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~he work described in subsequent pages arose from certain 

difficulties in the current knowledge of the bond dissociation 

energies (B) of compounds of the type For the reaction

------* C^n5ClT2- + X • Bk.ocls. (1)

re can write

d(GfH5CH2-) « + AHfCM - y R .-

r1 ere AH^ is the heat of formation of a chcnion. entity. It has been 

the task of many recent researches to evaluate (D) for different 

compounds. Since the last two terns in the thermochemical equation 

are often known, a determination of ©(C^n^CHg-*!) penults the heat of 

formation of the bensyl radical to be evaluated. It is obviously 

necessary that a cons5.stent schene should produce a single value for 

Af^($gRg$Rg*)t and one which is independent of the nature of v.

Farly work in this field by Sswarc^ had produced such agreement, 

but recent core detailed work2^ threw doubt on his findings for

Since his values were claimed to be oross-cheoked 

through (2), it was clear that his work on the determination of 

XC^T^CEp-fr) might also be in error, for it was claimed to agree 

with his toluene results.

The pyrolysis of bromides in the presence of excess toluene has 

been the main kinetic method practised by Sswarc, and bensyl bromide 

is one of many bromides which have been investigated by bin. In 

theory the method requires that the primary dissociation



W ---» K- + Br~ (5)

shall he followed by the Inhibition of secondary processes by reactions

*3*

u 4 c^n$crr3 —-4 ■ (4)

Br- 4 C6H5CH3 —-4 HBr -t CgHJT - (5)

W --4 CgHjCHgCn^^j (6)

Sswarc claimed that the method showed the decompositions to have a 

first order dependence on PJ3r concentration, and that the temperature 

dependence of the velocity constant followed an equation

loglCk * ios10? * E/^-57^

for the most extensively investigated cases. He laid stress on the 
13 -1fact that the values of A he obtained were olose to 10 seo. , which 

is the expected value for a first order reaction, and henoe that he was 

observing the dissociation process (3)* As usual in this field the 

energy of activation (E) was taken as the bond dissociation energy (D). 

Justification for this assumption will be cons4 "ered in the next

section- .

Benzyl bronide was one of the compounds Sswarc investigated more

extensively and the results conformed with the above generalisations.
5In the oaa of several other bromides the published results do not 

/justify his assumption that the temperature independent factor would 
be found to have the value lO^se©#*1 under a sow exhaustive scrutiny.

r'hese items prompted a re-examination of the whole toluene carrier 

gas technique as applied to benzyl bronide. In one form of this 

technique, and probably the most widely used version, a stream of 

toluene vapour entrains the halide HBr by passage over the surface of



the latter. Although temperatures above the dew point of toluene 

were advocated by Sswaro, elementary considerations suggested that 

solution of toluene in the RBr could not be prevented by this and 

uniformity of entrainment would suffer greatly. Varying concentrations 

of reactant would result and kinetic deductions would be invalidated.

As desoribed in later pages, sone simple experiments showed this 

suspicion about the toluene carrier gas technique to be correct. In 

view of this and the chemical uncertainties quoted earlier, there 

seemed a need to ro-investlgate the pyrolysis of benzyl bromide fairly 

extensively. In later pages the details of such work are given 

together with work on the chlorobenzyl bromides. Before dealing with 

the practical aspects of the work a short survey of the relevant 

previous investigations and kinetio technioues used is given.
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Many reactions of organic molecules which involve the breaking of 

a single bond have been studied SdnctioaUy in the past fen? years. The 

kinetic data obtained have been used to compute the energy necessary 

for this rupture.

The kinetio method is based on a study of the uninolecular 

dissociation process B*X — —» B- + X* (1)

in which molecule EX splits into B and X, which can be either radicals

or atoms. •

It is assumed that the experimental energy of activation for this 

process will equal the dissociation energy of the bond which is broken. 

This will be valid if the energy of activation for the reverse process 

of (1), the recombination of radicals B and X, Is scro.

The activation energy for the reverse process is difficult to

measure because of the uncertainty in estimating the concentrations of

radicals. Goner and ristiakowsfcy have estimated the energy required

for the recombination of methyl radicals to be -0 - 0.7k«oals./mole,
7by a rotating sector method developed by Burnett and Melville • 

’■'©combination of ethyl radicals has been studied and the energy 

required for the process again assessed as aero, "he above assumption, 

made regarding recombination of radicals B and X, would therefore seem 

to be valid for nany oases.

The dissociation energy of the B*X bond in the molecule BX may be
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defined as the endotherm. city of reaction (1) at 0°K<

"bus

A (reaction X' « 2^(1^) 4 A7*f(X-) - AH^R-

« z>{r*»x)

» *i

whore is energy of activation for reaction (1).

Values are often given which arc based on thersaochemical data obtained 

at room temperature rather than at 0°K., but the correction involved 

is approximately 1 k.cal. which is within the accuracy of the 

experimental data in most cases.

^he problem of finding the bond dissociation energy of RX then 

resolves itself into the determination of the energy of activation for 

the forward process (1). Unfortunately the kinetics of such a reaction 

may be complicated by secondary reactions of the reactive species 

R and X. For example, the back reaction might *ell be important, 

or either R or X might attack the parent nolecule RX giving rise to 

stable secondary products or setting up a chain reaction; almost 

certainly there will be a significant activation energy involved in any 

secondary process* In any event, the kinetics will be more complex 

and the measured activation energy less likely to be assignable to 

the initial dissociation process.

Pecause of these uncertainties, man*' of the bond dissociation 

energies obtained in recent years must be treated with caution if 

the kinetics are not well founded. Only those obtained by a method 

in which the reaction mechanism is well known, and which has been
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checked by one or more independent researches can be considered reliable.

Methods of eliminating or suppressing side reactions which have 

been used in kinetic studies of bensyl compounds and which have a 

bearing on the present rese? rch, are considered briefly in this section.

The most straightforward method of obtaining a value for the 

bond dissociation energy would be to neasure the rate of production 

of radicals directly, but no satisfactory method has yet been devised 

for measuring the concentrations of radicals as they arc produced in 

A thermal decomposition. If this were possible, the occurrence of any 

subsequent secondary reactions would be immaterial.

Historically the first kinetic studies which produced values of 

bond dissociation energies from thermal decomposition work were those 

of Pice . In this work comparative radical concentrations were 

obtained at the exit of a fast flow system by the rates of reaction

with metallic mirrors outside the furnace. ?hc method was not applicable
oto sufficient cases of interest and Butler and Bolanyi adopted a 

modified flow technique. . In this the initial rates of reaction were 

studied by ordinary methods of chemical analysis. In order to minimise 

secondary processes with products they restricted percentage decompositions 

by adjustment of temperature. ly using carrier gas pressures of 0.01 

to O.lnnB, all bimoleoular processes, such as reaction of radicals 

with parent oompound or products, were decreased and wall destruction

of radicals was favoured. Since contact times of the order of ( .1 to 

1 oooond were used the technique is one of fast, rather than very fast, 

flow and a considerable number of collisions with potential reactants
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can he mde by a reactive fragment. However, suoh times of contact 

require high temperatures in order to ret even small percentages of 

decomposition, and at high temperatures heterogeneous processes are 

diminished in importance compared with homogeneous .

Butler and tOlanyi used their techninue to study the pyrolysis

of many organic iodides including bcnsyl iodide. It was hoped that

secondary reactions would be few, but even under these flow conditions

the life-time of an active radical, is 30 short compared with the contact

time and one of the products, iodine, io sc readily attacked, that

various complicating reactions occurred. In the decomposition of

bcnsyl iodide the back reaction was an important feature; this has been

confirmed by low10 In the St. .Andrews laboratories. It is speculative

then to assume that the measured energy of activation is equivalent

to the dissociation energy of the B-I bond. The energies of activation

for some of these reactions were obtained by measuring the rate at one 
' 13 -»1temperature only, assuming an A factor of 10 "seo. and calculating 

the energy of activation from the formula k « A e~7y^. The 

Justification for this procedure is not sound and doubt is immediate3y 

cast on the reliability of results obtained in this fashion. This will 

be discussed more fully in a later section.

!-aqy other decompositions have been studied by methods closely 

similar to that of hitler and Polanyi. In all cases it is necessary 

to have a full knowledge of the mechanism, late constants must be 

measured over as wide a temperature ruoge as possible to ensure an 

accurate value for the energy of activation and to obtain a value



which does not depend upon making the assumption that the A factor 
is 1C1’ sec*1.

One method of eliminating side reactions is to ’catch’ the 

radicals from the initial dissociation as soon as they are produced, 

or, in other ^ords, provide them with an energetically favours hie 

reaction whereby stable, analysable products can result. Tteny 

catchers have been used including iodine, nitric oxide, propylene, 

cyclohexene and toluene, but apart from work with toluene, data obtained 

through their use have not been employed to determine bond dissociation 

energies. *Towever 'accoll et al.1-1 were able to determine energies of 

activation for the decomposition of organic bromides using propylene 

and cyclohexene as radical catchers* I’accol! found that the bromides 

studied decomposed in one or more of three ways: (1) by a radical 

non-chain process (?) by a radical chain process (3) by direct 

uni molecular elimination of hydrogen bromide. ’The propylene and 

cyclohexene were used to inhibit chain reactions. In the presence of 

these unsaturated compounds a narked decrease in rate would be observed 

compared with the rate of the uninhibited reaction since

4 :t2 —» (?)

is competing with

Bp- 4 BBr ■■ -■» H’Br 4- 'Tr (T)

"he ’toluene carrier’ method devised by Szwarc1* has been used, 

chiefly by Sswaro and collaborators, to oatch radicals es they arc 

formed. If a molecule BP? decomposes to give B and 7?, toluene,

’-blob must be present in large excess, will act as a catcher in the
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following manner-

E- + CgHgCH, --------* UH + C^CTL,- (4.)

E»- + CgT’-CIIj --------* Il'H + C^C",,- (5)

The benzyl radicals so ferraed are stabilised by resonance and will not 

thenselves start obain reactions but will dlcerise thus

2C6H5cn2------- » CgHjOT^CgH, (6)

This method will only be successful if the luptured bond has a

dissociation energy of at least 10 k.cala. less than the C~H side-chain 

bond dissociation energy of toluene. A further necessity is that the 

reaction of radicals with toluene shall be rapid compared with the rate 

of the initial dissociation. Thus in the case of very weal: bonds, 

although the difference in energy between the bond being broken and 

that of the side-chain C-H bond in toluene is much greater than 

10 k.cals., the toluene carrier technique might not be feasible since 

the temperature of the reaction might be too low for reaction (4) or 

(5) to take place rapidly. A case in point is the decomposition of 

diethyl ether by Hebbert and Laidler^ in which one of the main 

products was ethane, formed by dinerisation of methyl radicals? 

methane which would be formed if

cn-- + c6H5cn5 ---- » c"4 + C6TI5CV W

was an important reaction, was present in a very small amount. 

Dinerisation of methyl radicals at a temperature of 2OO~25O°C. was 

very fast compared with reaction (7)»

The toluene carrier technique was a failure in the decomposition 

of benzyl iodide"• Benzyl iodide decomposed to give benzyl radicals
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and iodine a tons btf the reaction between iodine atoms end toluene

••as very sluggish.

Sswarc- has used the toluene carrier technique to obtain bond 

dissociation energies for a large number of compouns, among them 

aromatic hydrocarbons, bromides and chlorides. In some cases these 

bond energies must be regarded with suspicion for the kinetic evidence 

is meagre; for example, the involatile products of the decomposition 

of the substituted bensyl bromides ere not identified end consen ently 

secondary reactions may have token place which would render any 

quantitative results obtained useless.

An interesting ure of the toluene carrier technique as an 

indicator for the presence of free radicals lias been made by blades 

and ,Jurphy^» hen ethyl bronide was decomposed in the presence of 

toluene at 906-97 °r., dibensyl was not one of the products, '^ey 

concluded that the initial split involved no radioa.! formation but 

tabes place by a molecu'ar elimination process.

hydrogen iodide, which has a bond strength of 71 k.cals. 'mole, 

has txen developed as a radioa* catcher in this department by >owns 
and lovA^. ^cir researches gore ca~*rie! out on two iodides of lo 

bond strength, trifiuoronethyl iodi le an : bensyl iodide. Alexander^ 

had shown that the reaction between a bcnsyl radical and hydrogen

iodide was rapid

r^50H2- g Hl------ > 4 I- ( 0

In his work with bensyl iodide, Gow showed that a simple dimerisation 

of iodine atoms was rot the only other reaction. mates 1 a secondary
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reaction initiated by the iodine a ton

I- «. CgH5CII2I ---- > C^CHg- * *2 W

This beoanc the most important process in some conditions. "lie energy 

of activation for reaction (9) could be determined and an estimate for 

the C-X bond dissociation energy In bensyl iodide obtained from a 

knowledge of the dissociation energy of the iodine molecule and the 

energy of activation of the reverse process.

-
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General
In thio section the results obtained by the experimental methods 

described in the v^eceding section and by other methods for the bond 
dissoQla&fcn energies of bensyl compounds rill be considerol.

^tie value of the dissociation energy of the sldo-chain C-H bond

in toluene has been a disputed cuantity for the past ten '.’cars.

Ssraro' z carried out a flow kinetic study on toluene and determined the

activation energy for the decomposition to be 77.5 - 1." k.cals. 'nolo,

vrhich he assigned to the dissociation energy o' the weakest C-H bonl.

Van Artsdalen et a • put forward a value of f>9*9 k.cals./mole

obtained from a photochemical and thermal investigation of the 
inbromination of toluene while blades, Tladea and Steaoie 9 who attempted 

to repeat the work of Sswaro, *avc an estimated value of 90 k.cals ./role 

for the energy of activation. ”ore recently Smith , in the St. Andrews 

laboratories, suggested a value of 4.~ k.cals. 'nolo but inclined to the 

vie? that this activation energy could not definitely be assigned to the 

bond dissociation nergy of the side-ohain C*T? bond In toluene.

Takahasi^ ° worked in the ron^e covered by both Sswaro an " steaoie and 

considered that a single value for the activation energy could not bo 

obtained. FIs values varied between 7^.2 and 10U.9 k.cals./mole 

d' pending on the temperature and the contact tine, "1vo independent 

determinations by electron impact methods by Sohissler and Stevensonar1
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Lossing et al.2*1 save values of 77 - 3 and 95 k.cals./mole respectively 

The discrepancies between these values have brought forward much 

discussion in the literature which is dealt with below.

In view of these discrepancies, it is not surprising that 

independent methods have been sought to find the value of this 

dissociation energy and of the related heat of formation of the bensyl

radical•

As stated in the introduction, if the activation energy for 

the process

CgH5CH2-X ------ ► c6H5CH?~ * X* C1)
is measured experimentally and if this represents the bond dissociation 

energy of the C-X bond then

« D(C^H CH^X) - AHf(X-) + AH^C^C^X) (2) 

If AH^(X-) and are accurately known, AR^CC^H^CT!^-)

may be calculated*

Purther DCCgH^CH^-H) may be calculated from the equation

T»z ft A«r(C^y3R^) ft AKf(R-} - AHf(C6H5CH3) 0)

since and A’^fC^H^CH^) are accurately known.

Szwarc’s work, referred to in the introduction, using the toluene

carrier technique produced values for AR^(showing agreement 

among themselves and with AIZf(<MU3HLr) from his work on the pyrolysis

of toluene. xperiments by /J-exandcr16 90on dibensyl, Davidson' on
dibensyl, &owXC! on bensyl iodide and this work on bensyl bromide have 

been undertaken in this department to determine independently the 

value for APf (C^T7rCT'o-).
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□etails of the -fork ouxanorised above will be given in this section 

but a discussion of the data will be j»* opened until the results of 

the experimental work of this thesis have been presented.

Plow Kinetic Studies of the Decomposition of 'kluene.
Szwarc^? studied the decomposition of toluene over the temperature 

range 63O-85O°C. He attempted to out down all secondary reactions by 

using very short contact times (0.235 * 0.905 secs.) and high rates 

of flow, and also restricted the percentage decomposition to 0.C1 - 1#2$.

The reactant pressure was varied over the range 2 - 15mms.

The reaction rate was measured by the production of hydrogen 

plus methane, which were produced in the ratio of 60/40 , the 

assumption being made that one mole of gas formed corresponds to one 

mole of toluene primarily decomposed.

The number of moles of dibensyl formed was equal to the moles of 

hydrogen plus methane. The di bensyl was characterised by its melting 

point and by nixed meltinr point determinations and the amount 

estimated by weighing. It is doubtful if these methods are of sufficient 

accuracy to enable one to say definitely that the involatile products 

consist wholly of dibensyl. No attempt was made to establish the 

Identity of bensene in the products.

Sswarc stated that the decomposition was a homogeneous gas reaction
... . , . , ~ «^.i^ •77*500 + i,50c/nr —1of the first order with rate constant k c 2 x 10 'e seo. •

'Vidence for first order kinetio behaviour was slight, since the number 

of experiments was too few and fairly unreliable owing to the faot that



the effects of changing contact tine and of concentration of reactant 

were difficult to separate. Six eRperl-cttts only could he used for 

this purpose. The results were considered to fit the mechanism:

«»X6—

CgH^CH^ —”* '6‘T5C’‘2“ ’H” (1)
♦ CgHgCH, —-* CgRjCI^- + H2 (2)

H- 4 CgHjCHj --» CgTIg + CHy (3)
[r ♦ —“» CgKjCHg- + CK4 (4)

ZCgH^CH^- —«-* <W'Y"WI5 ■ (5)
Blades, Blades and Steaoie^ repeated the wotic of Sswaro using a 

einil&r type of apparatus and a range of reaction vessels, the volumes 

of **hioh varied from a few cos, to \50 ccs. The products were 

collected in traps surrounded by acetone-solid carbon dioxide and 

liquid air, while the non-condcnsahlc gases were collected by means of 

a Toepler pump and measured oh a McLeod gauge. These workers agreed 

with Sswarc that the ratio of hydrogen to methane was independent of 

temperature of reaction and of contact tine, hut stated that the ratio 

was » 69/53 , which nay he compared with G0/1& as deternined

by Sswa.ro.

They were able to separate their collected materials into volatile 

and non-volatile components. The volatile materials were fractionally 

distilled to give gaseous material, henaene, toluene and a residue 

which contained styrene. The gaseous material was not present in the 

products when pre-pyrolysed toluene was used. Chromatographic analysis 

of the involatile material showed that dibejisyi, limethyldiphenyls and 

a small amount of diphenyl were present, the dibonzyl accounting for

Sswa.ro
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not more than 50f of the total*

From eertain points of Tier* the results of this work were 

disappointing. The conditions used by Sswarc were not reproduced 

in at least two instances. Por example, it can be deduced from the 
plot of log k versus l/T°T.. that the temperature range covered was 

858-*9^7°C», compared with 73&-864°C. used by Sswaro; they do take 

pains to point out however, that diphenyls were found even at the 

lowest temperatures. The contact times were varied over the range 

0.06&*0.5£8secs., compared with 0.235-0*9O5sccs. in Sswaro’s research. 

