Decomp, 
due to 

initial 
dissoc.
(at O.54 

sec.) .

135 • 02 5.36 4.2 2.55 1.25 2.95 5.3
136 .02 5.36 4.17 2.51 1.24 2.93 5.3
138 .02 5.31 4.75 2.35 1.25 3.50 6.5
139 .02 5.31 4.25 2.32 1.25 3.02 5.9
121 10.34 13.4 4.32 4.47 8.95 8.1
122 .044 10.54 13.3 4.28 4.44 8.86 8.1
126 .047 11.01 14.8 4.45 4.90 9.90 8.4
127 .047 11.01 14.6 4.37 4.84 9.76 8.3
123 .048 11.28 14.3 4.30 4.85 9.45 7.9
124 .048 11.25 15.1 4.55 5.13 9.97 8.4
141 .050 12.0 16.55 4.55 5.46 10.89 8.5
142 .050 11.9 17.6 4.87 5.92 11.68 9.4
144 .065 15.34 25.25 6.50 9.96 15.29 9.1
143 .065 15.26 26.9 6.95 10.60 16.50 9.8
153 .134 30.43 75.0 11.1 55.8 41.2 12.1

The results in Table 23 are illustrated in Figure 29 on which the original 

results from Section 2.4 are also shown for comparison. It is evident

from the graph that the initial dissociation reaction is considerably less
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dependent on benzyl iodide concentration than the overall reaction, 

particularly at the higher concentrations and it may be that the reaction 

is not second order even at the lowest pressures used. This latter 

fact may account for the exceptionally low values of the various inert 

gas efficiencies obtained (Section 2.6), since the equations used in the 

calculation of these efficiencies are only valid in the strictly second 

order region.

It is interesting that the reciprocal of the assumed first order

rate constant for the overall reaction when plotted against the ’’effective

pressure” gave a straight line (Section 2.7, Figure 22c), when the results

were not entirely due to the effect then assumed. However, for the 
1 1

initial dissociation of bensyl iodide, a graph of “ against —
M1 (Bzl)

should be a straight line where M-j is the constant in the rate expression 
dl2

------------- s= M (Bzl) + M9(l)(Bzl). Table 24 gives the necessaiy data which
dt 1 *

are illustrated in Figure 30. The grrpfc, in Figure JO, is a reasonable

straight line, despite the fact that no allowance has been made for
/

the effect of inert gases. The value of M-j at infinite pressure is

given by Figure JO as 0.175 secs."1. Mow IL is equal to half of the 
dl2

rate constant for the Initial dissociation (since — is in mols. 1~1 
dt

-1secs. and two molecules of benzyl iodide must decompose to give one 

of iodine) and therefore at J8JOK, the first order decomposition rate 

constant, for the initial dissociation of a benzyl iodide molecule, is

If the value of 40.6 K cal./mol. for the activation energy« , -1 0.35 sees. •

of this decomposition, obtained in Section 3.3, is correct then this
i A - 6

value of the rate constant corresponds to an Arrhenius factor of 10 .



This value is at the upper end of the range of Arrhenius factors which 
(93)

are usually considered normal .

Table 24

i

Exp. No.
Mean (Bzl) 
mols. 1“1 

x 107

,...... mols*"^ 1
(Bsl) z 

x 10-6

•

see.*3
1

sec-

135 5.36 1.865 .055 18.2
136 5.36 1.865 .0547 18.3
138 5.31 1.885 .0658 15.2
139 5.31 1.885 .0569 17.6
121 10.34 0.970 .0864 11.6
122 10.34 0.970 .0864 11.6
126 11.01 0.910 .0894 11.2
127 11.01 0.910 .0886 11.3
123 11.28 0.887 .0852 11.7
124 11.® 0.890 .0888 11.®
141 12.0 0.837 .0906 11.05
142 11.9 0.842 .0981 10.2
144 15.34 0.653 .0996 10.05
145 15.26 0.656 .1066 9.2»3
153 30.43 0.329 .135 7.42

In Section 2.8, the temperature dependence of a second order rate 

constant, presumed to be the low pressure decomposition rate of benzyl 

iodide, was shown to have an activation energy of 40 K cal./mol. It 

is remarkable that such an entirely reasonable value was obtained when, 

in fact, the reaction was being complicated by the concurrence of the

reaction I ♦ Bsl------->Bz + Using the data on the temperature

dependence of this latter reaction, the previous results, (Table 19) 

can be recalculated on the basis of the initial dissociation reaction only
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The percentages of decomposition due to this initial split have been 

determined and are given in Table 25 which also shows the corresponding 

second order rate constants. Figure 31 shows a graph of the logarithm 

of these second order rate constants against the reciprocal of the 

absolute temperature.