The difference nay bo significant since, in contrast to the conclusions 

of Sswarc, they deduced that the rate as measured by the rate of 

formation of hydrogen plus methane varied with contact tine and also 

with reactant concentration, although again the effects of contact 

time and reactant concentration arc not easy to separate- It was 

also considered that conditioning of the surface of the reactor was 

necessary before reproducible results could be obtained.

Although the evidence did rot suggest a first order reaction, 

the energy of activation obtained using a contact tine of C.06Ssecs. 

was 90 k.oals .,/nole.
x

Thile Steacie et al. were conducting their experiments, Smith' 

in the St. Andrews laboratories was also reinvestigating the 

decomposition of toluene. The reaction was studied over the temperature 

range 77?~800°C., while the variation in contact tine was O.5&5- 

2.076seea. and in reactant pressure 0«5^»?*Wssbs. The main difference

in the technique was the use of nitrogen carrier gas, while Sswaro
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useAn i s. Sait1 faults showed ibri the rate constant at

a given temperature, as judged by the h rdrogen plus nethrne rate of 

formation, was independent of contact tine and reactant concentration, 

thus Indicatin'* a fi“’st order reaction and disagreeing with the 

conclusions of S tea ci© et al. Another noteworthy difference in the 

^emrts was that the ratio of « 76.7/23*3 in contrast to

69/51 (Stencie) and 60/40 (Sswarc). 'Hie hydroyen production could 

be followed continuously by a thcrnal conductivity gauge measurement.

'Hiio also showed that the initial hydrogen production was erratic, .

which supported Steaoie*3 view that seasonin of the reactor was necessor/.

Smith ©Tarincl the products of the reaction by mass spoctronetrr

and agreed- with Steaoie that nc-thyldiphenyls wore important constituents

of the products. *!his was acre convincing evidence C3 the temperature

rance of the decomposition was of the same order as that of Sswarc,

Dibensyl was thought to constitute 50-60 noles of tho involatile

products while dimethyl di phonyls/rononethyldij^enyls » 4/1. *rti© liquid

products contained bonsone but not In molar amounts onual to those of

methane, a3 suggested by Steaoie. ^he temperature dependence of the
ft**st order rate constant was given as k a 1<^»1O~ 4->7OC/!^^ .~l

but, because of the ocaplesscity of the products and the impossibility

of deducin'* a definite reaction scheme, it was not felt possible to

ascribe the activation energy to the dissociation energy for the

side-chain CM! bond in toluene. .
i c•flakohasi examined the toluene pyrolysis over the whole range,

757-953°C*, oovered tr/ Sswarc and Steaoie. Tie deduced that the Arrhenius
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plot had a concave curvature end he divided the temperature range rather 

arbitrarily into three parts each with different ~ra ients and therefore 

different activation energies and frequency factors, 'die experimental 

data indicated that high activation energies (up to 10k.9 k.cals*/nolo) 

and frequency factors (up to 1CA are obtained in the highest

temperature range (9O3-956°C ♦) in ezrperirv nts carried out with cortaot 

times of 0* 1-0.3 seco , but in the highest teoi«rature range with 

contact tiros from 0.02-0.0k seos. the activation energy remind at 

a low value of 76.2 k.cals./nolo, Ifce failure of Smith and Sswarc to 

notice any change in rate constant with contact tine could be explained 

by suggesting that the range of contact tiros used by then (0.255-2.076 seco.) 

is outwit! the range, approximately 0.02-0.1 soc3., where such a change 

would bo noticed. It is questionable whether the reactant reached the 

operating temperature with sue* low cant&ot tiros and uncertainty night 

bo introduced because of this, The conclusion reached to explain the 

change in activation energy with temperature and contact tine was that 

sone competitive reaction producing hydrogen and roti one was becoming 

important at higher temperatures and which would be suppressed with lower

contact tines,

TJvldenoe was produced in the second paper on the pyrolysis of 

toluene-3-d and toluene-* h~<I that such a competitive reaction could be the 

ring abstraction fi'om toluene by hydrowon atom or r ethyl radical.

Another typo of oompetit'.ve *eaotion which could bo considered is

------ > -■ CP’—. rc cor *.d ^c;7 t’ rs ror ’ ' -n ortert

in the pyrolysis of toluene since Hp/CTT^ remained constant over the



tenpernture range considered as it does also in the pyrolysis of
n-propylbenseno'’* in toluene* Fladea and Steacie /} repeated the

decomposition of n-proiylbenzenc in tolue»e-d~ and found that the methane 

produced had the i no topic constitution C’’.:C!>rH:C3X>BL » 1:1.5’ 1 And the 

TT^ID « Vi. The ratio of Fo/FD seened to he evidence that hydrogen a tor 

abstraoted from the rin- as well as from the sido«chain and the production

of dcutcrated methanes indicated that hydrogen atone produce cothann on 

reaction with toluene and therefore the above reaction is ruled out.

fince CfjFV^L much less than l/l» Sdth did not consider that the 

evidence ruled out thio reaotion completely.
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i^cpomposition of C^Hf.Cn^-< Conwund^ nsinp the Toluene Carrier Teohnipuo

Ssvp.ro has studied the decomposition of many bensyl compounds in the 

presence of toluene. The results are suncariaed in the folloxTing table:

Compound
Temp.
Fanr^
°C.

lo® \
sec. “x

jg
k.oals.

a
(Cf/leCK?*)
k.oals.

A

k.oals.

AIK
(C/FrCH—)
k.oals.. _ _ -

C^CFp-C!^ 614-745 15.0 65.2 7.3 32.5 57.8

C^CK^C,,^ 614-74’ 12.5 57.5 1.9 25.2 34.2

CgHc-CHp-Cl 649-747 34.8 68.0 5.2 29.0 44.2

C^CT.-Pr 495-599 15.0 50.5 15.6 26.7 39.4

CgH5cn?-RT2 6">0~800 12.8 59.4 34.0 u.o 52.4

crH5cno-cocTT 570.^87 16.0 69.O

CgTT5CHn-COoCyFr> 635-729 15.5
«•» •• • w •* ••

c^c^-r 6AO-S5O 13.5 77.5 11.2 52.0 37.4

Ssvp.ro


■21—

”he AHf (CgH^CHg*) In each ease has been calculated from the data 

of Sswaro et al. The heat of formation of the bensyl radical shows a 

fair degree of constancy If the reactions with high A factors are 

neglected and considering the errors involved in measuring the 

thermochemical quantities, but the spread is also wide erough for it 

to be profitable to look at independent values for the .

Bensyl Bronide

since the decomposition of bensyl bromide is of most interest in 
this research, the results obtained by Sswarc^ on this compound will 

be considered more fully. In each of the above compounds the 

nech&nlsn was considered to be

CgHjCT^X ---» + X- (1)

followed by the fast reaction

X- + °6n5CH3 ---* * c6H5CII2’* C2)

and linerisation of the bensyl radicals, ^e rate of reaction was 

measured by the rate of formation of HX. For bensyl broride then the 

reaction proceeded by the following route:

CgK5CH2Br ■——> CgH^OI 'o’* -dr* (3)

Bsv + — C6H5CH2~ + HBr (M

20^0^2* —•* c6H5CT2cW5 (5)

Bensyl bromide, in pressures varying from 0.01 to C.l6ras. (in one 

instance 2.3nms.), was injected into the toluene stream the pressures 

of which varied from 8.7 to 15.2ms. The more Involatile products 

were collected in a trap cooled in ice and the volatile components,

including hydrogen bronide, in a trap surrounded by licuid air. The
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non-oondcnsable gases, hydrogen and methane, were pumped array by two 

diffusion pumps and analysed by pressure measurements on a ToLeod 

gauge* The hydrogen/methane ratio was 60/4C and the gas was never 

more than 15 nolesy of the total hydrogen bromide (average about G/}, 

but there did not appear to be any logical trend in the amount of gases 

obtained. The rate of reaction was measured by titrating the hydrogen 

bromide formed, and was checked by weighing the ’dibensyl’ whioh was 

collected in the trap in ice, and also the amount which appeared in 

the trap in liquid air. ^e ratio of !!Br/dibensyl varied from 0.05 

to 1.26 but in the great majority of the experiments the ratio was ^1. 

No method of identification of dibensyl was given but it was presumed 

to have been by melting point and mixed melting point determinations 

similar to the method adopted in the pyrolysis of toluene. In any 

case the constitution of the involatile products was not investigated.

The partial pressure of bromide was varied from 0.014 to 2.5ms. 
while the rate constant varied from 0.52 to O.59s©o*~'1 and the contact 

tine was varied from 0.49 to 1.22secs., the rate constant varying 
from C.46 to O.55sec.*^ 1510 reaction was therefore considered to be 

first order. The rate was independent of toluene partial pressure and 

the effeot of surface change was nil. The reaction was therefore a 
homogeneous one of the first order. A plot of log k versus l/T°K. 

over the temperature range 768-872°X. gave an activation energy of 

50.5 * 2 k.cals ./mole, while the A factor was 1 x lO^^seo.-’1.

^he mechanism for the formation of hydrogen and methane was not 

elucidated, but it was pointed out that the HEj/^4 ratio was the same
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as found, in the decomposition of toluene (it was also the same as 

that in the decomposition of n-propylbensene using toluene as a 

carrier). The mechanism suggested was

(i) H~ 4 CgH^CKj --- 4 CgII5CB2- 4 (6)

(11) H- + CgHgCTj --- ♦ CgHg ♦ CHy. (?)

cnr + CgHgCBj ---- > CI^ + CgHjCHy. (8)

Two mechanisms were put forward for the production of hydrogen

atoms to start the reaction

cgH5cH2cn2CgH5 --» CgHjCHgCHCgllj + KBr (9)

CgHjCILjCHCgHg —-> Cg?'5CH«=CnCgH5 . B- (10)

^«VW5 --> CgHgCI^CnCgHg + H- (11)

CgHgCIIjCHCgHj —-> Cgt5CHrfIICg-:5 + It* (10)

It was pointed out that the first would not change the HBr/dibensyl 

ratio but the second would give a small increase in dibensyl/-£&*• 

Sswaro et al. gave no indication that stilbene or benzene had been 

formed in the reaction.

Some decompositions of Other Compounds of Pormula

Benzyl Chloride'

The experimental procedure for the pyrolysis of bensyl chloride

was similar. Ko attempt was made at analysis of involatile products

The energy of activation was 68 k.oals ./mole and the A factor 
1A 8 110sco.~x> Ko explanation oould be given for the magnitude of

the A factor whioh Sswaro et al. considered abnormally high.
26

Ethyl Bensene
*thyl bensene was studied over the temperature range 6l5~745°C.
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Th© collected g&a was mainly methane but aide reactions were prominent 

since 15*25^ of the gaseous product was hydrogen. The experinental 
activation energy was 63.2 k.oals./mole and the A factor was lO^^sec.*^.

Reference may be made to the table above for a comparison of the 

heats of formation of the bensyl radical from these compounds.

"lie Decomposition of )ibensyl

A determination of the dissociation energy of the weak C-C bond 

in dibensyl ought to afford valuable information on AK^(CgH<.CH2~), 

since then the uncertainties in the themochenical quantities would 

be reduced from three to two vis. the experimentally determined 
9(CgnKCH2-CI!2CgMg) and MIf (CgHgCHjCI'oCgKg). Hoitwc and Miles27 first 

studied this decomposition in a flow system. They concluded that the 

stoichiometric equation was

3(C£H5CK2CH2CgH5) —> 2CgH53n3 * CgHjCH^CKCgHj + CgHg 

+ CgH5CHeCII2 + (snail snount ILj) (1)

The kinetios were obviously extremely difficult to interpret and the
9 -48,OCO/RT -1

rate equation whioh was deduced was k » 2 s 10 e sec. .

"he A factor for this reaction is much lower than ary previously

reported for a first order reaction.
28Httilo repeated the nork and concluded that the reaction was 

not first order but was nearer l.$, which suggested that there was an 

equilibrium set up for the initial primary dissociation

CgHjpTTgCHjgCgHij yn—SCgKi-CHj?— ( )
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"'he reaction then proceeded by the decomposition reaction 

c6H5GR2CT!2cgn5 * c6H5cn2‘" --- * c6h5CTI3 * c6K5CnciI2°6I<5
(5)

CgK^CHpCHC^ C^IgCH-a^CgH, 4 H
227ith this knowledge, Davidson studied the rat© of formation of 

CgHj-CHoCDgCgH^ by mass spectrometry when equal mixtures of 

C^HjCHgCHgC^Hg and CgH^CDgCDg^g3^ were reacting at temperatures between 

400 and 500°C.

He found that the rate of radical exchange, equivalent to 

reaction (2), was first order, while the decomposition was 1-5 order 

at low pressures and tended to first order at high pressures*

At low pressures the decomposition was much slower than the 

exchange and, by taking into account the slight decomposition, he was 

able to calculate the activation energy for the exchange reaction and 

identified it with the DfCgH^CH^Cn^C^H^), which he calculated to be 

60 k.cals-/©ole. By thermochemical calculation this led to a value 

for AH*.(CgHjC!^-) of 44.9 k.cals.

The Bond Dissociation J&ergy of Toluene obtained by the

hotobrorlnation of Toluene
2Van Artsdaleri lias studied the bromination of hydrocarbons 

including methane, ethane and toluene, the reaction mechanisms being 

based on that of the classical thermal reaction between hydrogen 
and bromine, so extensively investigated by Dodenstein and Lind2^.
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^he basis of the method is to measure AHj for reaction

Bxv. + c6n5C1I3 c6n5cn2* * nBr

It can be seen that « DfC^H^CK^-H) - D(HBr) and o(HBr) being a 

well established quantity, D(C^H^CH2-H) may readily be deduced. Now

Ah^ a ho « and therefore an<1 oust be determined experimentally 

Van Artsdalen studied the reaction photochenioally over the
temperature range 82*132°C. and thermally at 166°C. in a reaction cell 

fitted with high vacuum greaseless taps, and using a 1000 watt 

projection lamp as a source. It was proved that hydrogen bromide and 

bensyl bromide were the only products > there being no ring substitution 

of bromine atoms as shown by infra-red analysis.

'The complete scheme, based on that of Bodenstein, was:

Bftft + hv — -» 2Bn- photochemical (la)

Br2 4 M ----- 2Br- + M thermal (lb)

Br- ♦ —► CgHjCUg- + HBr (2)

C6H5CH2- + Br2 --- > C^CHoBr + Br- (3)

CgH5CII2- + HBr —■> + Bx\* (M

Br- + Bn- + M —> Br2 ♦ H (5)

E9 is obtained by measuring the initial rate of disappearance

of bromine from a plot of against time. Hfcder these

circumstances there was no inhibition by hydrogen bromide and 

measurement of the rate oonstant over the temperature range under 

these conditions gave the energy of activation for the forward

reaction (2).



Van Artsdalen indicated that under these conditions the steady

state equation was * d(Br2)/dt a k(33r2)2(CgK|.CHj)*. The general 
±

equation was -d(Br2)/dt « k(Br2)£(HH)l/(P)2 ‘tut the first equation 

gave the better results. This was Interpreted as meaning that toluene 

was the only effioient third body in the equation

Bn- + Bn- ♦ M ——► Br2 + M (5)

Over a 50°C. range the temperature dependence obeyed the equation 

log k « 1.497 * 174^/T which gave an energy of aotivation of 

7*2 £ 0.6 k.cala./mole for reaction (2).

The energy of activation for the reverse reaction (4) was obtained 

by studying the effect of hydrogen bromide inhibition.

The rate equation for the photochemical decomposition was derived 

from the previously given complete reaction mecbanian as

- 4(Br2)
k^CgHgCHj)

s

In this equation - d(Br<J is the experinentally determined initial 
dt

rate of the inhibited reaction in presence of HBr,

is the rate constant for uninhibited reaction at

the same tenperature,

and 4labs, are temperature independent.

From this equation they were able to deduce k^/kj at three 

different temperatures, and log k^k^ = 3.007 * 1176/T. This enabled 

r4 * ^3 to be calculated as 5 k.oals./mole. Arguing from the point
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H- 4 Br2 ---» HBr 4-

and CHy + Brp «■—» CII^Br 4 Br- 

had sero energy of activation, they considered that reaction (5) in 

this research would also have sore activation energy,

/. a 5 k.oals./nole. ?his assumption nay well be incorrect.

A -^ - r>2 —

AH^ » 7*2 — 5 = 2.2 k.cals./role, 

the estimated probable error being ^1.3 k.cals./mole.

A :x « XCgHgCHg-H) - O(HBr)

D(C^!5<m2-H) «AT^ + B(HBr)

9 2.2 4 87-7 « 89.9 k.cals./mole.

It can be seen that if (3) does not have zero activation energy,

Jk would be increased, AH^ would be decreased and hence the

dissociation energy of the side-ohain C-H bond in toluene would be 

less than 89.9 k.oals./nole. Thia value nay be considered as an 

upper licit.
30Benson and Buss oast doubts on the validity of stating that 

Bn- 4 Bn- 4 M —4 Br^ + K was the only chain ending process. 

*dhey calculated a large entropy change in

Bn- 4 CgKjCHj HBr 4 CgB^CHg-

and considered this favoured a high CgHgCng-ZBr- ratio, so that the 

ohain ending process expected would be

20 —4 C gH ^CH ,
*5the alternative being to assign collision yields of 10 to
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?.r- + CgHjCHj- ---> C6H.Cn2Bp
or 10”6 to

2CgH5CH2----- . (CgH^Hg)2,

both of which they considered to be unreasonable.

Bona Dissociation Energies of Bensyl Compounds from Ileoiron

Impact Data

Then nolecule© are bombarded by electrons of controlled and 

increasing energy, a point is reached when dissociation of certain 

bonds can be brought about. Ihe dissociations usually produce at 

least one charged species as in

AB + e .»» A4 + B 4 2e.

By performing the process in a mass spectrometer the onset of 

dissociation can be detected by the appearance of the A4 ion in the 

spectrum. rrhe value of the potential through which the bombarding 

electrons have been accelerated is known as the ’’appearance potential 

of A4 from AB". Tons produced in this manner may have kinetio energy, 

the value of which is difficult to determine; in the following 

disoussion we shall make the usual assumption that it is negligible 

or has been allowed for. Such electron impact work may be used to 

measure the dissociation energy of a molecule AB in two ways, i?hioh 

shall be referred to as the ’direct method* and the ’indirect method’. 

(1) The Direct Method

If AB is bombarded to give A4 we have
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AB 4 © ..■■■■» A 4 B + 2e (1)

ao<a+)ab ' °(AB) * *(A)
where ^o(A^)^b i® bh© appearance potential of A+ and 1(a) is the 

ionisation potential of radical A.