Table 25

HI Partial Pressures Q.12-Q.25 sun.

Exp.
No.

f|

Temp.
°K

i

(Bsl) 
x 10? 

mols. I-1

Reaction
time
sec.

% Decomp, 
due to

initial
dissoc.

Assumed
2nd. order 

rate constant 
x 10-5

log of
2nd order 
rate constant

138 585 5.55 .57 6.55 2.22 5.345
139 585 5.55 .57 6.20 2.11 5.324
165 596 4.52 .58 10.75 4.56 5.66
166 596 4.52 .58 11.0 4.67 5.67
168 565 4.73 .61 2.54 0.902 4.953
169 565 4.73 • 61 2.73 0.960 4.980

171 534 5.80 .71 1.56 0.385 4.573
172 554 5.80 .71 1.64 0.402 4.605
174 544 5.55 .89 1.16 0.238 4.376
175 544 5.55 .89 1.24 0.251 4.400
177 534 5.35 .95 0.38 0.0784 3.893
178 554 5.35 .95 0.37 0.0760 3.880

The data, plotted in Figure 31 > form a reasonable straight line end this 

might be regarded as evidence that the reaction is genuinely second order 

in this region of low partial pressures of reactant. The activation 

energy, calculated from Figure 31, is l+Q K cal./mol. which is in good 

agreement with the values obtained in Section 1 (decomposition of 

benzyl iodide in the absence of a radical acceptor) and in section 3.3



112

(from the energy of activation of the reaction I + Bal -------»l£ + Ba)*

For this assumed second order reaction, the pre-exponential factor, in 

the rate expression, is 1 02°.4 1 mol.*^ sec* \ As has been noted

previously (section 2.8), this apparently high value is quite consistent

with this type of reaction* Slaterhas calculated that, for the

relatively simple molecule, nitryl chloride, the second order pre- 

20 -1 -1
exponential factor should be 1*45 x 10 1 mol* sec* and this has

been substantially confirmed experimentally by Cordes and JohnstonKx ',

19 -1 —1who obtained the value 5*8 x 10 1 mol. sec. • It might, therefore,

be expeoted that the unimolecular decomposition of benayl iodide would 

involve a second order pre-exponential factor as least as large as that 

for nitryl chloride.

Unfortunately > there are insufficient data on the variation of the 

decomposition rate with concentration of reactant, at these very low 

partial pressures, to prove that the reaction Is accurately second order. 

Theoretical calculations, by Slater suggest tliat it is, in fact,

unlikely that this reaction is genuinely second order at partial pressures 

of -v 0.02 mm. The good agreement of the derived activation energy with 

the values obtained in previous sections must, therefore, be regarded as 

probably being fortuitous.
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SUMMARY ARD CONCLUSIONS

The results of the work, described in this thesis, may be

summarised as follows

1) The gas phase pyrolysis of benzyl iodide, either alone or in the 

presence of added free iodine, proceeds via the following mechanism -

(a) Bzl <■-------> Bz + I

(b) I + I <—> I2
k2

(e) Bz + Bz ——> Bz-Bz

An analysis of the data lias been carried out where reactions (a)

and (b) are presumes to reach equilibrium and reaction (c) is rate

determining* Over a temperature range of 5Jl6°K, carried out using

both static (516-557°K) and flow (611-7O2°K) systems with benzyl iodide 
2

partial pressures ffom *03 mm. to 9*0 nun., the logarithm of 2 k2Ke 
1

plotted against gave a straight line. The slope of this line on
2 AH + E

the above mechanism is equal to (where = change in

heat content associate.;' with the equilibrium BzX 4-----> Bz + I and 8 =

the activation energy of the reaction Bz ♦ Bz ------>Bz-Bz) and (2 AM + 3

was found to be 84 K cal./mol. On the assumption that E = 0, this is 

equivalent to a benzyl iodide bond strength of 42 K cal./mol. This 

experimentally derived bond strength must be reduced by 1 K cal./mol. 

for every 2 K cal./mol. of energy of activation required by the 

recombination of two benzyl radicals. A review of the literature, on 

free radical recombination energies, suggests that for benzyl radicals

...._..___U__ _____ __
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it is not likely to exceed 4*5 & cal./mol. and therefore the present 

investigation leads to a value of 2,0*42 K cal*/mol* for the strength of 

the carbon-iodine bond in benzyl iodide*

2) It has beer shown that, in the presence of excess hydrogen iodide as 

a radical acceptor, benzyl iodide decomposes according to the following

mechanism -

(a) Bzl----- > Bz + I

(b) I + I «—» I2

(a) Bz + HI ----- > Bz-H + I

(e) I + Bzl ----- > Bz + I,

In this scheme, the rate determining process is the dissociation 

process in (a) since, with sufficient HI present, reaction (d) prevents an 

equilibrium concentration of benzyl radicals being built up*

It has been shown to be possible to obtain conditions where the rate 

of iodine formatio is independent of HI concentrations. Hsing such 

conditions, reaction (e) was shown to be a very significant contributor 

to the total rate. Moreover, the elimination of the back reaction in (a) 

produced a large increase in decomposition rate, so much so tliat the range 

of temperature used in this section of the work was over 100°C below that

for the previous section.

The energy of activation of the reaction (e) has been determined as

4*1 K cal*/mol. (This value was calculated from results covering the

• (78)
temperature range 5^5 to 5^5°K.) • Using Perlman and Rollefson’ sv* ' 

data on the dissociation of molecular iodine, this activation energy of
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4-.1 K oal./mol. is equivalent to a benzyl iodide bond strength of 

40.6 K cal./mol. This value is in good agreement with that obtained 

from the pyrolysis work in the absence of a radical acceptor.

The initial dissociation reaction (Bzl —> Bz 4-1) has been found 

to be between first and second order at the partial pressures of benzyl 

iodide used (0.02 mm. - 0.13 mm.) and this is attributed to the normal

Hinshelwood-Lindemann effect for unimolecular reactions. An approximate

-1value of 0.35 sec. for the high pressure limiting rate constant at 

385°K has been deduced. This corresponds to an Arrhenius factor for 

the decomposition of 1(? 4 sec.*\ if the benzyl iodide bond strength 

is assumed to be 4-0.6 K cal./mol.

3) At the very lowest partial pressures used ( ^0.02 mm.), the initial 

dissociation reaction approaches second order behaviour and the 

temperature dependence of assumed second order rate constants leads to 

an activation energy of 2+0 K cal./mol. for the decomposition. The 

corresponding pre-exponential factor is 10 •'*, which is of the order of 

magnitude to be expected for a reaction of this type. The data, in this 

low pressure region, are, however, insufficient to establish that the 

reaction is accurately second order at these pressures.

4-) If the bond strength of benzyl iodide is taken as 41 K cal./mol.,

as determined in this present investigation, a value may be calculated

for the heat of formation of the benzyl radical. Using 27»2 K cal./mol.

(63)for the heat of formation of benzyl iodide, as suggested by SkinnerK 

a value of 2+3 K cal./mol. is obtained for AHf (Benzyl). This is in 

close agreement with the values of 2+5.3 K cal./mol. and 44*8 cal./mol.,

------------------------------------- --- -  
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and Davidson^''’;obtained, in this Department by 

respectively - their values were cerived from their determinations of 

the bone strength of the central carbon-carbon bond in dibenzyl. The 

present value of 43 K cal./mol. is also in accord with the 24.9 K cal./mol.,

,(47)
deduced from Eenson and Buss 'determination of the toluene bond strength

as 84 K cal./mol. The more commonly quoted toluene bond strength of 

77*5 K cal./mol., obtained by Szwarc leads to a Ailf (Benz.l. of 

only 37*4 K cal./mol. and would, therefore, seem to be too low.