If the ionisation potential of radical A, 1(A), can be determined 

directly by electron bombardment of radical A, then D(AB) nay be 

evaluated«

(2) The Indirect Method

If AC is bombarded to give A4 we have

AC 4 e .■■> A* 4 C 4 2© (2)

a0(a+)ac = W) *
This may be combined with the appearance potential for AB (as deduced 

in the ’direct method’)

ao<a+)ab " ♦ I(A) (1)

Xy subtraction

^©(A )jvc * ^o^*)ab b 2>(ac) - o(ab) (3)

If D(AC) is known, D(AB) may be evaluated. This has eliminated the 

experimentally difficult procedure of measuring the ionisation 

potential of a radical.

In addition to the possibility that the dissociation products 

may possess unknown kinetic energy, a Great source of error experienced 

in electron Impact work lies In deducing the correct value for the 

minimum required energy of the bombarding electron. There is a spread 

of the energy of the electrons because of the normal spread of kinetic 

energies, depending on the temperature at whioh the electrons were
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formed, and for this reason the graph of ion current against electron 

accelerating potential is curved and the exact point at whioh it outs 

the voltage axis is difficult to ascertain.

Both the direct and indirect methods have been applied to

determine the bond dissociation energies of benzyl compounds.
21Tossing, Ingold and Henderson applied the direct method to 

obtain bond dissociation energies for bensyl bromide and benzyl iodide. 

f”he bensyl radicals were produced by passing the parent compounds 

through a furnace and immediately into the mass spectrometer head. 

Bombardment of the radicals gave T(A) while the appearance jotentials 

of the undissociated compounds were measured by passing them directly 

into the mss spectrometer without going through the furnace. Values 

for the bond dissociation energies of bensyl bromide and bensyl iodide 

of A4.7 - 3 and 3A..6 5 k.oals. Azole respectively were measured.

These are considerably lower than the values suggested by Szwarc.

They calculated the ionisation potential for the bensyl radical to be 

7.73 0.06 e.v.
20Schissler and Stevenson" employed the indirect method to determine 

DCC^H^CHg-n) using toluene and dibenzyl as reference con rounds. The 

appearance potentials in each case were

^(cy^*) = D(CgIl5Cn2-H) + iCCgHjCKj-) (4)

for C^K^CT + e ■■■—. 4 H- 4 2c

and ^(C^Rg) ■ 0(CgHjCH2-CHaC^) 4 itC^Sfg-) (5)

for CgHjCHjCIIjCg’^ 4 e . 4 CyTp 4 C^Rc©'2- 4 2e.
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Subtvootlxg (4) frwa (5),
AjCC^4) - ^(C^4) n D(CgH5Cn2-CH2C6H5) - □(CgH^n^-H) (6)

for (CgH5CH2)2 + B- —» Cg’f5CH3 + Cgl'jCI^-.

Bow fro©

(C6H5CH2)2 4 2H ----4 «JgH5CH3 (7)

where AH^CgH^CK^, ffia^ D(H-K) are knorm, we can calculate

A for equation (?)•
Subtract (7) from (6)1 then

^(c^cn^H) » AgCcyip*) - AjCcyi?*) - ah?

for C^CH? ---* c6h5ch2* * H~* W
"lie bond dissociation ener.-y of toluene was calculated to be 

77 * 3 k. cals ./mole. This value depended on the appearance potentials 

of toluene and dibensyl. The value for the appearance potential of 

Cyu4 from toluene was cheeked by thermochemical calculation using an 

experimentally determined appearance potential of Cy I?4 from ethyl 

benaene.
Fanner and Lessing^3* calculated a value for from

Stevenson’s data and thermochemical quantities. The equation they 

adopted for this procedure is obtained by multiplication of (4) by 

two and subtracting (5)

XfC^CKg-) » SA^CyH^) - A2(cyi7*) - 2D(C6H5CH?-R)

4 ^CgHjCT^CgHg) (9)

But » AH/C^CH^) * Al^(H-) - AK^C^CH^)

^(c6n5cn2)2 • - Anf(c6u5cn2)2and
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SubstltutlEG In equation (9) for I>(Cg*i,.CHg-JI) and 

iCCgl’eC!^-) » 2A^(Cy'^*) - AgCC-Hy*) -

4 2&nf(c6K5c’T3) - AHf(c6Ti5cn2)2 (10)

Hhe value of the ionisation potential calculated by this method

was 8.51 e.v. as compared with 7*75 e.v. calculated by the direct

method.

further, if the value for the appearance potential, A(Cyh/), . 

from toluene of Stevenson is combined with the value for ifCgH^CH,-,-) > 

then for

ACcyi^) « Xc^HjCi^-n) ♦ iCcgH^cH^)

&(C^LCHg-tf) * 11.85 * 7*76 e.v.

» 95 k.oals./mole.

Haner^'1 in St. Andrews measured the appearance potentials of the 

bensyl ion from toluene "by the direct method and stated it to be 

12.54 * 0.12 e.v., while the ionisation potential of the bensyl radical 

was 8.05 e.v.

Hence DfC^T-CI^-R) « 12.34 - 8.05 « 4*29 e.v.

* 99 k.cals ./mole. .

It does appear that these values of 95 and 99 k.cals./mole are 

excessively high.

A possible explanation for the high values obtained by the 
33direct method was put forward by Inlander et al. , who carried out 

electron inpact measurements on deutcrotoluenes and 

ethylbenseno-K-^-d^. measurement of peak intensities, they were 

able to show that all the hydrogen atoms in the toluene molecule lose
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4their identity in the process leading to the fornation of the 

ion, and can be considered to be equivalent* 'y studying the secondary 

dissociation of ■—■■-> ^5 5* * ^2^2 farther evidence w

obtained for suggesting tliat the hydrogen atone in C7TL4 were 

equivalent, They extended their work to study benzyl chloride and 
benzyl alcohol^ and again found that when the above secondary 

dissociation took place, it appeared that there was conplete equivalence 

of seven hydrogen a tons in the Cyf-/ precursor.

They suggested that this oould only be the case if the ion formed 

was tropylium end rot benzyl. They considered that the A(CyTTy+) 

obtained by the direct method was tliat for the tropylium ion and not 

for the bensyl ion. They postulated that the higher energy process 

involved in going to the trojyliun ion took place in preference to

formation of a benzyl ion, because the precess 
ch3

+ e ------ >
O

as faster than formation of bensyl ion. Once this c^cloheptatriene 

ion had been formed, it passed by an activated complex to the 

tropyliun ion, it being impossible for the bensyl ion to be produoed 

from the eyeloheptatricne ion.

o

The experimentally determined A(CyTIy' ) could not be used then for 

the calculation of ^(C^ITejCHo-H) because the appearance potential was 

that of the tropylium ion and not of the benzyl.
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In the case of the benzyl halides, the bond dissociation energies,

as measured by the direct method by Lossing et al? were actually

lower than the other values fro© kinetio data. Inlander suggested 

that the tropylium ion was again a better alternative than the bensyl 

ion from the electron bombardment of these species. He showed that 

AH^(C^H^4) free benzyl bnooide, calculated from the directly

and thermochemical data, was 210 k.cals ./mole

ABf(C7Hy4) calculated from the magnitude of which is of

course a disputed nuantity, and I^^H^CHn-) ww 216.5 k.cals ./mole.

The difference of 6.5 k.oals. was considered to be compatible with the 

idea that the tropylium ion was *5 to 19 k.oals./mole more stable 

than the bensyl ion.

On the same basis AH^C-H-4) from toluene was 231-236 k.cals ./mole

and it was concluded that the C^Hy4 ion from the halides, unlike 

that from the hydrocarbons, was formed from a state of the 

cycloheptatriene molecule ion with little or no energy beyond the 

minimum required for dissociation.

It was concluded that it is very hazardous to rely on bond energies 

obtained by the direct method due to rearrangements. The indirect 

method would give the correct value only if the energy excess or 

deficiency of the ions of the two dissociated molecules was the sane 

in each case and disappeared when the difference was taken.

Thermodynamic Study of the Bromination of Toluene

In view of the spread of results obtained for the bond dissociation
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energy of toluene and for the heat of formation of the bensyl 

radical by the various kinetic methods and the limitations inherent 
in the electron impact methods, Benson and Buse^ decided to obtain 

independent evidence from a study of the equilibrium

c6H5Cn3 4 3*2 C6H5Cn2Br + TWr

A value for the equilibrium oonstant for this reaction would enable 

the free energy change to be calculated by the equation A?° *

Bence the heat of reaction could be expressed as •

AH° « + TAS°

The bond dissociation energies of hydrogen bromide and bromine are 

well established and consequently the difference in bond energies of 

toluene and bensyl bromide could be calculated from the equation

B(C^LOL) - 9 A"° . MfBlr) - ’(nr?) (f)

The experiments were carried out in sealed, evacuated tubes 

at 150°C. with a reaction time of 96 hours, "lie products were separate 

by isothermal distillation and analysed by standard procedures.

Seven experiments only were performed but the equilibrium was 

approached from both sides.
The equilibrium constant was 7«2 * 0.7 & 10^ giving 

-AP° « 9.4 t 0.3 k.cal3./mole. The magnitude of the equilibrium 

constant implies that the equilibrium lies very muoh to the righthand 

side of equation (1).

Before obtainin’- fl value for AH°, it was necessary to knov t 

standard entropies for the entities in equation (1). "hird law data

were available for bromine, hydrogen bromide and toluene but the



entropy of bensyl bromide had to be calculated by statistical methods. 

The entropy change for reaction (l) was given as 3-5 2 cals ./mole

at WJ°K. and 3.3 1 2 oala./iaole ®K. at ?9C°K. sivinp

A -- -8 A 0.9 fc.o&lB./nole. AHf’CCgHj/HgBr) was calculated

to be 20.0 k.oals ./sole.

Prom equation (2)

I^CgHjCItj) * D(CgH5CH2Br) « 34.7 k.oals./sole 

If the bond dissociation energies of Sswaro for l-ensyl bromide and 

toluene are used, the difference is 77*5 •* 50.5 » 27 k.oals./mole. 

Benson and Buss ooneluded that the bond dissociation energy of either 

toluene or bensyl bromide was incorreot, or perhaps both quantities

were in error.

^he heat of formation of gaseous bensyl bromide was recalculated 

by these worfcers to be 18.4 * 3 k.oals ./sole in contrast to 

15*6 * 3 k.oals ./mole determined thermoohemically by lollner and 
Skinner^, Gellner and Skinner measured the heat of the following 

reactions

CXC^Bl^Uq.) 4 AgRC5(aq.alo.) 4 H20(aq.alc.) --->

AgBr(ppt.) 4 CgHjCHgOn(aq.alc.) 4 II?X)j(aq.alo.) ♦ a (5)

n£r(llq.) + AgEO5(aq.alc.) —>

AgBr(ppt.) + ITOj(aq.alo.) 4 q2 (4)

Subtract (4) from (3)

S^^BrCliq.) 4 H20(aq.alc.) ---- >

* HBr'aq.) 4 (q^ - (5)
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MM* AHf(C6H5Cn2Br)liq. « AH^Cgl^CI^Oi^aq.alc. + AHf(HBr)aq.

— AH^/HgO^q.alc • — (q^ — *i)

'Tie terms on the righthand side are known, so AU^CCgHj-CTigBrJliq. 

could he calculated* The value was given as 6.r k.cals ./sole. The 

heat of vaporisation of bensyl bronide was estimated to be 

9 k.oals./nole, so that AQ^ (0^U8g*p)g» » 15-6 k.oals./mole.

In recalculating AH^/VCgK^CTLjBrJg., Benson and Buss stated they 

used -38*5 k.oals./mole for AH^CCgH^CRgOnJaq.&lo. suggested by Parks 

et al.3? instead of -39 k.oals ./mole as used by Skinner. This appears 

to be an error in the paper, for Skinner indeed used -36 k.oals. mole, 

t recalculation of AH^fC^H^ClLjBrJg. employing -38.5 k.oals./nolo for 

the above gives 13 .1 k.oals ./mole if the estimated heat of vaporisation 

of 9 k.oals ./mole is used. Benson and Buss stated that

11.3 k.oals ./mole would be a more accurate heat of vaporisation of 

bensyl bromide. This would give AH^CCgP^ClTgBrJg. « 15-4 k.oals ./mole 

(not 18.4 k.cals./mole). "Tie agreement between the

of 20 k.oals ./mole calculated from their data and 15.4 (or 13.1) 

k.oals./mole is not very convincing.

Turther Thermoohemioal Bata
to

TJbbelohde et al.” M had ocoasion to measure the heat of reaction

for

Cg!I5CH2I(f;.) + HX(g.) ---> C6r5CR3(g.) 4 I2(g.) (7)

iXCgHjCRj) - D(CgH5GE£l) could be obtained sire 3(HI) an? 0(l2) are

well known.
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Tho heat of reaction (7) was obtained try combining the heats of 

reaction for

C6H5CH2J&C1 + I2 ---> C6H5CH2I * >igICl

C^CH^tgCl + HI ---» C^CH. ♦ KgICl

AH? was calculated to be 1 * 1.5 k.cala ./mole, and

D(C6H5CH-) - D(C6H5CH2I) « 34.3 k. cals./mole (8)

If we compare equation (8) with equation (2), the disarreenent 

is great

D(CgH5Cn3) - DCCgHjCHgl) r 

D(CgH5CHj) - DCC^CRgBr) «

Subtract (2) froo (8) then

D(CgH5CH2Br) - ^Cgi^CIIgl) 

whioh is clearly impossible*

34-3 k.oals./oole 

34.7 k.oe3o./nole

(3)

(2)

-C.4 &.cals ./nolo
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™ ,of AW^P-^PJ^-s n:,7-; ?as ,wl

•mwo et al*5,39 have carried out experir ents to decide if the

energy of aotivation for the decomposition of ring substituted bensyl 

and phenyl bromides shoe? a variation from those of the unsubstituted 

parent compounds.

The general procedure was to determine the rate constants for 

the unsubstituted compounds by the toluene carrier technique over a 
temperature range of approximately 100°C., the rate constants being 

measured by the rate of production of hydrogen bromide. A few 

experiments were then carried out on a large number of substituted 

oompounds and the difference in aotivation energy between the 

unsubstituted and the substituted compound was calculated for each, 

assuming that the A factor was constant throughout the series. The 

difference in activation energies was measured by comparing the rate 

constants, at the same temperature and determined on the same 

apparatus, in the two cases when

- Es - (1)

where s refers to substituted compound 

and u refers to unsubstituted compound.

The kinetics of the decomposition o* the substituted compounds 

were simply assumed and no attempt was made to analyse the products 

apart from hydrogen bromide.

iy making the usual assumptions that ” e energy of activation
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for the decomposition equals the dissociation energy of the ruptured 

bond, the differences in the bond dissociation energies of the 

substituted and unsubstituted compounds were calculated.

It is worthwhile examining the assumption that the A factor for 

the decomposition of organic bromides remains constant. The following 

table is taken fr< the paper of ladacki and Sswarc .

Compound
' E
k.oals./mole

A x 10^ 
see

CH^CHCHp-Br 47.5 0.5

uCl^—Hr 49.0 2.0

c6H5cn2*Br 50.5 1.0

Cgl’cCO-Br 57.0 5.0

9-pnthracyl-Br 65.6 1.5

CRy-Br 67.0 2.0

^-phenanthryl-Br 67.7 1.0

‘K-n&phthyl-Br 70.0 1.5

p-n&phthyl-Br 70.9 3.5

phenyl-Rr 70.9 2.0

The evidence seems to be in favour of a oonstant A factor, yet the

results obtained from the work on substituted bensyl bromides did not

fully conform to the expected pattern. rhc energies of activation were 
13 -1calculated on the basis of A e 2 x 10 sec. The number of experiments

on each oonpound varied from three to fifteen, and the plot of log^ 

against 3/T^K. was shown against a line obeying the equation
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« 2 x lO3^ «• V&T. In the case of m-methyl (four experiments), 

n~ and p~chloro, m-bromo (three experiments), p-nitro and p-cy&no, the 
A factors were indeed approximately 2 x lO^seo.”*^, but for o~ and 

p-methyl, o-ohloro, m-nitro and m-eyano the A factors appear to be less 
than 2 x lO^^sec.**1,

On the basis <r? a constant A factor of 2 x 1013 sec.“\

AO k.cals ./node, the difference between the energy of activation of the 

substituted and unsubstituted compounds, was calculated. Ifce table 

below gives details.

Substituted 
Bensyl Bromide

AO
k.oals./mole

Substituted 
Bensyl Bromide

A
k.oals./mole

o-chloro 0.9 m-raethyl 0.0

m-chloro 0.1 p-nethyl 1.4

p-chloro 0.4 o-nitro 2.1

m-bromo 0.3 p-nitro 1.1

p-bromo 0.3 n-oyano 1.4

o-nethyl 2.0 p-cyano 0.7

However, if an energy of activation and A factor arc calculated

for o-chlorobensyl bronide and p-methylbenzyl bromide from the results 

given in the paper, the figures are H » 45.7 and 59.3 k.oals ./mole 

and A « 10 and 10 sec. respectively. It has to be agreed

that these results are very approximate, considering the small number 

of readings and limited temperature range, but the deviation from



13 *11C "sec. is marked. Similar deviations would be obtained for 

o-methyl, n~nitro and Ewsyaao.

Sswaro does suggest that the ortho effect night be rendering 

Invalid the assumption of constancy of A factor for o-chlorobenzyl 

bronide, but suitable explanations have not been put forward for the 

m-nitro and a-ey xxo differences> for example.
It is noteworthy that levy, Sswaro and Throssell^ had occasion

to rojyrolyse bensyl bronide and pHaethylbensyl bronide. The pyrolysis

of bensyl bronide gave similar results to those obtained in the

previous investigations, but those for p-oethylbensyl bromide were

markedly different. The first order rate constants appeared to be

slightly pressure dependent and fell away below 0.05mms. pressure,

while the energy of activation was 55 k.oals ./mole and the A factor 
1A.75 -110 sec. It was suggested tliat slight decomposition of the 

melted p-nethylbensyl bronide had taken place giving rise to a low 

energy of aotivation in the first series of experiments.

Some of these substituted bensyl bromides were of low volatility, 

and a method of injection was adopted in which toluene oarrier gas was 

passed over the compound to pick it up and carry it into the reaction 

vessel. It seems rather doubtful whether this technique gave a 

constant rate of injeotion. This point will be discussed in the 

experimental section, but It might be put forward as a contributory 

factor to the variation of results obtained in the decomposition of 

these substituted bensyl bromides.
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an wmmoy or the method cowto oy

suBSTTnmn) mn tompp s used by ito s&or aid ssv&bc

Introduction

A method which has been adopted for the Injection of involatile 

materials into the reaction vessel, when the ’toluene carrier’ 

technique is being used, is to pass the toluene stream through a 

V-tube containing the involatile material, thus picking up the 

reactant vapour and carrying it into the reaction vessel. This method 
was adopted by Leigh, Sehon and Sswarc? for the introduction of 

substituted bensyl bronidea of low volatility.