'■ ................... .___________ ._________________________________
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APPENDIX 1

COLLECTED SXPERIW5TAL PRIMARY DATA

TABLE I

siijca,ve^ - SmLfRJMJa

Exp.
No.

Temp.
°K

Reaction
Time
secs.

pp Bzl 
mm.

PP *2 
mm. x

10~2
PP N2

mm.
/y

Decomp.

3 650 .41 .074 4.3 5.35
4 650 .41 .074 • 4.3 5.58
7 651 .54 .068 4.3 6.45
8 651 .54 .066 - 4.3 6.82
9 651 .95 .090 • 4.1 8.56

10 651 .95 .090 • 4.1 8.41
13 650 •42 .077 - 4.1 5.70
14 650 .42 .077 .21 4.1 2.73
15 650 .42 .077 .21 4.1 2.90
17 650 .36 .075 • 4.3 5.36
18 650 .36 .075 .11 4.3 3.60
19 652 .31 .063 - 4.5 5.20
20 652 .31 .063 .27 4.5 2.40
21 652 .31 .063 .27 4.5 2.22
22 65O • .38 .070 • 4.3 5.15
23 650 .38 .070 .23 4.3 2.42
25 650 .56 .071 - 4.3 6.02
28 650 .62 .081 - 4.1 7.53
39 651 .66 .071 - 4.3 6.90
40 651 .66 .071 • 4.3 6.97
41 651 1.20 .081 — 4.0 8.20
42 651 1.20 .081 • 4.0 8.90
44 65O .58 .076 .167 4.3 3.50
45 650 .58 .076 .167 4.3 4.00
46 651 .67 .067 - 4.1 6.85
47 651 .67 .067 .199 4.1 2.83
48 651 • 67 .067 .199 4.1 3.20
49 650 .83 .070 - 4.1 7.75
50 650 .83 .070 .244 4.1 4.1
51 650 .83 .070 .244 4.1 3.97
52 674 .34 .071 - 4.3 7.50
53 674 .34 .071 - 4.3 7.12
54 674 .34 .071 .154 4.3 3.52
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Exp.
No.

Temp.
°K

Reaction
Time
secs.

pp Bzl 
mm.

pp I2
mm. x 

10“2
PP N2 

mm.
A

Decomp.

55 674 .37 .069 — 4.4 7.45
57 674 .37 .069 .206 4.4 2.10
61 674 .70 .094 - 4.2 12.0
62 674 .70 .094 • 4.2 12.2
64 674 •44 • O65 - 4.2 8.10
65 674 .44 .065 • 4.2 8.50
67 674 . .63 .080 - 4.2 10.4
68 674 .63 .080 * 4.2 10.8
69 674 .63 .080 .238 4.2 6.60
70 674 .74 .093 - 4.1 10.7
72 674 .74 .093 .425 4.1 5.89
73 673 .49 .078 •» 4.4 9.32
74 673 .49 .078 - 4.4 9.42
75 673 .49 .078 .260 4.4 4.60
76 673 .86 .091 - 4.1 12.7
77 673 .86 .091 - 4.1 12.75
78 673 .86 .091 .175 4.1 7.35
79 702 .30 .072 4.5 18.8
80 702 .30 .072 4.5 19.3
81 685 .37 .075 4.4 11.3
82 685 .37 .075 - 4.4 9.56
83 611 .86 .O85 4.1 1.52
84 611 .86 .O85 4.1 1.48
85 632 .86 .086 4.1 4.09
86 632 .86 .086 4.1 4.01
87 662 .53 .096 - 4.1 8.36
88. 662 .53 .096 4.1 8.58
89 662 .53 .096 .170 4.1 5.96
90 663 .60 .112 4.2 8.30
91 663 .60 .112 4.2 8.10
92 663 • 60 .112 .200 4.2 5.Q5
93 663 .36 .041 «• 4.4 5.80
94 663 .36 .041 4.4 5.73
95 663 .36 .041 .141 4.4 3.84
96 663 .83 .032 4.1 8.78
97 663 .83 .032 4.1 8.78
98 663 .83 .032 .586 4.1 1.44
99 663 .55 .030 * 4.3 7.92

100 663 .55 .030 4.3 7.90
101 663 .79 .034 w 4.3 8.56
102 663 .79 .034 • 4.3 9.36
103 663 .79 .034 .104 4.3 6.38
104 662 .81 .200 * 4.1 9.70
105 662 .81 .200 - 4.1 9.70
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•PM •K 
O

Temp.
°K

Reaction
Time
secs.

pp Bzl
mm.

pp I2 
mm. x 

10“2
PP N2

mm. Decomp.

107 663 •51 .148 4.3 8.30
108 663 .51 .148 - 4.3 8.57
109 663 .51 .148 .108 4.3 7.46
110 663 .37 .046 • 4.5 7.02
111 663 .37 .046 • 4.5 6.53
112 663 .37 .046 .061 4.5 4.37

________ __
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IABL3 II

SILICA VESSEL - BLTIZYI IODIDE AIJD ITOBOSEM IODIDE

----------------- r

Exp.
No.

Temp.
°K

Reaction
Time
secs.

pp Bzl 
mm.

PP III 
mm. PP n2 

mm.
Decomp.

121 j 585 .54 .044 .488 3.7 12.2
122 585 •54 .0/44 .488 3.7 12.1
123 585 •54 .048 .388 3.7 11.9
124 585 •54 .048 .388 3.7 12.6
126 585 •5& .047 .199 3.8 13.5
127 585 .58 .047 .199 3.8 13.3
129 585 .58 .055 .O84 3.8 8.7
130 505 •58 .055 .084 3.8 9.0
132 585 •55 .058 .035 3.9 4.6
133 585 •55 .058 .035 3.9 4.7
135 585 •54 .020 .266 3.5 7.6
136 585 •54 .020 .266 3.5 7.5
138 585 .57 .020 .254 3.8 9.0
139 585 .57 .020 .254 3.8 8.7
141 585 •52 .050 .455 3.7 12.6
142 585 •52 .050 .455 3.7 13.9
144 585 •51 .065 .585 3.5 14.3
145 585 •51 .065 .585 3.5 15.2
148 585 .50 .053 2.20 3.9 16.2
153 585 •50 .134 .885 3.0 20.8
156 574 •41 .047 .472 3.5 6.3
157 574 •41 .047 .472 3.5 6.7
159 574 •41 .050 •471 6.9 8.0
160 574 •41 .050 .471 6.9 8.5
162 574 .44 .050 .452 9.9 9.3
163 574 .44 .050 .452 9.9 9.4
164 574 •44 .048 .460 2.0 6.4
165 596 .58 .017 .135 3.8 -15.7
166 596 .58 .017 .135 3.8 16.1
168 565 • 61 .017 .121 3.8 3.4
169 565 .61 .017 .121 3.8 3.6
171 554 .71 .020 .184 3.8 2.1
172 554 .71 .020 .184' 3.8 ! 2.2
174 544 .89 .019 .156 3.7 1.5
175 544 .89 .019 .156 3.7 1.6
177 534 •95 .019 .185 3.6 0.58
178 534 .95 .019 .185 3.6 0.56
183 I 354 .71 .069 •770 6.3 5.4
184 554 .71 .069 .770 6.3 5.7
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Exp.
No.

Temp.
°K

Reaction
Time
secs.

pp Bzl 
mm.

pp HI 
mm.

PP «2 
mm.

Z J
Dcoomp.

186 555 .71 .030 .815 6.3 3.3
187 555 .71 .030 .815 6.3 3.5
189 554 .75 .019 .847 6.2 2.2
190 554 .75 .019 .847 6.2 2.0
192 555 .68 .020 .788 9.5 2.4
193 555 .68 .020 .788 9.5 2.4
195 554 .71 .062 .790 9.4 6.1
196 554 .71 .062 .790 9.4 6.3
198 554 .70 .037 .794 9.6 4.4
200 554 .70 .037 .794 9.6 4*4
201 554 .69 .087 .810 9.4 8.5
202 554 .66 .087 .810 9.4 8.4
204 554 .75 .113 .860 9.2 10.2
205 554 .75 .113 *860 9.2 10.5
207 554 .73 .053 .850 9.5 5.9
208 554 .73 .053 .850 9.5 6.0
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TABLE IV

PYREX VESSEL - BENZYL IODIDE AIL HYDROGEN IODIDE

Exp.
Ko.