The TJ-tube containing the bromide was surrounded by a 

thermostatically controlled heated bath, and the toluene stream was 

passed through this tube entraining the reactant vapour. "be partial 

pressure of the bromide could be varied by changing the temperature 

of the bath surrounding the TJ-tube. The rate of flow of reactant was 

measured by noting the time taken for a known weight of bromide to 

disappear from the TJ-tube, the end of the experiment being signified 

by the complete removal of bromide from the TJ-tube.

The partial pressures of bromide were quoted correct to two 

decimal places, and it was thought that the technique did not justify 

this, since it was felt that (1) the exposed surface of the material 

in the TJ-tube decreases and therefore the quantity of material 

entrained must also decrease and tend to zero eventually, and (2) since 

toluene is miscible with the liquid in the TJ-tube, it will tend to
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dissolve in it and cause a change in tho partial pros sure.

The suggestion implicit in Sswaro’s paper that, if the TT-tube 

is at a tmwraturo above the dew point of toluene, there will bo no 

deposition of toluene, cannot he oeepoeted to hold if there is a 

solvent in the U-tube in whioh the toluene eon dissolve.

Apparatus and Ttrix?rinentol Teohnlnue

An apparatus was set up to test whether the assumptions node 

regarding the variation of piote-up of bronide by toluene were valid.

'The conditions aimed at duplicating the rate of pick-up of reactant 

in the above work.

Hxpcrincnts were performed with bensyl bronide and p-bronobensyl 

bronide. The apparatus used is shown in ?ig.(i). A known weight of 

the bronide was introduced into the U-tubo, which was surrounded by 

a water bath, the temperature of whioh was kept constant to -C.1°C. 

when a run was in progress. A similar tenperature controlled bath

was used to stnwund the toluene reservoir. All tubes from the emit 

side of the TJ-tube to the collection system were electrically heated 

above the tenperature of the bath surrounding the U-tubc to prevent 

condensation of the bromide vapour. The nanometer was filled with mercury 

on which ms a layer of silicone oil to prevent any evaporation of mercury 

when heated. K1 end K2 were capillaries chosen to ensure a rate of 

flow corresponding to that used by the previous woxkers.

Tith liquid air surrounding the toluene and bromide reservoirs,
-5the apparatus was evacuated to 5 s 10 nos. Taps 1, 3 and A were

shut and the toluene reservoir was surrounded by tho constant



temperature bath, the temperature being so chosen that the pressure 

measured on the manometer was of the order of 10ms. Hg. The benzyl 

bromide It-tube was immersed in a similar oonstant temperature bath.

The last of the series of tt-tubes in the collection system was 

immersed in liquid air. Taps 3 and 4 were then opened and 2 *&b 

closed. Then a stable rate of flow was obtained, the next U-tube was 

immersed in liquid air and collection was carried out over a measured 

length of time, usually twelve minutes. This procedure was repeated 

until little or no bromide remained to be picked up.

Then a run had been completed, the liquid air traps were removed 

and the contents allowed to warm up when air was admitted into the 

apparatus.

In runs with p-bromobenzyl bromide it was found that the bromide 

tended to condense outside the ooldest part of the II*tube. In this 

oase, after the apparatus had been let down to atmospheric pressure, 

a stream of dre air was drawn through the U-tube system, the U-tubes 

being once more immersed in liquid air. Gentle heating was sufficient 

to drive the p-bromobensyl bromide dcr.m into the U-tubes.

The U—tubes were then out from the apparatus and a sample of the

contents of each was examined on an Abbe refractoneter, the slide of 
whioh was maintained at 23.5° 0.1°C. The constitution of any liquid

remaining in the U-tube containing the reactant oould be similarly

examined on the refrac tome ter.

The concentration of benzyl bromide in toluene in eaoh of the 

collection U-tubes was to be determined by comparing the refractive
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indices of these mixtures with the refractive indices of standard 

solutions of bensyl bronide in toluene. Synthetic mixtures of 

bensyl bronide and of p-bronobensyl bromide in toluene were therefore 

prepared and examined on the refrac tome ter.

Graphs showing the moles percent of bensyl bronide and 

p-broaobensyl bronide in toluene measured against refractive index 

are given in Fig.(ii) and Mg. (iii) respectively.

Experimental Results and □isousslon

(1) Pick-up of bensyl bromide by toluene.

(*■)

Analysis of U-tubea
Refractive Indices at 23»3°C.

Ko3X^ of Benzyl Bronide 
in ^oluene in U~tubes 

(ex calibration graph)
1 2 3 4 5 1 2 3 4 5

1.4987 1.4978 1.4973 1.4969 1.4962 10.2 8.5 7-5 6.8 5.5

1.4987 1.4984 1.4980 1.4973 1»Zi.9&8 10.2 9.6 8.75 7.5 6.6

1.4988 1.4982 1.4979 1.4977 1.4972 10.4 9.25 8.75 8.3 74k

Refractive
Index

Residual liquid
Ktoleaf

Benzyl Bromide 
in Toluene

1.5280

1.5272

1.5290

77

74

80
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(2) Hck-up of p-bromobenzyl bromide by toluene. 

Table (ii)

Analysis of U-tubea
Refractive Indices at 23.3°C.

Moles;' of p*Br Benzyl Bromide 
in Toluene in 3-tubes 

(ex calibration graph)
1 2 3 4 5 1 2 3 4 5

1.5088 1.5032 1.4978 1.4940 1.4932 9.1 5.7 2.4 0.2 e

1.5052 1.5030 1.5012 1.4957 1.4932 6.9 5.6 4.5 1.15 *

1.5060 1.5035 1.5010 1.4946 1.4932 7-4 5.9 4.4 0.5 -

These results show that there la a marked decrease in the amount 

of bromide whioh is picked up during the period of a run. The 

experiments with benzyl bromide in whioh the run was stopped before all 

the liquid had been removed from the TJ-tube show also that the liquid 

remaining in it was not pure bensyl bromide, as was necessary if the 

method of injection was to give constant delivexy of bromide, but ’>ms 

benzyl bromide containing dissolved toluene. If this method of 

injection were used in an actual flow experiment, it is reasonable to 

suppose that when the run was nearing completion the percentage of 

benzyl, bromide injected into the circulation line would be very low

and much less than at the start.

The partial pressures quoted by Sswaro et al. cannot be regarded 

as anything other than the mean pressure of reactant for a particular 

run. Ko conclusions about the order of reaction oould possibly be 

drawn from data obtained ty use of this type of injection system.
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p^scRimon or apparatus ttsttd in fw • wunwircs in

THE DSCOMPOSmOW OP B3TCTL KlOlflDBS

'The apparatus ’^ras of a type commonly in use for the study of the 

kinetios of gas-phase reactions at low pressures by the flow technique.

The particular variant of the flow technique used in the 

experiments on the decomposition of bensyl bromides described here, 

involved the continuous circulation of nitrogen, as a oarrier gas, 

round a closed path, known as the circulation line, by means of a 

circulating pump (C.P. in Pig-1) of the mercury diffusion type. The 

gas was freed from mercury by passing through trap ?5> whioh was 

cooled in liquid air and also through the demister, one end of which 
was maintained at a tenperature of 150°C. and the other end was 

immersed in liquid air. Back diffusion of mercury vapour against the 

gas stream was prevented by trap Tt»., cooled in liquid air.

The other important features of the apparatus are summarised 

under the following headings and are described in detail later:-

(1) the injection system whioh had to be capable of introducing 

accurately measurable amounts of reactants into the circulation line 

at a constant rate,

(2) the reaction vessel, of known dimensions, the temperature of 

whioh could be maintained constant to within ^0.5°C- and whioh remained 

constant along the length of the reaction vessel, and

(3) a unit for the collection of products and unchanged reactants.

A constant rate of flow of gases through the reaction vessel had
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to be ixiintainod throughout an a:pcrincnt, in order that the tine of 

reaction was accurately Iznown. Differing rates of flow wore obtained 

by causing the carrier gas to Slow through either oaplllaiy K1 or K2.

All aeperinents wero carried out under (xygen-free conditions 

in a vaotm-tight apparatus. Before the introduction of the nitrogen 

carrier gas, the apparatus was evacuated by noons of a single stage

norouxy diffusion panp, backed by an Kdvards Speodlvac rotaiy oil
*•5pump. The pressure obtained by this noons was 10 aas* as 

measured by a ?fel*ood gauge.

In order to prevent the condensation of reactants or products, 

the valve injection system and the glass lines between the injection 

system and the collection unit were wound with Kichroac vine and 

heated to a sufficiently high temperature.

Description of Apparatus in detail

The Injection System for hensr.iL Bromides and ^olnone

The two main governing factors in the design of an injection 

system for tho bensyl bromides were (l) the relatively involctile 

nature of the conpound3, and (2) the catalytic effect of metals e.g. 

steel and silver solder on the deoonposition of tho compounds.

Tims, the valve injection system on the original apparatus, 

whioh was constructed of mild steel and embodied brass bellows, was 

proved to be useless for the present purpose. Trials were carried 

out in which nlld steel, silver soldor and brass were put in separate

hensr.iL


tubes with a few drops of bensyl bromide, such that the bromide vapour 

but not the liquid would be in direct contact with the metals. The 

liquid was degassed, the tubes evacuated and sealed off. They were then 

placed in an oven at 1OO°C., when netallic materials were in contact 

with gaseous bromide, at pressures similar to those which would be 

used in the injection system of the apparatus. It was found that in 

all cases, and especially in the case of brass, decomposition of 

bensyl bromide had taken place and large quantities of bromine were 

produced. Metal valves were then considered to be impracticable.

The use of glass valves with non-metallic diaphragms was 

considered and a glass valve manufactured by Sptringh&m with a silicone 

rubber diaphragm was purchased. Unfortunately, it was shown by 

experiments similar to those described above that the rubber was badly 

decomposed in contact with bensyl bromide. lolytetrafluorethylene 

diaphragms were discarded because they were too inflexible, were not 

vacuum tight and required excessive pressure on the glass body.

The type of valve and the injection system finally adopted are 

shown in Pig.2. The valves were of two types; one had three outlets 

and the other was of a two-way variety. The three-way valve had two 

connections made through the flow line; the other was to the reactant 

reservoir, and this could be closed by screwing the rubber diaphragm 

across the outlet. The two-way valve, which is shown in rroflle in 

Pig.2, had one connection to the vacuum line and the other, which 

could be closed, to the reactant reservoir.

The rubber was GACO, manufactured by G. Angus & Co. Ltd. It was
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unaffected by the bensyl bromides and operated successfully up to 

temperatures of 150°C. The diaphragms were made by sticking together 

two pieces of rubber about Vl6in. thick, with CrACO cement, the rubber 

having the sane diameter as the outer glass wall. The diaphragm was 

held in place on the outer glass wall of the valve by means of a 

close-fitting brass cap, F, which was screwed to the base of the 

structure holding the valve, firmly enough to be vacuum tight. The 

valve rested on the steel base, &, on a cork cushion. H was a brass 

ring support fitted with a close-fitting asbestos gasket. The valve 

was operated by raising or lowering a 4 B.A. screw, the head of which 

was sunk in the diaphragm. To shut the valve, the knurled nut, T, was 

twisted in an anti-clockwise direction, when the central portion of 

the diaphragm was depressed and sealed the central outlet tube. E 

fitted over the brass cap but was free to rotate in the cap. To open 

the valve 1 was rotated in the opposite direction.

The valve body was of an all glass construction, the depth of the 

conoentrlo central outlet tube to the reservoir being loams, below the

rim of the outer wall.

The injection system consisted of two identical units, comprising 

three-way valves A and C and two-way valve* B and D (Pig.2). The 

purpose of 3 and D was to permit evacuation of the reactant reservoirs 

without the necessity of having to evacuate through the capillaries.

The capillaries were made by drawing down 9mm. O.D. -yrex tubing, 

and wore so chosen that the rate of flow of toluene would exceed that 

of bensyl bromide. The capillaries were selected after a simple and
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arbitrary interoonparison procedure. The drawn capillaries were 

allowed to admit air into a fixed volume, (the evacuated vacuum line 

of the apparatus), and the rate of increase of pressure formed a 

quick method of assessing their relative resistances to flow.

Aoourate calibration could be done after building the capillary into 

the apparatus.

Each valve unit was enclosed in a metal box fitted with heaters

and lagged with asbestos oord, and heated above the tenperature of tho 

bath surrounding the reservoir.

These valves operated successfully, were vacuum tight and the 

rubber diaphragms oould be readily replaced.

The bensyl bronide reservoir was glass-blown to the valve inlet, 

and a fresh sample was used for each run. The toluene reservoir was 

connected to the valve by means of a B. 14 joint whioh was sealed with 

Edwards W.6 wax. The glass loads in both oases between the valves and 

the reservoirs surrounded by hot baths, were wound with J&ohrome and 

heated above the temperature of the surrounding baths.

Tho TTydrogen Iodide Injection Unit

A number of experiments was carried out in which hydrogen iodide 

was used as a radical catoher instead of toluene, and another fora of 

injection had to be used for the highly volatile hydrogen iodide.

The hydrogen iodide was stored in two thrbe-litre bulbs, whioh 

were painted black to prevent photochemical deconpositiox taking place 

Before an experiment was performed, some hydrogen iodide was oondensed 

in trap T8, which was then surrounded with a bath containing
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aoetone»solid oerbon dioxide mixture at -70°C„, this giving a suitable 

backing pressure of hydrogen iodide. The injection valve, IV in Pig.l, 

was of a jype manufactured by Edwards Ltd# with a movable, tapered 

noodle which could be set at any desired position in a valve seat, 

thus regulating the rate of flow of hydrogen iodide into the circulation 

line. The low rate of flow required was achieved by inserting a 

capillary, K3, between the needle valve and the circulation line, the 

booking pressure being measured with a mercury manometer covered with 

a layer of silicone oil to prevent attack of the mercury by hydrogen 

Iodide# This injection system could be shut off from the circulation 

line by a tap, while the lines to the capillary were heated to prevent 

condensation of bensyl bromide#

ayraWft aP, „cffi?Asg‘.,.qfia

The nitrogen carrier gas was stored in a five*litre bulb attached 

to a manostat by a greased ground Joint. One filling of the manostat 

allowed a constant pressure of l.Msns. of gas into the circulation 

line# The manostat was joined to the cireulaticm line through tap Cr 

(Mg.l).

Constant Temperature Laths used for Reactant neaorvolra

The constant backing vapour pressures of the bensyl bronide and 

toluene valves were determined by the temperatures of the hot baths 

surrounding the reservoirs.

The toluene reservoir was surrounded by a water bath heated by a 

coll of Kiohrome wire, and the temperature of the bath was regulated
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to 30*2°C. by a bimetal cartridge thermo-regulator mode by

kleotromethods Ltd. ’Type 3X8.

The bromide reservoir bath was oil filled and regulated by a 

Gunvio Controller Type T.S. 1. Both baths were stirred vigorously 

during use.

aqft PuSMff3

The reaction vessel was a silica cylinder of length 57oxns. and 

disaster 3*2cms,, with a concentric thermocouple well of diameter 

0.9e»a. Connections were made to the lyrex flow line by means of 

graded silica to lyrex seals. The volume of the het sone of the 

reaction vessel was calculated to be 312oos.

The furnace consisted of on inconel cylinder of length 60cns. 

and outer diameter 2.7ons. This was coated with alundun cement as 

insulator, and wound with Mohrome tape in five sections with 

tappings taken off at each section. The windings were coated with 

another layer of alundun cement and the whole encased In an asbestos
I *■

jacket to minimise the heat loss to the atmosphere.

It was essential that the temperature throughout the negation 

vessel should be constant, and it is obvious that the heat loss from 

the ends of the furnace would be such greater than the loss fro® the 

central portion, if the sane electric current were flowing through 

the Niohrome windings. To offset the drop at the ends of the furnace, 

the ends were well packed with asbestos fibre, while the temperature 

profile along the length of the furnace was made ’smooth* by tapping
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the TTiolirone windings at intervals along the length cjxI including 

variable resistors in x«rallel with the heating element. This is 

shown in Fig.5* Suitable adjustments of resistors brought about a 

•smooth’ temperature profile. It was also essential to have a steep 

temperature gradient at each end. In the furnace used in this series 

of cscperiments the effective length of the reaction vessel was 42omo., 

while the temperature over thia length was constant to and

the gradient ms 5°C. per cm. over the first three one.

Temperature Control cM ?Teaourement

Temperatures were measured by means of a ohromel-aluael

thermocouple whioh had been calibrated against the cooling curve 

standardisations using aluminium, silver and zinc. The thermocouple 

was set at a particular distance along the thermocouple well, 

corresponding to the mid-point of the temperature range along the 

reaction vessel. The thermocouple voltage was fed to a rye 55»V. 

Junior potentiometer and the galvanometer used was a iye Soalanp, 

giving voltages accurate to O.OlmV. The millivolt to °C. temperature
I o

conversions were those of Hoeser, Dahl and koweaia.

The furnace was controlled hy means of a Sunvio Controller

riype PT 2, whioh provided accurate proportional control and which 

employed a platinum resistance thermometer, whose resistance changed 

with temperature, as the active element. Ma instrument was designed 

to control furnaces in which a proportion of the load was controlled 

and for thia reason a variable resistor was included in the circuit
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to act as the ’increment* (see Pig.3). Another variable resistor was 

used to control the basic power input to the furnace, the power being 

supplied at mins voltage.

The Collection System

The collection system was arranged in triplicate, thus making it 

possible for three experiments to be carried out before air was 

allowed into the apparatus. Kach of these collecting units consisted 

of two traps connected in series (traps T1 and T2 in Fig.l). T1 was 

specially designed for the collection of relatively involatile 

materials, with its central stem heated to prevent condensation of 

products outside the trap. T1 was normally cooled in solid carbon 

dioxide-acetone mixture, while T2 was cooled in liquid air and was 

used for the collection of volatile materials. T3 was a small trap 

connected to T2, and contained degassed water into which hydrogen

bromide was distilled.

Collection of products was made into each of the three units in 

turn with an electro-magnetic solenoid type valve being open over the 

first unit but shut over the other two. Tho electro-magnetic solenoid 

valve consisted of a piece of soft iron in a glass envelope with an. 

acutely tapered cone, wViioh fitted into a mating socket. The valve 

could be opened by activating a solenoid which pulled the soft iron 

rod in its envelope out of the socket into the magnetic field. The 

solenoid wao made from insulated copper wire of 18-n-resistance, wound 

on a former of depth 5ccs. and with an outer diameter of 7«5cms. The
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coil was fed from a 24 volt. D.C. rectifier through a 110-n-dropping 

resistor. Decreasing the current through the solenoid by increasing 

the variable resistance produced a slow and gradual return of the cone 

into its socket, thus preventing any damage which might be caused by a 

sudden entry. jy connecting each of -the •’* ree solenoids in parallel 

and associating a switch with each, it was possible to use only one 

source of power and one dropping resistor. Ifcr use of this method, 

change over from one trap unit to another occupied about three second? 

only.