Temp.
°K

Reaction
Time
secs.

pp Bzl 
mm.

PP HI
mm.

PP N2
mm.

%
Dcoomp.

Ko. of 
liners

249 565 .77 .016 .627 3.3 . 5.95 0
230 565 .77 .016 .627 3.3 6.16 0
256 565 .69 .016 •544 3.3 8.15 1
257 565 .69 .016 .544 3.3 8.27 1
258 565 .71 .016 .561 3.2 9.95 2
259 565 .71 .016 .561 3.2 10.0 2
260 574 .71 .016 .561 3.2 15.8 2
261 535 .76 .017 .566 3.1 6.20 2
262 535 .76 .017 .566 3.1 5.74 2
263 522 .78 .017 •566 3.1 3.55 2
264 517 .79 .016 .535 3.2 3.57 2
265 517 .79 .016 .535 3.2 3.74 2
266 535 .77 .016 .535 3.2 6.11 2
267 575 .70 .017 .561 3.3 19.1 2
268 575 .70 .017 .561 3.3 18.4 2
272 489 .89 .017 .621 3.1 2.23 2
273 489 .89 .017 .621 3.1 2.16 2
274 533 .83 .017 .595 3.2 2.94 0
275 533 .83 .017 .595 3-2 2.90 0
276 579 .77 • .015 .586 3.2 10.6 0
277 579 .77 .015 •586 3.2 10.6 0
278 587 .76 -.015 .586 3.2 14.7 0
279 505 .88 .015 .566 3.3 1.03 0

J280 505 .88 .015 .566 3.3 1.13 0
282 536 .81 .016 .576 3.3 3.46 0

*
Reaction Vessel coated with Carbon
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TABLE V

SILICA VESSEL - BENZYL IODIDE, KYDKQGBK IODIDE AND IODINL

Exp,
NO.

Temp*
°K

Reaction
Time
secs.

ppBzI
mm.

PP HI 
nm.

PP *2 
mm x10"2

PP ^2 
mm.

%
Decomp.

292 574 •51 .017 .570 3.3 5.8$
293 $74 .51 .017 .570 .216 3.3 8.35
294 574 .51 .017 .570 .216 3.3 8.15
296 574 .51 .016 .600 .292 3.3 7.78
297 574 •51 .016 .600 .292 3.3 8.14
29a 574 .43 .015 .610 • 3.3 5.09
299 574 .49 .015 .610 .556 3.3 7.67
300 574 .49 .015 .610 .556 3.3 7.90
302 585 .49 .015 .580 - 3.3 7.85
303 585 .49 .015 .580 .265 3.3 13.2
304 585 ' .49 .015 .596 • 3.3 7.80
305 585 .49 .015 .596 .575 3.3 14.1
306 585 .49 .015 .596 .575 3.3 13.1
307 536 .52 .016 • 566 - 3.4 0.75
308 . 536 " .52 .016 .566 .192 3.4 1.60
309 536 .52 .016 • 566 .192 3.4 1.23
310 536 * .54 .017 .500 - 3.4 1.00
311 536 .54 .017 .500 .099 3.4 1.65
312 536 .54 .017 .500 .099 3.4 1.73
313 536 .52 .016 .570 3.3 0.95
314 536 .52 •016 .570 .091 3.3 1.30
315 505 •53 .015 .555 .186 3.3 0.64
316 505 .53 .015 .555 .186 3.3 0.68
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APPENDIX 2

THSORY OF UNIMOLECULAR REACTIONS

ilin^clwood-htoaew^ for Unjaqleculgr Reactions

It is postulated that the activation of the reactant A takes

place as follows:-

*1
♦

A + AA + A

k:

Products

where A is an activated molecule with sufficient energy to 

Under stationary state conditions, 

lq (A)2
(A*)

kg (A) + k^

and then
a (a)
at

= k5 (A*)
kjkj (A)2

kg (a) + kj

Two extreme conditions may be considered

i) kg (A) » k3. This is equivalent to assuming that A*

de-activates much more readily than it decomposes and thus

d (A) kjk^ (A)

dt kg

i.e. a first order decomposition at hrlgh pressures of A*
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li) kg (a). Reaction end. not de-activation is the

prominent step in this case*

Thus -
a (a)

at
k.kr _
— (A)2 = k, (A)2
k3

i.e. a second order reaction which occurs at low

pressures of A*

L-i-A+jL1^feot. of Inert Oases on Unimolecular R<

The simple Hinshelwood-Lindemann, outlined above, does not

pretict any affect of inert gases* However, it is readily extended 

to include the core of activation by an inert gas molecule and the 

theory given here is a simplified version of that used by Johnston.