In addition to the collection system Just described, a flow line 

which by-pasccd the reaction vessel and collection system was 

incorporated in the apparatus. This by-pass included traps T6 and T7, 

normally cooled in liquid air, and re-entered the main flow line 

through tap D. Plow oould be directed through the by-pass by lifting 

the electro-mgnetio type valve out of its socket into a similar seat

which closed the path through the reaction vessel. Decreasing the%
current through this solenoid, SV2, returned the valve to its seating 

over trap This by-pass was used to collect undeoomposed reactant 

thus facilitating a direct method of analysis for amount of reactant 

flowing per second.

Circulating lump and Hate of Flow Ifoaau ts for Carrier las• MM *

(1) Circulating Punp

The circulating pump was a three nossle mercury diffusion pump.

^e mercury was heated by means of a Voods metal bath fed from a
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;.’unvic energy controller, with an auxiliary heater, fed from a fixed 

power supply, heating the sides of the hath. The column of the 

circulating pump was heated to a temperature of approximately 3OC°C.

It had been shown by Moore that there was an optimum puraping 

speed for a particular static pressure of carrier gas in the 

circulation line. Por the particular apparatus used, graphs were 

produocd of temperature of circulating pump bath against the difference 

of squares of the pressures of carrier gas across one of the flow 

capillaries, as measured by the double JtoLeod gauges. This latter 

measurement was proportional to the rate of flow of gas. A series of 

graphs was constructed for each statio pressure of carrier gas used. 

These ere shown in Plg.4. It is seem from any of the graphs that the
I

rate of flow increases with temperature to a certain point, there is a 

spread of temperature when maximum pumping speed is maintained and then 

the pumping speed decreases with, a further rise in temperature. As 

Moore had observed, this pimping speed depended on the static pressure 

of carrier gas in the line. Both capillaries were used for

determinations with a particular statio pressure and, as the graphs 

show, this optimum circulating pump hath temperature does not depend 

on the capillary constants.

Jbcperiraents were always carried out with optimum pumping 

conditions being attained for the particular static pressure of 

oarrler gas. The rate of flow was then constant when the variation 

of the circulating psnp bath temperature was £l0C.

A graph of the temperature of the circulating pump bath against
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the static pressure of carrier gas at optimum pumping speed is also 

shown (Mg.5)*

(2) Iteasurement of Carrier Cos Plow

The rate of flow of grs was measured by the pressure drop across 

the calibrated capillaries K1 and K2, the pressure being read on 

double IteLeod gauges*

T heo retie ally , if the dimensions of the capillary are I-norm one

can calculate the rate of flow by applying Meyer’s modification of

■Aoiseuilie’s law: .
XT r 2 2

Number of moles of gas flowing per sec. n « ....-..... (XV - P.)
tftar n

r ts radius of capillary in one.

F^w pressure of gas entering capillary in dynes per on •

2Pa» pressure of gas merging from capillaiy in dynes per on • 

4 « length of the capillary in ons.

« coefficient of viscosity for the gas

H « gas constant T * absolute temperature
2 2

It nay be written that n » k(K * P.) where k«x ■■
ism

k is the capillary constant.

It has been shown, in actual fact, that deviation from Ideal 

behaviour does occur and calibrations musy be oarried out for each 

capillary.

The capillaries were constructed from a piece of uniform 

oapillaxy tubing, the radius of whioh was determine.! by weighing an 

accurately measured length of mercury in the capillaiy. The radius
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was 0.08979ona. and the lengths of K1 and K2 were 5-0 and 12.55c®s* 

respectively. The theoretical capillary constant k was calculated for 

nitrogen from the above formula to be :
k for KL 10.53 x 10~7 

k for K2 4.22 x 10*7

Calibrations for each oapillaxy were carried out by noting the 

rate of flow of a Imown volume of air through the capillary, when the 

time taken for the volume to pass through was measured. The pressure 

difference on the double McLeod gauges was measured at the same tine 

and the calculated rate of flow computed.

Pig.6 shows a graph of calculated rate of flow against calibrated 

rate of flow, deviations due to the use of air instead of nitrogen 

in the calibration were not considered large, and observed 

calibrations for air were merely corrected for viscosity differences 

of the gases. Values for viscosities were taken from Partington *s 

Treatise on Ihysical Chemistry Vol.l.

The calibrated rate of flow of gases from the calibration graph 

was used in all calculations for the time of contact.

The rate of flow round the circulation line could be varied by 

operating a tap, I! in Pig.l, at the exit of the circulating pump 

such that the gas flow was strangled to any required degree and a 

wide variation in the rate of flow of the carrier gas effected.
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Measurements lerpiired for the Caloulation, of Tipe of Contact

The contact or reaction tine in the flow apparatus just described,

volume of the reaction vessel in cos* 
t, is given as .—■■■■ .... . ■■ '—'«■»»".... ............

rate of flow of gas in cos* per sec*

volume of reaction vessel in cos.

rate of flow in roles per sec. at the temperature 
and pressure in the reaction vessel

volume * ?73 * Ir
•S . i > i m ' I   »■■■» ■ I..U.

total rate of flow in moles per seo. * ?2400 * 760 * T 

whore Pr is pressure in the reaction vessel in naas.

T is absolute temperature.

It is therefore necessary to derive values for Pr and the total 

rate of flow at a given temperature T°K«

Calculation of /resgurc in the Heaction Vessel

In these experiments no attempt was made to measure the average 

pressure in the reaction vessel directly because of trouble with 

rercury contamination of produots or contamination of the MoLeod gauges. 

Instead calibrations were performed with gases at room temperature and 

an equation produced which related the pressures at various points in 

the circulation path and enabled calculation of the pressure in the 

reaction vessel to be made.

The pressure in the circulation line was obviously greatest at the 

exit of the pump and there were drops in the pressure of carrier gas 

at points of greatest resistance to flow. In the apparatus described



above, these were at the entrance to tho reaction vessel, where there 

was a Jet to prevent back diffusion of gas from the reaction vessel, 

and at the oapillaries K1 and K2. There were nuch smaller drops In 

pressure at the injection unit and at the collection system.

Leads were taken from each end of the capillaiy K1 or K2, from 

the exit of the circulating pump and from the reaction vessel to the 

double LteLeod gauges. Nitrogen carrier gas was circulated in the line, 

the circulating pump operating under the optimum conditions described 

previously. A series of readings was taken for Pr (pressure of 

reaction vessel), PQ (pressure at circulating pump), (pressure 

before capillary) and PQ (pressure behind capillary) for each 

oapillaxy and for various pressures of carrier gas.

It was possible to obtain an equation for the pressure in the

reaction vessel

Pr * Pb ♦ (Po - Bb) k’ 

where k* is a constant.

k* did not vary by more than IQ for each oapillaxy or for the 

two capillaries connected in parallel. Toluene, at pressures of the 

same order as those to be used in experiment, was injected, and a 

slightly different value of k* was obtained. Por a static pressure 

of nitrogen of A.2iHms., the value of k’ was 0.2 and this was adopted 

for future calculations for pressure in the reaction vessel, using 

equation Fr c + (PQ * P^) k*> where P^ and F are measurable 

quantities.

The pressure in the reaction vessel is the sun of the partial
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pressures of all the gases in the reaction vessel.

Calculation of Pate of Plow of fesses through ^oac tlon Vessel

The total rate of flow of gas through the reaction vessel was 

equal to the rate of flow of nitrogen carrier gas, plus the rate of 

flow of toluene, plus the rate of flow of bensyl bromide, all 

quantities being measured in moles per second, when bensyl bronide 

was being decomposed in presence of toluene.

Measurement of the rate of flow of nitrogen has been desoribed 

in a previous section.

The rate of flow of bensyl bronide and toluene was Measured by 

analysis of the amount of material collected in a given tine. This 

was normally done by collecting toluene and bensyl bromide in trap T6 

in the by-pass line before commencing a decomposition experiment.

The contents of T6 were distilled into T7 and weighed. The amount of 

bensyl bronide was determined by titration and, by subtraction, the 

amount of toluene collected was ascertained.

Calibration ~raphs were produced for the rate of flow of toluene 

and of bensyl bromide against temperatures of the baths surrounding 

the reservoirs. (Fig.7 snd Pig.8). It was thus possible to produce a 

required rate of flow for either reactant or catcher easily.

'The partial pressure of any substance in the reaction vessel can

moles of substance flowing per sec. 
be written as ■-.. . ........ .........

total no. of moles flowing per sec
X ' jv
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IXtEPAHATXQN AIW iWFICA^QN QP IIATBOMS

Bensyl Bromide

The bensyl bromide was a commercial sample supplied by British 

Drug Houses Ltd. Xt was dried over potassium carbonate and distilled 
at atmospheric pressure, b. pt. 19&-197°C*

An infra-red analysis indicated the presence of a strongly 

absorbing peak at 5 • 85 M which was certainly due to son© impurity.

The peak was thourht to be that of a C»C stretching vibration and the 

presence of benzaldehyde, which exhibits a vapour pressure versus 

temperature graph very similar to that of benzyl bromide, was thought 

likely. If this were the case it would be impossible to purify the 

bromide by fractional distillation. Consequently, the bromide was 

shaken with a saturated solution of sodium bisulphite, washed with 

water and dried over potassium carbonate.

The benzyl bromide was then distilled under reduced pressure and 
the middle fraction, boiling at 89«5°C. at 3^ams. pressure, collected 

and stored with a drop of mercury in a dark glass bottle.

The infra-red spectrum of tliis sample indicated that the carbonyl 

grouping was absent (Pig.9). The insert shows the spectrum between 

5^ and 6/4 before purification.

o— and sw?hlorobensyl bromides

These were commercial samples from L. light & Co. Ltd. These 

showed no carbonyl grouping. They were purified by distillation 

under reduced pressure, the middle fraction being collected and
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further distilled under reduced pressure using a lOin. Vigreux type 

distillation column. They were stored in dark bottles over a drop of

mercury.

This material was prepared by the bromination of p-ohlorotolueoe 

•under the action of ultra-violet light.

’>2gns. of p-chlorctoluene in a threo-neoked flask, fitted with a 

mercury filled stirrer, dropping funnel and reflux condenser together 

with gas trap, were heated in an oil bath at 120°C. and exposed to the 

light of a 100 watt ultra-violet lamp. 2fi.7gms. of bromine were 

added over a period of two hours with constant stirring. The stirring 

was continued until the hydrogen bronide evolution had stopped.

On cooling, the mixture solidified to a brownish mass and was 

filtered and washed with 40-60^0. petroleum other. On standing, 

another crop of crystals was obtained from the mother liquors, and the 

whole was recrystallised twice from WM>0°C. petroleum ether. The 

melting point of the crystals was 5O»5°C. The material still had a 

cream colouration, and pure white crystals were obtained by distilling 

in vacuo (10**Sams.).

^e yield was low at 2^ when l6.2gms. of p-chlorcbensyl 

bromide were obtained.

This was prepared from p-bromotoluene by the method described 

above. The crystals produced after two recrystallisations wore needle­

shaped and pure white; no further purification was oarried out.



20.2gms. of p-bromotoluene gave 13gms. of p-bromobctisyl bromide, 

ra. pt. 6l°C* The yield was

Toluene
17

Sswaro had shown that in order to obtain reproducible results 

for the pyrolysis of toluene, it was necessary to pre-pyrolyo® the 

starting material. Although here toluene was being used simply as a 

oatcher, it was thought desirable to adopt this procedure.

After being sorubbod with sulphuric acid, washed with water and 

dried over calcium chloride, toluene, supplied by letrochemioals Ltd., 

was partially pyrolysed at 825°C. The toluene was degassed and 

pumped through the reaction vessel from a reservoir maintained at 1°C. 

above room temperature, the time spent in the hot sone being of the 

order of one second. r^hc more condensable materials were collected 

in a trap at room temperature, while the toluene was collected in a 

trap surrounded by an acetone-solid carbon dioxide bath.

The partially pyrolyse 1 toluene was s'naken with one-tenth of its 

volume of concentrated sulphuric acid until no yellow colouration 

persisted. Tt was then shaken with water and with TT/lO potassium 

permanganate until all the unsaturated materials had been removed, 

shaken with sodium bicarbonate and with water and dried over calcium

chloride*

The dried material was distilled from sodium on a three foot 

long fractionating column packed with Fenske rings, the reflux ratio 
being 100A. The material boiling in the range 110.5-110.7°C.
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was collected.

•lydroger. Iodide was prepared by the dehydration of 53 aqueous 

hydriodic sold.

Phosphorus pentocd.de was contained in a 500oo. flask, fitted with 

a dropping funnel containing aqueous hydriodic acid, and having an 

outlet to the purification and collection system. The acid was 

dropped slowly cm to the phosphorus pentaxldc, when dense white clouds 

of gaseous hydrogen iodide were given off. This was drawn through the 

purification system, consisting of a phosphorus pentosdLde boat, a 

trap cooled in ice to remove iodine and another phosphorus pentoxide 

boat, by a water pump. The hydrogen iodide was collected under 

liquid air. It was purified by trap-to-trap distillation in vacuo 

fro® acetone*solid carbon dioxide mixture to liquid air. After throe 

distillations the end product was practically colourless and the less 

volatile iodine had been pumped off. The hydrogen iodide was stored 

in two three-litre bulbs, pointed black to eliminate photochemical 

decomposition.

WteMWB

^e nitrogen used was supplied by The British Oxygen Company, 

and was stripped of any oxygen by passing it through two traps, 

connected in series, containing molten sodium at 240°C. The nitrogen 

was stored in a three-litre glass bulb.

pentocd.de
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To be quite certain that all traces of oxygen had been removed 

fron the nitrogen, in admitting nitrogen fro® the aanostat into the 

circulation line of the apparatus, the carrier gas was once more 

passed through a trap containing molten sodium (Pig.l).

The following substances were prepared as standard materials 

used in the analysis of involatile produots 01 decomposition:

Dibengyl

This was a commercial sample which had been purified by 

recxystallisation and reduced to eliminate stilbene. Tt was shown to 

be almost free of stilbene by ultra-violet spectrophotometiy (Pig. 10). 

The melting point was 52.5°C.

stilbene (trans)

The stilbene was a commercial sample purified by reorystall!action
O

and having a melting point of 124 C.

o—ohlorpstilhone and o^chlorodibenryl""

A solution of o^hloroaniline(26gms.) in water(lGOooa.) and 

hydrochloric aoid(80oos.) was diazotised at 0°C. with a solution of 

sodium idtrlte(l5gms.) in water. The diazo compound was reacted with 

cinnamic aoid in a Ifeerwein reaction, and carbon dioxide and nitrogen 

were eliminated, the CO2 being replaced by the axyl group.
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The clear diazo solution was added to a cooled solution of 

cinmaaio acid(30gma.) in acetone(250oos.)* After addition and solution 

of sodium acetate (JUigms*), a solution of cupric chloride(8.5gzas.) in 

water was added* The temperature was allowed to rise slowly to 20°C* 

when gas evolution began* Stirring was continued at 23~24°C. for 

three hours* At the end of the coupling reaction t.ro layers had formed* 

The material was steam distilled and the oil cc^.leotod was dissolved 

in benzene and washed with 3N. ansnoniuB hydroxide and water* A red 

oil was obtained on distillation. This was converted into the

dibromide by treatment with excess bromine in carbon tetrachloride, 

and the dlbromide was recrystallised from petroleum ether(150°C.).

The melting point was 181-182°C.

The dibromide was dissolved in ether(15ocs.) and acetic acid(7oos.) 

and sine were added and refluxed for one hour* The solution was 

decanted from the zinc, washed with water, 2K. sodium hydroxide and 

water and dried over sodium sulphate* The ether was distilled off and 

the o-ohloro stilbene crystallised cn standing in ice* It was 

rectystallised from ethyl alcohol and had a melting point of 39°C*

The o-ehlorostilbene was reduoed to o-chlcrodibenzyl with 

palladium-barium sulphate catalyst in ethanol, the product being an 

oil which boiled at 142°C* at 4mms* pressure.
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hydrogen bromide was determined as an acid which liberated 

iodine from standard potassium iodate in the presence of excess 

potassium iodide according to the equation:

MTOt + 5KI + 6TBr --- ♦ tor + 3I2 ♦ 3H20

The hydrogen bromide was made up to lOOocs. in distilled water 

and a few crystals of •Anolor* potassium iodide was added to 20oos. 

of this solution. If any bromine was present in the hydrogen bromide 

this would liberate iodine from the potassiums iodide. Thus a check 

was kept on the production of bromine. At no time was any bromine 

detected.

An excess volume of standard potassium iodate was added and the 

libero,ted iodine was titrated using standard sodium thiosulphate 

and starch indicator.

The strengths of iodate and thiosulphate used varied from C.0C2 

to C.OUT. hen the weakest solutions were employed it was found 

desirable to carry out the titrations in the presence of nitrogen to 

eliminate liberation of iodine by atmospheric oxidation.

The thiosulphate used was standardised against potassium iodate 

using hydrochloric acid to liberate the iodine.

"ensyl Bromides

The benzyl bromides were determined by reaction with silver
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nitrate in anueoua-alooholic solution and titration of the excess 

silver nitrate with potassium thiocyanate solution using ferrio alum

as the indicator.

C T5CR2Br ♦ AgNO^ ♦ H?0 --- ► AgBr ♦ C^LCT^OH ♦ MNO^

AgNO? ♦ KCIJ8 —♦ AgCNS ♦ KJJO^

It was proved by analysis of weighed samples of benzyl bromide 

that this method gave quantitative results for the determination of 

benzyl bromide.

The procedure adopted was to heat the mixture of benzyl bromide 

and silver nitrate on a water bath at 60°C. for fifteen minutes, when 

reaction was complete. In the case of the substituted bromides, the 

reaction was complete after about half an hour. On cooling, the excess 

silver nitrate was then determined by titration with the thiocyanate.

The benzyl bromide collected in the heater traps was usually 

made up to lOOocs. in methanol and 2Occs. portions used for analysis, 

the strengths of the silver nitrate and potassium thiooyanate solutions 

being 0.02 or O.O^K. Because the unchanged benzyl bromide in each 

trap could be analysed in addition to the bromide collected in the 

calibration trap T6 (Pig.l), a good check was kept on the rate of flow 

of broslde during an entire mn.

I

Three methods were applied In the qualitative analysis of the 

products which remained in the heater trap after the unchanged bromide 

and toluene were distilled away: (1) ultra-violet spectrophotometry,
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(2) infra-red spectrophotometry and (3) nass spectrometry.

(1) Ultra-violet Spectrophotometry

The products were dissolved in methanol, whioh had been purified 

by refluxing with activated charcoal for three hours and then 

distilling. The optical density of nethancl purified in this way was 

insignificant below 230By», which was outwith the wavelength range 

used in the present analyses.

The products were diluted further if necessary until they gave 

reasonable optical density measurements on a Unlearn S. P. 500 

speotrophotometer, 1cm. silica cells being used.