Let A be the reacting molecule and X, Y, ♦••• inert gas molecules* 

Then the following reaction may take place:-

A •+■ A

A + X

A + Y

A* + A

A* + X

A* + Y 

* *

*1

^IX

k1Y

U2X

:2Y

+ Y

A + A

A + X

A + Y

Products

->

>

>

>

*

+ A

-»• X

Setting up a stationary state as before

____ i I A
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, #. ♦ k-IX (A)W + k|Y (a)(y) + ••••
(A ) as "■■ 1 " ' ' i i' - - j- ■ ■ .....................................- - r  ............. t'i i

k^ + k^ (a) + kgx (X) + kgy (X) + ••••

<3 (A) e kx [kjA)* + k.x (A)(X) +k,Y (A)(Y)+...3
and hence - —— x kj (A ) = —....................................—, ----- -------

dt k^ + kg (a) + kgx (x) + kgy (Y) ••••

and if we assume a unimolecular rate constant k for the decomposition 

of A, we have
a (a)

dt
= k (A)

Under conditions where the rate of decomposition of (A ) is much 

greater than its rate of de-activation,

k^ k^ (a) + kf^y (x) + kgY (Y) + ••••

and then,

a (a) z _
■ “ —— = k (a) = lc, (A) + kjX (A) (x) + k,Y (a) (y) •••• 

dt

• • k = kj (a) + k^y (X) + k|Y (y) + ••••

For a system consisting of the reacting &s A and one inert gas X, v/e

have

k SS k>j (A) + Kjy (X)

If the concentration of A is maintained constant and the 

concentration of X is varied while still obeying the condition that

k3 k2 W ♦ k2»w

then, a graph of the assumed first order rate constant k, against the

____ _________ _______ .____ i____ i____ i____ a
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concentration of X, should be a straight line. The slope of this line 

is k-jx an<3 the intercept, on the (x) = 0 axis, is kj (a). The 

efficiency, <AX, of the inert gas, X, in transferrin. energy to A 

relative to the efficiency of A itself is given by

Thus, from the graph of k versus (X)

(slope of line) (concentration of A) 

Intercept on (X) » 0 axis

It has already been shown that

k3 [k (A)2 + k.x (A)(X) + k,Y (A)(Y) + 
k (a) - 1___„_ _______________ ______________ -

kv + kg (a) + kr?y (x) + kgy (Y) + ••••

11 kg (a) + k^- (X) + kgy (Y) + ••••
— S ■. ..I.—III.... 4- , I.I !!■- ■■ ■■■! ———-
k kj (A) + kjX (X) ♦ feff (Y) •••• k-j £kj (a) + kjX (X) + kjY (Y) + ••••]

Now kj (A) + kjX (X) + kjY (Y) + ••••

= fc, [(A) + X(X) + Y (Y) +

= kj ^effective pressure^

1 1
Thus a plot of — versus ________ should be a straight line

k effective pressure
1

k-i
whose slope is
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APPBTOIX 3

EFFECT CF SURFACE TO VOL'UMB . ATIO CF REACTOR ON THE DECOMPOSITION

OF BENZYL IODIDE PI THE PRESENCE OF HYDROGEN IODIDE

Sswarc^ showed that, in the simple pyrolysis of benzyl iodide, 

there was no wall effect, even when the surface to volume ratio of his 

Pyrex reaction vessel was increased twelvefold by the use of I-^yrex wool. 

This is confirmed with respect to the nature of the wall by the fact 

that the results of the present investigation, in a silica vessel, agree 

closely with those of Szwarc.