(2) Infra-red Spectrophotometry

The products were washed out of the heater traps with carbon 

tetrachloride, which was dried over calcium chloride. The carbon 

tetrachlor3.de was distilled off until the remaining solution was 

concentrated enough to give measurable absorption in the infra-red 

region.

The absorption of the solutions was measured on a Grubb-Parsons 

Double Bean Spectrophotometer. 0.8mm. or 2ms. cells were used, in 

which the liquid was contained between two rock salt plates separated 

by a lead spacer. Two methods wero employed in obtaining a spectrum; 

one in which carbon tetrachloride was placed in the reference bean 

and the unknown solution in carbon tetrachloride in the sample beam, 

and the other in whioh the absorption due to the solution in carbon 

tetrachloride was measured, and the absorption due to pure carbon 

tetrachloride recorded on the same scale immediately afterwards, the

tetrachlor3.de
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reference beam being empty in each case*

It should, also be mentioned that tho contents of the heater traps 

in experiments with hydrogen iodide were analysed without removal of 

the bensyl bromide by distillation.

’The infra-rod spectrophotometer was also used to analyse 

mixtures of hydrogen bromide and iodide. The experimental procedure 

for this win be described in a later section.

(3) Tfcso Spectrometry

The mass spectrometer was constructed in the St. Andrews 

laboratories 9 the design being of the Tiler type with a 60° sector 

magnet. The resolution obtained was 1 in 200 so that it was 

eminently suitable for analysis in the mass region 130-260. The 

masses were soanned by magnetic field variation and the ion- 

accelerating voltages employed were in the range 1140*1500.

Tn conjunction with the mass spectrometer there was a handling 

system with a lead into the head. This handlin ' system was used to 

inject the more involatile products of decomposition whioh collected 

in the heater traps, as described previously.

The handling system consisted of three metal valves in series, 

whioh allowed the sample holder to be connected up to the mass 

spectrometer, to the vacuum line or to be shut off from the rest of 

the apparatus. The inlet line to the mass spectrometer led through a 

’’etrosil 43* porous plug by way of a two-litre bulb and a circulating 

pump. The two-litre bulb was used as a reaction vessel in other 

work in this department and was contained in a furnace. The pump
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was of a positive displacement type of metal construction with 

polytetrafluorethylene piston rings. Tt was capable of v/orking at 

high temperatures and circulating very low pressures of material.

(A fuller description of the mass spectroneter will be found in the 
thesis of Davidson' ^and of the circulating pum> in that of Smith" )

The lines leading into the mass spectrometer, the mass 

spectrometer head, the valves and the reaction vessel were kept at a 
temperature of about 1OC°C», to prevent condensation of the material 

under analysis but not so high as to induce decomposition of the

material.

Tor some of the more involatile substances, a period of time 

of up to three hours elapsed before any peaks appeared. This may 

have been due to adsorption of the injected materials on to the 

ionisation chamber of the mass spectrometer and surrounding metal 

work. The slow decay of the peaks on pumping out was probably the 

reverse effect of slow desorption from these parts. There may also 

have been a cold spot in the line between the valves and the head of 

the mass spectrometer.

The procedure for analysis on the mass spectrometer was as 

follows: the heaters of the handling system and circulating pump 

were switohed on, and the material under analysis, contained in a 

50ocs. flask, was attached to the lead from the injection valve with 

Edwards T.6 wax. The whole apparatus was evacuated, the sample flask 

being cooled in liquid air. Background scans in the relevant mass 

re-ion were recorded. The liquid air bath was removed from the sample
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flask and replaced with an air heater at a temperature which would 

volatilise all the material. The sample flask was opened to the mass 

spectrometer and scans were recorded over the appropriate regions.

The followin' compounds had to he analysed when hydrogen iodide 

was used as a radical catcher:

Ifrdrogen Iodide

This was collected with hydrogen bromide in the trap surrounded

by liquid air. The method used was a modification of that of Leipert , 
47whioh is described in Belcher and Godbert • The basis of the method 

was the oxidation of iodide to iodate with bromine, and estimation of 

the iodate by liberation of iodine in presence of excess acid and 

potassium iodate. This method had tho advantage that

of original iodide) « 1 gm. mole, of sodium thiosulphate used in the 

titration of iodine liberated.

1, . 5^ . ay, — mo, . lew
TUG, 4 5HC1 4 50 --- 4 5KC1 4 31 4 3H .0

J 2 2
Sbcperimentally 5ocs. of the iodide solution were added to lOoos. 

of sodium acetate in aoetio acid (lOf). Five drops of ’Analar bromine 

and 25©os. of 2CX sodium acetate were added to complete the oxidation 

mixture in its buffered medium. The flask was stoppered and left to 

stand in the dark for thirty minutes until the reaction was complete. 

Excess bromine was destroyed by adding »Analar’ formic acid. A red 

colouration obtained with methyl red indicated that all the bromine 

had been destroyed. Solid potassium iodide and acid were added in the
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manner described for the analysis of hydrogen bronide and the iodine 

liberated titrated in the usual way#

This method of analysis was unaffected by the presence of 

hydrogen bromide# 

iodine

The iodine produoed in the decomposition was analysed by direct 

titration with sodium thiosulphate using starch indicator. The 

thiosulphate was standardised against potassium iodate before each 

analysis, and solutions of strengths O.OOWhOSK. were used.

The total iodide collected in the heater traps was analysed by

the method used for the determination of hydrogen iodide
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Prior to carrying out an experiment all liquids had to be 

degassed. The toluene, benzyl bromide and distilled water, contained 

in the pear-shaped vessels T3 and used for dissolving the hydrogen 

bromide produced, were degassed three times by successively freezing 

in liquid air, warming up and pumping out the air evolved.

The power to the furnace was tine-controlled by a Vexmer switch, 

which was set to switch on the current to the furnace about five 

hours before a nm was due to commence, so that the furnace temperature 

was approximately the correct setting on arrival in the morning and a 

run could proceed without delay.
/ -5 %The apparatus was pumped as hard as possible (to 10 mas.) for 

two to three hours while the constant temperature baths surrounding 

the reservoirs, the circulating pump heaters, the line heaters, the 

valve box heaters, the sodium trap hector, the mercury demister heat- r 

and the copper oxide furnace (used on two occasions), were attaining 

their operating teoperatures.

The heater traps, T1 in Fig.l, were immersed in acetone-solid 

carbon dioxide mixture while traps T2, Tk, T$, T6 were immersed in 

liquid air. If hydrogen iodide was being used in the experiment, 

some hydrogen iodide was distilled from the storage bulbs into 

trap T8, which was then immersed in an acetone- solid carbon diood.de

bath.

—30—

Taps P and M were shut isolating the circulation line from the

diood.de
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vacuum line. The required static pressure of nitrogen was allowed 

into the circulating line by shutting tap E and directing the rate of 

flow through the sodium trap, to remove any oxygen.

The circulating pump bath was then raised round the mercury 

reservoir, and the temperature allowed to attain the optimum value.

The strangling tap, H, was adjusted for the required rate of flow and 

the circulation of carrier gas prolonged for about half an hour, to 

achieve stability in rate of flow and in the temperature of the 

heating baths. '

Tap 22 was opened and those to the sodium trap shut, so that now 

the path of the gas was through the reaction vessel, through one of the 

three collection units, through either capillaiy Q or K2 to the 

circulating pump and injection system.

The heating baths to the bensyl bromide and toluene reservoirs 

were raised and the stirring started, 'die trap heaters were also 

svdtohed on.

Then stable conditions had been reached, the bensyl bromide and 

toluene valves were opened. The first of the set of three collection 

units served as a colleotor of material not required for analysis, 

since the flow of reactants initially was not constant, owing to the 

fact that a substantial amount of material had collected between the

capillary and the diaphragm when the valve was shut; this meant that 

a large pulse of material surged out in the first few seconds of the 

experiment. Any volatile materials present in either reservoir 

were collected in this trap also.
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'low of reactant through the by-pass system was achieved by 

closing the electro-magnetic valve across the path to the reaction 

vessel, and by closing the electromagnetic valve to the first

collection unit.

"lie first quantitative experiment was started by opening the 

electro-magnetic valve in the second collection unit and closing the 

by-pass, thereby opening the line to the react’on vessel again, the 

operation taking about three seconds. The time was noted and 

collection of products was made for a period of time, depending on the 

temperature of decomposition or the contact time, but usually from ten 

to thirty minutes. During this period, pressure readings across the 

capillary and at the circulating pump were taken, and the temperatures 

of the furnace and of the various baths noted.

Collection was made in the same manner into the third unit.

’.Hiring the experiment it was essential to keep all the cooling baths 

topped up to maintain constancy of flow rate.

Flow was then directed into the first unit again for a few 

minutes. Tho injection valves were closed, flow was continued for a 

few minutes longer to clean the lines and the reservoir heating baths

were removed.

Then the lydrogen iodide was used as a catcher the procedure ms 

slightly different. Then the order of events was

(1) flow of bensyl bromide and hydrogen iodide into unit 1,

(2) flow of benayl bromide and hydrogen iodido into unit ?, then 

unit 3>

_______
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(5) flow of bensyl bromide and hydrogen iodide into unit 1 when 

hydrogen iodide flow :ms stopped,

(4) flow of benzyl bromide alone into by-pass trap, and

(5) flow of benzyl bromide into unit 1.

On the completion of a run, the circulation line was opened to 

the vacuum line and the carrier gas pumped out. If the carrier gas 

was to be examined on the mass spectroneter, tap H was shut and the 

gas collected in a lOOocs. storage flask by means of the circulating 

pump and a Toepler pump.

The collection system, comprising three identical units, was 

isolated by closing taps A and B. The pear-shaped vessels T3 were 

frozen in liquid air and the hydrogen bromide, collected in traps T2, 

distilled into T3 when taps C were opened. Then distillation was 

complete, the water was allowed to ware up and the hydrogen bromide 

went into solution. The hydrogen bromide solution was again frozen 

in liquid air. Taps C were shut and, on warning up, the aqueous 

solution was collected in standard flasks ready for analysis. For 

runs in which lydrogen iodide was used, the procedure was similar, in 

vrhich case unchanged hydrogen iodide was also collected.

Involatile products, unchanged benzyl bromide and toluene were 

oolleoted in the heater traps under acetone-solid carbon dioxide. If 

isolation of the involatile products was required, the toluene and 

unchanged benzyl bromide were distilled off into traps T2, and the 

remaining materials were dissolved in solvent and collected when the 

apparatus was let down to atmospheric pressure. Solvents used were



spectroscopic methanol, If analysis was to be performed on the

ultra-violet spectrophotometer, or carbon tetrachloride for determinations 

by infra-red or mass spectrometry.

If collection of involatile materials was not desired, the 

unchanged bensyl bromide, toluene and products were dissolved in 

methanol and the amount of unchanged bensyl bromide determined.

Wfc&lft the hydrogen bromide was distilling into the distilled 

water, the bensyl bromide and toluene to be used for calibration of 

rate of flow of these materials were distilled into T7, whioh was then 

detached, when the apparatus was at atmospheric pressure, sealed with 

a ground glass stopper and weighed.

In runs with hydrogen iodide, iodine was collected in T1 and was

dissolved in methanol and collected in standard flasks for analysis
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THE P7X?0riVSTTT<;r OF BHKm BR011DE W3THS TCLTT1TE

AS A HA3ICAL CATCKSP

Method of Calculation of Sate Constants

In all the experiments noted In this section, the rate constants

are of the first order calculated by the integrated form of the equation

2.303 a
k b —■ lo£10 ——

a-:<
-1where k is the rate constant in sec.

t is the time of contact in seo.

a and a-x are the initial and final concentrations cf benzyl 

bromide in ©a. moles/l. m practice the quantities 

inserted in the ratio (a/a*»x) were for a, the rate cf 

flow of benzyl bronide in gn. moles/sec., and for x, the 

rate of production of product in ga. moles/sec., where 

the product is hydrogen bromide.

TTfegt of Variation of Initial Pressure of Tolaene

In using the toluene carrier technique, it is essential that all 

the bronide atons produced by the thernal fission of the C-Br bond in 

benzyl bronide sliall react with the toluene.

To investigate the effect of varying the partial pressure of 

toluene, experiments were carried out at a fixed temperature with a 

constant partial pressure of bensyl bronide and using the same contact 

time in eaoh experiment.
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Pig. 11 illustrates the results tabulated below for thio 

investigation.

Table 1
Temperature of reaction * 7S3°K.

Tine of contact * 2.10 - 0.05secs.

Partial
Pressure
Bensyl

Bromide
ms.

Partial
Treasure
Toluene

mms.

P.o. Toluene
Oecomp.

k -1
sec.P.p. ’Bromine Atom1

0.235 1.64 37.8 18.5 0.102

0.2JW) 1.64 35.6 19.2 0.10$

0*200 2.21 61.4 18.0 0.10$

0*199 2.21 65.7 16.8 0.098

0.228 2*40 57.8 18.25 0.098

0.229 2*40 58.3 18.05 0.098

0*190 3.25 95.5 17.95 0.095

0.19U 3.25 93.7 18.5 0.096

Hsing the flow technique and keeping the other factors constant, 

it was difficult to obtain a partial pressure of toluene greater than 

3»25sm.

The ratio given in the third column is calculated assuming all 

the bromine atoms found as hydrogen bromide had existed at the same 

time. Since these atoms are being progressively formed and removed, 

the actual relative concentrations vrould be much higher than the data
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of column 3 9 and the latter must be taken for comparative purposes 

only* Prom the point of vim of capture of bronine a tons, this 

quantity should be significant. In Pig. 11 the velocity constant is 

plotted against the partial pressure of toluene.

It could be inferred from this series of experiments that, with 

partial pressure of toluene/partial pressure of bromine atoms > ?5.6, 

toluene will capture all the bromine atoms produced.

•The following experiments were carried out with this condition 

being fulfilled.

X .W-.Q?a<g: s£

Two methods were used to study the order of reaction? (1) variation 

of partial pressure of bensyl bromide, and (2) variation of contact 

time.

(1) TTfegt of Variation 1 tea sure, of Baggy! Bgwd.de

Experiments were performed at a temperature of 733°I'., and the 

time of contact was held constant to 2.1 - 0.15seos. over the series 

of experiments. The partial pressure of bensyl bromide could be 

varied ty changing the temperature of the heater bath surrounding the

bromide reservoir.

Twenty-six experiments were carried itt over the range* of 

partial pressures from 0.056 to O.339nms. of bensyl bromide. Pig.12 

illustrates the relationship between the partial pressure of bensyl

bromide and the first order rate constant k.

Bgwd.de
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"ablc 2

rScpt.
no.

Partial
Pressure
Bensyl
Bronide

BUS.

Partial
Pressure
Toluene

3S3B.

rkrti&l
Pressure
Nitrogen

nms.

Contact
Tire
seos.

Beoonp.
k *1

sec.

35 0.056 1.51 3.17 2.25 13.2 0.066

36 0.057 1.51 3.17 2.25 13.8 0.068

39 0.072 1.62 3.09 2.17 16.7 0.082

40 0.072 1.62 3.09 2.17 16.6 0.082

25 0.076 2.46 1.97 1.97 19.2 0.101

30 0.089 1.88 2.82 2.21 16.1 0.079

29 0.106 1.88 2.82 2.21 16.1 0.079

33 0.122 1.52 3.34 2.11 20.0 0.106

34 0.128 1.52 3.34 2.11 19.7 0.104

27 0.128 2.57 1.97 2.10 17.0 0.089

25 0.130 1.75 2.91 2.15 19.1 0.099

24 0.131 1.77 2.91 2.15 19.1 0.099

21 0.142 1.43 3.50 2.25 21.4 0.107

22 0.142 1.43 3.30 2.24 21.7 0.109

43 0.190 3.25 0.8$ 2.10 17.95 0.095

u 0.194 3.25 0.89 2.10 18.5 0.096

13 0.199 2.21 2.36 1.92 16.8 0.090

1? 0.200 2.21 2.36 1.92 18.0 0.105

10 0.228 2.40 1.97 2.06 18.25 0.098

11 0.229 2.40 1.97 2.06 18.05 0.098
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Table 2 (oont.)

Pxpt.
Ko.

Ihrtial
Pressure
Bensyl
Bromide

mms.

Partial
Pressure
Toluene

mms.

Partial
Pressure
nitrogen

mms.

Contact
Time
secs.

c*z®
Dooomp.

k-l
800.

41 0.259 l.OU 2.67 2.05 20.2 0.110

4* 0.262 l.Ofc. 2.67 2.05 20.5 0.112

79 0.329 2.79 1.43 1.93 17.6 0.097

80 0.329 2.79 l.w 1.93 15.9 0.093

18 0.335 1.40 3.40 2.11 18.25 0.097

17 0.339 1.43 3-U 2.11 17-95 0.096

The above results seen to indicate that the reaction obeys the 

first order rate equation over the range of partial pressures from 

0.l4 to 0.339ms. of benqyl bromide. The reason for the fall-off in 

the rate constant in the low pressure region is not clear.

One possible reason that oould be put forward is that a ohange 

from first to second order oould be taking place. If this were the 

case, increasing the partial pressure of toluene for a given partial 

pressure of bensyl bromide might be expected to raise the value of 

the rate constant, since toluene has been proved to be a very 

effioient third body in the transference of energy • The evidence 

obtained in those experiments is not extensive enough for a definite 

opinion to be given. If experiments 39-40 and 25 are compared, 

increasing the toluene partial pressure from 1.62 to 2.46rans.
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increases the first order rate constant fron 0.082 to 0.101 sec.*", 

hut cm the other hand, If a comparison is made between experiments 

25*24 and 27> where the toluene partial pressure increases fron 1.75 

to 2.57^ns., the first order rate constant decreases from 0.099 to 

0.089 seo."1

Further work on this problem was not pursued, but it was hoped 

to gain some more evidence fro© a study of the decomposition using 

hydrogen iodide, which would be expected to be a ouch less efficient 

third body, as the radical oatcher. Xt was considered that in any 

subsequent work in determination of the energy of activation of the 

decomposition, first order rate constants could Justly be calculated, 

provided the work was carried out using partial pressures of bensyl 

bromide of the order of 0.2 - O.Swns.

(2) Effect of Variation of Contaot Time

The effect on the first order rate constant produced by varying 

the contact time oould be determined most readily by altering the 

rate of flow of nitrogen carrier gas through the system, and adjusting 

the temperature of the bath surrounding the bromide reservoir so 

that the partial pressure of bromide in each experiment was constant.

A plot of the results is shown in Fig. 15 and tabulated below.
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Table 3

Tenperature - 7^3°P.

Partial
Pressure
Bensyl
Bromide

ms.

Partial
Pressure
Toluene

■ns.

Partial
Pressure
Nitrogen

rams.

Contact
Time 
sec 8.

/V
Deoomp.

lr
-1seo.