The above experioients were confined to investigations of the 

decomposition of benzyl iodide alone and do not necessarily apply in 

the presence of HI, as a radical acceptor. When HI is present, there

is the possibility that first to seoond order transitions will occur in
o

the primary decompositin reaction at low partial pressures of reactant

- these transitions can, of course, only be observed when the radical

acceptor prevents the occurrence of the reverse reaction. Other

workers at St. Andrews, have shown that, in similar cases, a wall effect
(5)

is observed. For example, Lapage ' found an increase in the

decomposition rate of methyl iodide with increasing surface area to

volume ratio but she observed no change in the energy of activation of
(6)the decomposition. This work was later confirmed by CundallK 7 and

(7)
very similar results were obtained by Downs ' for the decomposition of 

trifluoromethyl iodide. In all these cases, the Increase in reaction 

observed was attributed to the activating effect of the surfaoe on a 

reaction which was in the transition region between first and second
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order. All this evidence su&,...estoc tfcst a test should be aede to 

detertiine whether BaX, when in the presence of excess MI (end thus 

<3«vvid of any complicating revorne reaction), showed sisdltr effects.

Because it is easier to construct internal sleeves for a reaction 

vessel in irex, the silica vessel, « leh was used in all the other 

experiments, was replaced with a ?yrex one with detachable ends* 

Initlelly, three experiments were carried out under identical cor ditions, 

except that the surface area to volume ratio was varied by the insertion 

of either one or two sleeves into the reaction vessel, and the results 

are shown in Figure 32 ♦ (The experimental conditions were;* Bal 

partial pressure, .0153*.Q157 sau, HI pressure 0.54*0.63 mm., pressure 

3.2*3.3 am., temperature 56$ °K and reaction tine 0.69*0.77 sec. 

retailed results of each of there and all the others in this

appendix are included in the comprehensive results tables in Appendix 1). 

It is evident, from Figure 32, that a ^renounced increase in the rate 

of reaction occurs with increasing surface area. This effect is 

similar to that observed for methyl and, triflk^roeeti^rl iodides.

In ester to investigate this wall effect in mere detail, exper lisente 

were carried o t over a ran^e of temperatures, both in tlas r; rex weasel 
itself end the saae vessel with two iyrex liners Inserted. In these 

experiments, low partial pressures of bens1 iodide {** 0.02 mm. wore 

used in order to compere the results directly with tltose obtained in 

the previous work (see pages 93-95 ) in which a silica vessel was used. 

The results are shown in Figure 33 in which the logarithm of an 

assumed second order reaction (as it was then t ought to be) constant is 

plotted against the reciprocal of the absolute temperature. The

* 130 *
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previous date, for the silica vessel, are included on Hie graph for 

comparison. It is obvious, from Figure 33, that not only is the 

absolute rate of tl is reaction surface dependent but the activation 

energy is apparently less in ryrex than it was in sllloa.

In respect of the apparent change in activation energy, these 

results differ markedly from the results with methyl and trifluoroaethyl 

iodides where no change In activation energy was noted,although the 

decompositions were surface dependent. It seems unlikely, therefore, 

that the explanation of thia ’wall effect’ can be simply that it is an 

activating effect of the surface on a first to second order transition.

The onl> other explanation, which seems likely, is that the wall is 

exerting a catalytic effect, either on the initial decomposition reaction 

or on the subsequent iodine atom-bens;1 iodide molecule interaction.

Such an explanation could account for the lower aotivatlon energy 

observed in lyrrex. It will be noted, from figure 33, that the curves for 

the Pyrex vessel approach that for the silica vessel at high temperatures 

and this may indicate that there are two reactions, one of which is 

homogeneous and the other heterogeneous. If the heterogeneous reaction 

had a lower energy of aotivatlon but a smaller A factor than the 

homogeneous one, then the former would become less important as the 

temperature increased and this could explain the convergence of the 

Fyrex and silica data at high temperatures.

An isolated experiment, in which the yrex vessel was coated with 

carbon, failed to show any significant change In the rage of 

decomposition. In spite of this result, it is considered that an
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in terms of a catalytic effect of the surface is the most

likely.

It should be stressed that no such ’wall effect* was evident in 

the experiments in which no HI was added and this can, presumably, be 

attributed to the fact that an equilibrium is attained in the system 

Bal 4-----> Be + !•

___ ____________ .--- ---- i—
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