0.150 1.45 2.84 0.92 9.10 0.104

0.144 1.35 2.27 1.19 12.45 0.112

0.144 1.35 2.27 1.19 11.75 0.105

0.172 3.20 1.14 1.65 14.10 0.096

0.142 1.43 3.30 2.24 21.70 0.109

0.142 1.43 3.30 . 2.25 21.40 0.107

These results indicate that the first order rate constant is not

influenced by any change in the contact tine of the reaction when the 

variation extends over the range 0.92 to 2.25&eos. It was 

experimentally difficult to obtain data at lower contact tines, with 

the capillaries in the apparatus used in this work.

4
The results of Sswaro et al., who carried out rather fewer 

experiments on the effect of changing the bronide partial pressure 

and contact tine, are in agreement with those quoted above. The other 

workers did not indicate any fall-off in the rate constant at 

pressures of bensyl bromide less than 0«12mms. The main difference 

in the technique of the two sets of experiments lies in the type of
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carrier gas used* Sswaro used toluene as a carrier gas as well as a 

radical catcher, while, in the present investigation, nitrogen was 

used as a carrier gas and toluene as the catcher. Thus the amount of 

toluene used in the previous investigation was much greater than in 

the present one, and this may account for the difference in the 

results at low partial pressures of bensyl bromide.

Sswaro had shown that changing the surfaoe/volume ratio by four 

to five tines had no effect on the rate constant. These results were

assumed and no experiments were performed to verify this in the 

present investigation.

The thermal decomposition of bensyl bromide was therefore 

considered to be a homogeneous gas reaotion of the first order, as 

measured by the formation of hydrogen bromide.

The Effect of on the First Order ?atc Constant

Ttcperimcnts were performed over the range 731 - 8l6°K. The 

lowest partial pressure of bensyl bromide used was 0.125mms., while 

the toluene partial pressure ^as adequate to ensure that all the 

bromine atoms produced were caught.

Pig.lU shows the plot of log^c (first order rate constant) 

against XZT°K. The energy of activation and the A factor have been 

calculated by the method of least squares.

Values for the parameters in the equation

-E
logjo k

2.3O5BT
♦ lo^ A
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were calculated to be K « 53.02 * 0.68 k.cals./mole 
-1

log10 A • 15.22 aeo.

Tine table below shows the results of experiments used in the 

determination of the above parameters.

Table 4

lartial
Pressure
Bensyl
Bromide

rams.

Partial
Pressure
Toluene

rams.

Inrtial
Pressure
Nitrogen

rams.

Contact
Time
secs.

%
Deoorap.

k -1 
sec.

Tg«p.

0.276 1.88 2.42 2.11 1.5 0.0073 731

0.276 1.88 2.42 2.11 1.3 0.0062 731

0.20 2.59 1.625 2.12 2.1 0.01 736

0.182 2.59' 1.625 2.13 1.9 0.009 736

0.274 2.31 1.98 2.20 2.25 0.0098 742

0.274 2.31 ■ 1.98 2.20 2.02 0.0103 742

0.316 2.60 1.58 2.0 3.08 0.0155 745

0.329 2.60 1.58 2.0 2.85 0.0151 745

0.258 2.30 1.845 2.24 4*48 0.0206 753

0.257 2.30 1.845 2.24 3.88 0.0177 753

0.258 2.38 1.72 2.2 4.24 0.0198 753

0.26 2.41 1.82 2.03 7.3 0.036 763

0.26 2.4L 1.82 2.03 7.1 0.036 763

0.201 1.38 2.67 1.38 8.9 0.067 775

0.205 1.38 2.67 1.38 8.75 0.067 775

0.159 2.24 1.885 0.98 11.85 0.128 790
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Partial
Pressure
Bensyl
Bromide

ons.

Partial
Pressure
Toluene

ms.

Partial
Pressure
Nitrogen

mas*

Contact
Time
sees.

%
Deoomp.

k_l
sec.

’enp.

0.162 2.24 1.885 0.98 11.4 0.123 790

0.161 1.60 2.75 1.08 17.2 0.178 797

0.150 1.60 2.75 1.08 17.6 0.190 797

0.132 1.55 3.24 1.13 18.95 0.186 798

0.125 1.55 3.24 1.13 20.5 0.204 798

0.156 1.3J4 3.41 1.14 27.6 0.506 807

0.148 1.14 3.41 1.14 27.9 0.289 807

0.176 2.40 1.76 l.CXt 32.5 0.588 812

0.186 2.40 1.76 1.01 50.5 ‘ 0.359 812

0.182 2.31 1.84 0.95 32.0 0.406 816

0.189 2.51 1.84 , 0.95 52.9 0.414 816

Experiments 23, 24, 21, 22, 43,44,13, 12, 10, 11, 41,

80, 18, and 17 of Table 2, whioh were performed at 783°K,

also used in computation of the parameters.

U2, 79,

were

Six months after the completion of work on the decomposition 

of bensyl bromide with toluene catcher , a new sample of benzyl 

bromide was purified as previously described and three experiments 

performed in order to obtain the involatile products for analysis
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by the mesa spectrometer.

These experiments were carried out at 783°K. The results are 

shown below.

Tabled

Partial
Pressure
Bensyl
nrocxae

ms.

Partial
Pressure
Toluene

inins.

Partial
Pressure
raxrogen

mms.

Contact
Time
secs.

%
Decomp.

k -
sec.

0.258 3.27 1.59 1.42 13.8 0.104

0.258 3.27 1.51 1.42 13.0 0.0985

2.285 3.17 2.15 1.45 13.9 0.103

0.133 3.43 1.28 1.27 10.6 0.088

These results are in distinct agreement with the first order

rate constants calculated pmrlorcly at this temperature, the 
•»1

arithmetic mean of these determinations being 0.102 see.
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to; towl decomposition op <m?)wohokwti brome)b

USING- TOLUENE AS, A RADICAL CATCTWl

Effect of ;\riation of . artial L^s’ire of '^uerc

An extensive series of experiments to determine the effect of

varying the partial pressure of toluene was not performed.

Two experiments were conducted in which the partial pressure of

bromide was 0.169 and O.l63nma. respectively and the oontaot tine

was 1.67»eos. The toluene pressures were 1.52 and 2.95«ma. and the 
*1rate constants 0.156 and 0.1U0 seo. respectively.

Together with the evidenoe provided by varying the partial

pressure of toluene in the decomposition of bensyl bromide, it was

thought that the data were sufficient to show that there was an 

amount of toluene adequate to catch all the bromine atom produced.

Determination of the Order of Reaction

Effeot of Varying the Partial Pressure of o-Chlorobengyl Bromide

A series of experiments similar to that on bensyl bromide, was 

carried out. The partial pressure of the substituted bensyl bromide 

was varied by altering the temperature of the bath surrounding the 

reservoir. The toluene partial pressure varied over the small range 

from 2*95 to 5•27ms. while the oontaot time was 1.75 * 0.08seos.

The experiments were performed at a temperature of 783°^.

A plot of the results is shown in Fig.15 and tabulated below.
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Partial 
Pressure 

o-Cl Bensyl 
Bromide 

ebbs.

Ifcrtial
Pressure
Toluene

BBS.

Partial
Pressure
nitrogen

rams.

Contact
Time
sees.

%
OOCOBp.

k -1 
see.

0.053 3.18 1.03 1.69 22.4 0.150

0.066 3.18 1.03 1.70 22.75 0.153

0.099 3.24 0.93 1.71 23.4 0.156

0.100 3.27 0.885 1.82 22.0 0.137

0.100 3.24 0.93 1.71 23.8 0.160

0.109 3.27 0.885 1.82 24.7 0.156

0.134 3.10 1.25 1.78 20.5 0.128

o.uo 3.10 1.25 1.78 20.4 0.129

0.158 2.95 1.16 1.67 21.7 0.147

0.169 2.95 1.16 1.67 20.4 0.136

0*220 3.03 1.00 1.73 . 19.5 0.129

0.220 3.03 1.00 1.73 20.6 0.134

It Is seen that for a four-fold variation in the partial pressure 

of the bromide from 0.053 to 0.22mms., the first order rate constant 

shows a variation of 17$. Although there does appear from the data 

to be a slight diminution in the rate constant for increasing bromide 

partial pressure, the magnitude of this drift would not see© to be 

sufficient to warrant any other conclusion than that the decomposition 

is first order with respect to o-chlorobenzyl bromide.





r '?.< -Tfect of temperature on the "£.tc Constant

'Then the order of the reaction had been established, and analysis 

of the products obtained in the decomposition had shown that there

were no complicating factors to the kinetics, experiments were carried

out to determine the energy of activation and A factor for the

decomposition. It was hoped to carry out similar experiments with

the other two Isomeric chlorobensyl bromides and compare the parameters

with those obtained for bensyl bromide.

In the case of o*chlorobenzyl bromide, the rate constants were 
o « odetermined over the temperature range 731 - 805 K.

Limitations were set on the higher end of the temperature scale,

firstly by the magnitude of the decomposition and secondly by the 

temperature needed on the bromide injection valve. In order to 

achieve a low contact time and a sufficient partial pressure of 

bromide, the temperature of the lath surrounding the bromide reservoir 

had to be raised to a degree whioh might have affected the GACO 

diaphragms in the valve cm lengthy exposure.

The data obtained from the experiments are shown in Pig.l6 and 

tabulated below.

The follcrdng rate equation was calculated by the method of 

least squares from the available data!

k « 1015.45 exp sec. •1
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T'able 7

Partial 
Pressure 

o-Cl Bensyl 
Bronide 

me.

Partial
Pressure
Toluene

KBQ8.

Partial
Pressure
Nitrogen

nets.

Contact
Tine
sees.

%
Deoomp.

k
sec.*1

Tgap.

0.214 2.53 1.72 2,08 2.95 0.0144 731

0*217 2.53 1.72 2.08 3.35 0.G157 731

0.216 2.43 1.67 2.10 3.9 0.0190 736

0.206 2.63 1.60 2.32 5.1 0.0225 743

0.208 2.63 1.60 2.32 5.7 0.0249 743

0.173 2.19 2.36 1.92 7.9 0.047 751.5

0.178 2.19 2.36 1.92 7.7 0.043 751.5

0.140 2.55 1.50 1.65 9*4 0.060 758

0.124 2.21 2.06 2.17 10.5 0.095 768

0.140 2.21 2.06 1.17 8.8 0.077 768

0.100 3.27 0.885 1.82 22.0 0.157 783

0.109 3.27 0.885 1.82 24.7 0.156 783

0.158 2.95 1.16 1.67 21.4 0.147 783

0.220 3.03 1.0 1.73 19.5 0.129 783

0.110 2.02 2.40 1.04 25.0 0.256 795

O.UO 2.02 2.40 1.04 20.0 0.217 795

0.029 1.87 3.0 1.0 31.2 0.375 798

0.030 1.87 3.0 1.0 31.1 0.373 798

0.084 1.98 2.62 0.932 33.0 0.427 805

0.084 1.94 2.62 0.952 34.0 0.446 805
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THE TSESPJIAL DBCOMPOSITION Off M-C1IL0B0BEICSYX, BROMIDE AITD 0?

B-CHLOPJOBn^YI, BROMIDE USDS TOLUEKE AS A RADICAL CATCHER

The Effect of Temperature on the Pate Constant

(1) Ta- Chlorobensyl Bromide

Because of lack of time to carry out the experimental work, the 

decomposition of this compound and of p-ohlorobenayl bromide were 

assumed to bo first order, by analogy with the decomposition of 

o-ohlorobensyl bromide.

The experimental procedure adopted for the study of the 

decomposition of m-crilorobenzyl bromide was similar to that for the 

ortho compound.
p o

The temperature range covered was 91 C» from 719 * 810 K. The 

plot of loc3pk against X/?°K. is shown in Pig.17 and the data used 

appears in Table 8 below.

The following rate equation was calculated by the method of 

least squares from the available data:

k . IO12-59 eap-^-50 i 1-72> x lo3^ 1
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Table 8

lartial 
Pressure 

ra-Cl Bensyl 
Bromide 

tans.

pfrrtl al 
Pressure 
Toluene 

mms.

Partial
Pressure
Nitrogen

rams.

Contact
r'irae
secs.

Deoomp.
k -1 

MO.
Tgap.

0.1%. 3.50 1.40 1.95 2.33 0.012 719

0.199 3.50 1.48 1.94 2.95 0.015 719

0<2fc8 3.39 1.74 1.87 5.15 0.031 736

0.234 3.39 1.74 1.85 7.0 0.042 746

0.215 2.62 2.29 1.79 7.3 0.048 747

0.237 3.33 2.32 1.48 14.6 0.106 757

0.196 3.30 2.32 1.48 13.6 0.099 757

0.248 1.89 3.38 1.0 17.3 0.191 774

0*243 1.89 3.38 1.0 17.7 0.194 774

0.2% 3.06 2.01 1.53 26.4 6.189 783

0.304 3.06 2.01 1.53 29.6 0.210 783

o.oa 2.26 3.29 1.19 44.7 0.501 000

0.237 1.88 3.75 0.86 42.3 0.644 810

0.237 1.88 3.75 0.86 41.9 0.630 810

(2) i>- Chlorobt^ngyl Bronide

p-Chlorobens^rl bromide differed from the other compounds in that 
it was a white solid of m.pt. 50.5°C.t the preparation of whioh has

been desoribed, The relationship between the vapour pressure and
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temperature was unknown, but it was felt that the vapour pressure at a 

given temperature night be somewhat similar to that of the liquid 

chloro substituted bensyl bromides, and consequently, the form of 

injection system to be used oould remain the same as for the other 

bromides.
The first experiment was conducted at 758°K. end the rate constant 

of 0.090 sec?1 appeared to have the value expeoted, sinoe it was 

close to that obtained for o~ and m-chlorobensyl bromides at the 

same temperature. Xt was noticed that the oolour of the material 

remaining in the reservoir had darkened, which oould be explained by 

the production of bromine.

A second experiment with a fresh sample of p-chlorobensyl bromide 

was carried out. This time there was a large production of hydrogen 

bromide corresponding to almost 100 ’ decomposition of the material.

The substance remainin'- in the reservoir was examined closely. On 

cooling, it resinified to a hard polymeric mass which had no 

laerynatory effect and was insoluble in common solvents, Including 

bensene, carbon tetrachloride and ether. It was sparingly soluble in 

A0-60°C. petroleum ether, from which it could be recovered as a white 

solid melting over a range from 9O-1O5°C.

The nature of the compound was not investigated further; it was 

obvious that a method of injectin'- the material must be used in which 

high temperatures were avoided.

The valve injection system was therefore replaced by a saturator 

system (Tig.13). This consisted of a detachable spiral in the form of



103-

a U which was in series with another IT-tube of conventional design. 

Two two-way valves of the type described earlier were used to isolate 

the saturator from the rest of the apparatus, The valves were 

enclosed in a heated box and all leads could be heated if necessary.

Tig spiral, ’vas kept at a temperature of 1O-15°C« above that of 

the TJ-tube, whioh was controlled to ^C.2°C. The p-chlorobensyl 

bromide was distributed over the coils of the spiral. The principle 

of the method was that the carrier gas should draw the material over 

from the spiral into the TJ-tube, which was at a lower temperature.

The carrier gas would then be sat"rated with p-chlorobensyl bromide 

at that temperature and a constant partial pressure of bromide would 

be carried into the reaction vessel.

The main disadvantage of the method is that the partial pressure 

depends on the rate of flow of carrier gas and the variation of 

partial pressures of reactants and carrier gas is more difficult to 

obtain. But in dealing with the variation of reaction rate with 

temperature we are not interested in maintaining strictly constant 

values of partial pressures over a series of experiments,

Ua the experiments tabulated below, the temperatures of the 

tf-tube were in the range W-45°C. All the experimental results used 

in the determination of the activation energy and A factor for the 

decomposition of p-ohlorobexxsyl bromide were obtained using the 

saturator system.

The reaction was studied over the temperature range 719 ** 308°E.

The following rate equation was calculated by the method of least
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squares from the available data:

12.78 -(48.05 * 1.57) x lO^/M -1
k « 10 exp . sec.

The plot of logicJc against 1/^°K. is shown in Fig. 19 and the 

results are tabulated below.

"able 9

Partial 
Pressure 

p-Cl bensyl 
Bromide 
ms.

Partial
Pressure
Toluene
ms.

Tartial
iressure
nitrogen
ms.

Contaot
"ime
secs.

Beooop.
k -1 
sec.

-enp.
JTk •

0.175 2.97 2.52 2.01 2.75 C.O138 719

0.166 2.97 2.52 2.01 3.9 0.0170 719

0.087 4.26 1.27 1.97 2.65 0.0140 720

0.263 2.78 3.03 1.84 6.5 0.0363 742

0.266 2.78 5.03 1.84 6.2 0.0350 742

0.168 2.99 2.81 1.72 15.0 0.094c 758

0.108 3.16 1.63 1.96 25.1 0.347 770.5

0.114 3.16 1.63 1.96 25.4 0.149 770.5

0.162 2.95 2.45 1.03 28.6 0.327 798

0.154 2.95 2.45 1.03 30.0 0.347 798

0.129 3.45 2.03 0.94 29.4 0.370 798

0.124 5.45 2.05 0.935 29.6 0.375 798

0.280 2.48 3.19 1.10 56.8 0.762 808

0.290 2.48 5.19 1.10 58.4 0.790 008
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—o? mr intotathi raoaocTS or ttte ptpoltsis op

v-ttm, roo’gaa TTsirr, Tx?i,nrm: as a paoical catcher

In the paper by Ghosh, Sehon Mid Sawarc ' , there was no proof 

given that dibensyl was the only involatile product. The nethod of 

identification of dibensyl was not described and it nust be inferred 

that the solid products obtained were weighed and assumed to consist 

wholly of dibensyl.

In view of the fact that Smith had found that methyl diphenyls 

were important constituents of the products of the pyrolysis of 

toluene, it was felt that the nature of products of the pyrolysis of 

bensyl bronide ought to be examined more thoroughly. A preliminary 

investigation was carried out by ultra-violet spectrophotometry.

Pure dibensyl shows maxims at 242, 253, 255, 259, 265 and 2 6 Step 

while trans-stilbene shows a fairly broad absorption band at 296m.

If comparison is made between the spectrum of the sample (Pig.10) 

and the spectrum of dibensyl and stilbene (Jlg.lO), it is seen that 

the sample shows maxima at 248, 254, 259, 265* 268 and 296mi, whioh 

indicates that dibensyl and stilbene are important constituents.

The fact that the 268o^ peak is of greater intensity than the 259®^ 

peak in the product spectrum, is due to the contribution made by the 

stilbene absorption to the dibensyl spectrum.

The relative extinction coefficients of stilbene at 296mu and 

dibensyl at 259®/i wre 27 000/1.79 , so that the amount of stilbene 

in the products is small.
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The absorption band fron 25O-24jQmjx shown In the product spectrum 

Is probably due to a snail anount of bensyl bromide still present, the 

bensyl brond.de showing a maximum at 224ryi and decreasing to sero at 

500mp.

The extinction coefficients for diphenyl and the substituted 

diphenyls are of the order of those of stilbene, and the maxima occur 

at a slightly shorter wavelength than that of dibcnsyl. If these 

compounds are present, the amounts oust be very snail, since there are 

no pronounced bands of absorption which cannot be assigned to dibensyl 

or stilbene.

Two analytical techniques could be used in a further investigation: 

(1) infra-red spectrophotonetxy and (2) mass spectrometry.

(1) Ibcamination of the iroduoto by Infra-red Gpeetrophotonetry

Of the products considered possible, diphenyl had a strong 

absorption peak at 12.8^, methyl diphenyls at 12.2 and 9*9/4 while 

diphenylmethane had a peak at 13. if these were present in 

sufficient quantity, they oould be identified since there would be

no interference between their absorption peaks and those of stilbene 

and dibenzyl. .

The infra-red spectrum of the products of a particular experiment 

is shown in Fig .20, and comparison can be made between this and the 

spectra of pure stilbene and dibensyl(Fig.21). The spectra were 

recorded in carbon tetrachloride solution, with pure carbon 

tetrachloride in the reference cell. The standard spectra show that 

stilbene in dibcnsyl could be identified by the peak at 1O.^5m«

brond.de
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xamination of the spectrum shows that stilbene io present in smell 

quantity* There are no peaks at the wavelengths indicated above, so 

that diphenyl type compounds were proved to be absent or present in 

such small amounts that they were unidentifiable by infra-red 

spectroscopy*

There are certain peaks present, at 7*95^ and 9-10/u, in the 

product spectrun whioh are not present in the spectra of pure dibensyl 

or stilbene. An explanation for their presence could not be given 

for quite some time. It was noticed that these peaks also occurred 

in the spectrum of the involatile produots of o-chlorobensyl bromide, 

and later work on the produots of the decomposition of benzyl bromide 

using hydrogen iodide as a radical catcher again provided spectra 

with these peaks prominent. The intensity of these peaks varied in 

a random fashion and sometimes they were completely absent. It seemed 

apparent that such peaks were not duo to any decomposition product, 

dependent on the nature of the oatohor. One possibility was that 

oxygen was present during an experiment, although the apparatus was 

considered to be free of leaks. The sodium trap, used in the final 

de~cxygenation of the nitrogen carrier gas, had been in operation for 

fnur years and it was thought tJsat the sodium might have been spent. 

The sodium was renewed but the effect on the nature of the spectra 

was nil. The spectra of many oxygenated benzyl type compounds were 

recorded but no clues were obtained.

Sdsmrd s' Silicone High Vacuum Tap Grease was used on the joints 

of the heater traps and it was thought desirable to examine a sample
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of this in carbon tetrachloride solution. Strong absorption was noted 

in the regions indicated above. Reasonable ©are had been exercised 

in the removal of the tap grease fro© the oones of the traps# but 

during a run, those were kept fairly hot, and the silicone grease nay 

have flowed and dissolved in the unchanged reactant or toluene. The 

broad band occurring at 9~10ja ©ay be assigned to an Si - 0 - Si

stretching frequency, and the peak at 7*95jx nay be due to an *Si(CHj)^
* A

rocking vibration' ♦

(2) Imagination of the I^roduots Tg Haas Speotronetry

This method had the advantage that snail amounts of material 

could be identified readily, provided that it had a sufficient vapour 

pressure to allow sone of It into the •head* of the mass spectrometer. 

For this reason the lines leading into the mass spectroneter were 

heated to 100°C.

Smith identified the solid products formed in the thermal 

decomposition of toluene. In the course of the investigation, she 

measured standard spectra of dibcnsyl, stilbene, diphenyl, 

diphenylmethane and methyl diphenyls on the St. Andrews mass 

spectrometer. Dibenzyl and stilbene are reproduced in Pig.22. These 

are shown in the form of relative intensities of the peak heights at 

various values of «/e, the most prominent peek being assigned the 

value 100.

In the present analysis# 4*4agm» of dibcnsyl was injeoted as a 

reference marker. The region scanned covered the mass range from 

138 to 133 . The peeks due to dibenzyl were well known and were
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easily identified* The relative intensities agreed well with those 

obtained by Smith*

A sample of solid product from a run was eocaained using the same 

accelerating potential and scanning over the same mas range as for 

the dibensyl marker. The product spectrum is shown in diagrammatic 

form in Pig* 22 and the relative intensities may be compared with 

those of pure dibensyl and stilbene. The relative intensities of 

peaks of pure dibensyl and run products are tabulated below* Again 

the convention adopted is to assign the value 100 to the most 

prominent peak*

Table 10

Mss Mo* Relative Intensity 
JUre Dibensyl

Relative Intensity 
Tun Products

182 100 100

180 1.57 1.62

178 3.97 4.12

165 4*66 5-50

152 1*92 2.05

It can be seen that the relative intensities in two columns of 

the table are very similar. The 1804 peak is of great interest, since 

this is the most intense peak in the stilbene spectrum. The fact that 

the relative intensity of this peak in the product spectrum Is not 

greater than in the dibensyl spectrum means that little stilbene Is
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present* A further faotor which would effect the intensity of the 

100+ peak is that stilbene is much more involatile than dibenzyl, and 

consequently a longer tine would ©lapse before the naximum intensity 

of the 160* peak due to stilbene would be reaohed*

The peaks at mass number 168 for diphenylncthane and 

Zwaethyldiphen;1, and at 167 for W»-’-diiaethyldiphenyl do not occur.

The volatility of these compounds is of the sane order as that of 

dibensyl and they could be Identified if they were present.

There are no other peaks in the spectrum which do not belong to 

the dibenzyl pattern.

Conclusion

The conclusion reached from the evidence provided by ultra-violet 

and infra-red spectrophotometry and by mass spectrometry is that the 

solid products of the decomposition of benzyl bromide, using toluene 

as a radical catcher, consist entirely of dibenzyl with a snail amount 

of stilbene present there also*

Ibcaminatlon of the Gaseous Products

At the end of an experiment the nitrogen carrier gas was collected 

by means of a Toepler pump into a lOOocs. flask* The flask was 

removed and its contents examined on the mass spectrometer. I an 

indebted to Mr. J. Shlnd for carrying out these analyses. A small 

amount of gas in the bulb was allowed to diffuse through a I’etrosil 

porous plug into the mass spectrometer and its spectrum examined.

Before the gas from the bulb was injected into the system, the
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background had to be soazmed over the region of interest, since the 2+ 

peak from hydrogen, the lV peak from nitrogen and the 16+ peak fro© 

oxygen are always present to a slight extent. The background fro©

27 to 52 was also examined. .

Tydrogen present In the carrier gas could be deteoted simply by 

the increase in intensity of the 2 peak.
4* 4* 4*The standard spectrum of methane shows peaks at 12 , 13 , 14 ,

,1
15, in addition to 16 , the relative intensities being in the ratio 

2.41 : 7.86 s 16*98 t 85*5 t 100. The 124 and 13 4 peaks are too small 

to examine and the 12/ peak is seriously affeoted by the presence of 

the large amount of nitrogen carrier gas, since nitrogen contributes 

to the peak height in the form of -Ethane could most readily

be identified and its nmount measured by reference to the 15* and 

16+ peaks.

4 4 ^4Table 11 shows the intensities of the 2 , 15 a»d 16 peaks in 

millivolts in the two determinations.

Table 11

experiment Po. Intensities in millivolts

Hj*(2+) CH3+(15+) CH4*(16+)

1 27 16 18

2 48 35 32

If the ratio of the «** CHjp intensities are compared in the
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two oases, then « 27/18 * 48/32 i.e. H2*/C^ » 6O/U .

Sut the ratio of the sensitivities of H2/CI^ was 45*V39»6> ®o that the 

real ratio of H^/CH^ « 57/43 •

nxaoinati.on of the liquid, Products

The appearance of methane as a secondary product of the reaction 

prompted a search for benzene in the produet mixture, since methane 

probably arose from an induced split of the toluene molecule, and 

therefore phenyl radicals might be expected to be present. These 

might ultimately give rise to benzene.

Xt was considered that benzene would be oolleoted in the trap 

cooled in aoetone-solid oaxbon dioxide mixture together with toluene, 

unchanged benzyl bromide and the solid products. Distillation under 

suitable conditions would separate the benzene-toluene mixture from 

the other components of the mixture. Benzene has a strongly absorbing 

peak at 14.Sy* in the infra-red region, whioh is due to the out-of-plane 

bending vibration of the aromatic C - H bond. In toluene this band 

appears at a lower wavelength.

The first attempt at isolating benzene was sale by distilling the 

more volatile products at a temperature of -10OC. into a trap 

contained in an acetone-solid carbon dioxide bath at -70°C. The 

volatile products were dissolved in carbon tetrachloride and examined 

on the infra-red speotrophetometer. The spectrum obtained was that 

of toluene alone and no benzene absorption was found at 14*9M*
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Ob further consideration, It was felt that the bensene would be 

produced In such snail amounts that it would probably pass through the 

heater trap and be collected under liquid air. Consequently, experiments 

were perforned in which the products appearing in the colder trap 

were distilled into vessels containing degassed carbdn tetrachloride 

and examined as before on th© infra-red spectrophotometer. The spectrum 

indicated that a snail amount of toluene had been collected, but a 

peak was evident at 14.9J4 (Mg. 23), proving that bensene was Indeed a

constituent of the products.
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SWttMTIOK OF THE HWOLATUa PROPOTO 0? TOE TO0I.YSI3 OP

THE KgflaOBaCTI, JWtgDSS flSBR 38CTRAS A HA.pi.CAJ. CATCHER

o-^pjyj^g-.. .ass&a?

The produots regaining after the removal of toluene and unchanged 

bronide were not entirely solid, but seemed to be a mixture of solid 

and liquid constituents. Sinoe o-ohlorodibenzyl is a liquid at room 

temperature, the indications wers that this night be one of the 

expeoted products.

A prelisdnaiy examination by ultra-violet spectroscopy showed 

a large band of absorption at 296y Indicating the presence of stilbene 

but the aibenssyl pattern was not at all evident (Fig. 2k). The 

strongly absorbing stilbene had obliterated the pattern of the 

weakly absorbing dibcnsyl.

The two methods employed In the analysis of the produots of the 

pyrolysis of benzyl bromide wers again used hero.

(1) Observations fron Infra-red Speotrophotcaaeter Studies .

Standard spectra were not available in the literature for the 

possible involatile products of o-ohlorodibenzyl, o-chlorostilbene, 

o—odiohlorodibenzyl and o~o Wiohlorostilbene.

Furs o-chlorostilbene and o-ohlorodibenzyl were prepared (see 

previous aeotion) and their spectra were recorded in carbon 

tetrachloride solution. For o-ehlorostilbene the reference cell

contained carbon tetrachloride solvent, but in the ease of
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o-chlorodibensyl the reference cell was blank and. the spectrum of 

pure carbon tetraohloride was recorded for comparison*

The main difference in the spectra of the ohloro substituted 

compounds from those of the unsubstituted was the presence of a peak 

at 8.9^ which did not occur in dibenzyl or stilbene, while the 

unsubstituted compounds had identifiable peaks at 9«35ji and 9*725yn 

which did not occur in the substituted compound spectra. The 

spectra of o*ohlorcdibenzyl and o-ohlorostilbene are shown in Fig.25 

and Fig.26.

The spectrum of the involatile products (Mg.27) indicated the 

presence of peaks at 9*35^ and 9*725^ which was evidence for the 

presence of unsubstituted compounds, but it was not possible to say 

whether these were dibensyl or stilbene or both. There was however 

a prominent peak at MMMfcl which signified the presence of stilbenes, 

but, once again, it was not possible to say whether this was 

indicative of o-chlorostilbene or of stilbene Itself or of both.

The prominent peak at 8.9ji proved that chloro substituted compounds 

were components of the products.

'Ihe conclusion reached from a study of the infra-rod spectra of 

the products is that there are both chloro substituted and 

unsubstituted compounds in the mixture, that these compounds consist 

of dibenzyls and stilbenes but it is not possible to say free the 

evidence whether the dibenzyls and stilbenes consist of the 

unsubstituted or substituted compounds or both.

Because of the similarity of the speotra of the unsubstituted and
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monosubstituted chloro compounds, tiic preparation and spectral 

examination of the disubstituted chloro compounds was not pursued.

(2) tt>—watlona fron Mw Spcotroneter 3tudj,oa

The products whioh were expected from thia decomposition were 

dibensyl, o-chlorodibensyl, o-o ’-diohlorodibenzyl and the corresponding 

stilbenes. These covered the mass range from 178 to 252. It was 

important to be able to assign to the various peaks appearing on the 

scan the correct mass numbers. For this reason, dibcnsyl, which had 

an easily identifiable speotrum, and the mercury peaks, which were 

always evident in a background scan, were used as markers.

Calvert "Examined the spectra of samples of p-chlorodibenxyl 

and p-p’-diohlorodibenzyl and measured the relative intensities of 

the peaks. It was assumed that the ortho compounds would display 

the same peaks of the same relative intensity*

The sample was admitted into the mass spectrometer and after 

about fifteen minutes, the spectrum was examined. The dibenzyl pattern 

was prominent and a single peak was apparent in the region expeoted for 

o-ohlorodibenzyl but there were no peaks in the 250-255 boss region.

The occurrence of a cold spot in the lines into the mass 

spectrometer explained the incomplete nature of the spectrum. The 

temperature of these lines was therefore increased.

The spectrum over the mass range was therefore re-examined. The 

mass spectra obtained by Calvert and the product spectrum are shown in 

diagrammatic form in Mg.28. The pattern of the product spectrum in 

the 215*220 mass region closely resembled that obtained for
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iwjhloixxlitenzyl, although the resolution in the present case was not 

as good. Two peaks also occurred at mass nunbers 250 and 252, but 

their intensity was rather low.

Table 12 gives a comparison between the relative intensities of 

the peaks obtained in the present work and the standard ponies obtained 

by Calvert.

Table 12

hass No.
Relative
Intensities

Sample

Relative Intensities 
(Calvert’s Data)

p-Cl dibensyl p-p’-dlCl dibensyl

215 17 15.3 -
216 100 . 100 -

218 2$.3 29.4 -

250 . 100 100

252 60 - 47.2

"he fact that the relative intensities of the peaks in the two 

mss regions am in agreement with those obtained for the standard 

speotra of p-chlorodibensyl and p«p’-dichlorodlbencyl seems to be 

good evidence for suggesting that o-ohlorodibcnsyl and

o-o•-diohlorodibensyl appear in the products.

A comparison of intensities of peaks from dibensyl with those 

from o-chlorodibensyl and o-o •-diohlorodibensyl oannot be made since 

we have no knowledge of the relative volatilities of these compounds,
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and the maximum Intensities for the substituted dibensyls nay not

have been reaohed.

The qualitative conclusions whioh racy be drawn about the nature 

of the involatile produots of the decomposition of o-chlorobennyl 

bromide, using toluene as a radical oatcher, ore that dibcnsyl, 

o-chlorodibenzyl and o-o•-diohlorodibensyl are present; that there 

are snail amounts of stilbene also, but whether all three stilbenes 

are there, it is not possible to say. There is no evidence fron any 

of the methods of analysis used, to suggest that there arc any 

involatile compounds other than dibensyls and stilbenes }?roduoed in 

the decomposition.

p-Chlorobensyl Bromide -

The nature of the involatile produots of the decomposition of 

p-chlorobensyl brcride was examined by mass spectrometry in a 

similar fashion to that adopted for the o-chloro compound.

The pattern obtained for the spectra was similar, although a 

much longer time elapsed before the peaks in the 250-255 mass region 

became evident, which might suggest a rather greater involatility 

than for the ortho substituted compounds. In actual fact, it was 

four hours after the sample vras injeoted into the mass spectrometer 

before the peaks became notioeablo.

The spectra of the produots are shown in diagrammatical form

of relative intensity against mass number in Tig.28
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’he table gives a comparison between the intensities of the 

peaks obtained in the present work and the standard peaks obtained 

by Calvert on p-ohlorodibensyl and p-p’-dichlorodibcmsyl.

Table 13

Mass No.
Relative
Intensities

Sample

Relative
Intensities
Dibensyl

Relative Intensities 
(Calvert’s Data) 
p-Cl p-p’-diCl

dibensyl dibensyl

178 5*0 3.97 -
100 2.8 1.37 -

188 100 100 - -

215 13.4 - 15.3 w

216 100 - 100 -

218 31*3 * 29.4 -

250 100 - 100

252 60 - - 47*2

The similarity in the intensities of the peaks in the mass regions 

215-218 and 250-252 supports the conclusion that p-chlorodibensyl and 

p-p•-dichlorodibenzyl are two of the main constituents of the products.

"’he increase in intensity of the 180*and 178 peaks in comparison 

with those of the standard dibensyl io probably due to the contribution 

made by stilbene, which has its most intense peak in this region at

mass number 180, and a peak of 65^ intensity at 178 (see Pig.22)



It is deduoed that the produots of decomTOsition are composed 

of dibcnsyl, p-ohlorodibensyl, p-p’-dichlorodibensyl and a snail 

amount of stilbene. Proof of the occurrence of substituted stilbenes

cannot be obtained from this mass spectral study.

Tt Is noticeable In the diagrammatic representation of the 

spectrum of the products in Pig.28 that two peaks appear at mass numbers 

206 and 208. These most likely arise from the parent p-ohlorobenzyl 

bromide, a small amount of which might still have been present with 

the products. p-Chlorobensyl bromide would be expeoted to give three 

peaks at mass numbers 2QU, 206 and 208, originating from the bromine 

isotopes 79 a»d 81 and the chlorine isotopes 35 and 37. The 204* peak 

would of ooursc be masked by the mercury isotopic peak occurring at

that mass number
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TTTE THKRI1M DBCOlfPOSITION Of BFT7.TL SRQKI3K

nsun TTORosm iodide as a radical catcher

It was thought that an independent value for the energy 

activation for the decomposition of bensyl bromide might be obtained 

by using hydrogen iodide as a radical catcher instead of toluene. The 

bond strength in hydrogen iodide is 71 k.eals./nole and distinctly less 

than the estimates for the side-chain C - H bond in toluene, and it 

ought to be a more efficient radical acceptor. Although the thermal 

deooapooiticn of hydrogen Iodide has the lor energy of activation of 

2^ k.oals./aole, the process is bimoleoular and at the concentrations 

used in the lew pressure flow systems of this woifc the rate of 

decomposition is low.

hydrogen iodide was also used in the hope that some further 

evidence might be obtained for the presence of a change from first to 

second order reaction at low pressures of bensyl bromide. Since 

hydrogen Iodide Is a much less complex molecule than toluene, it 

might be expected to be much less effloient as a third body in energy

transfer.

By analogy with the mechanism for the primary decomposition of 

bensyl bromide using toluene as a oatoher, It was considered that the 

reaction ml^ht proceed as follows:

C^CHgBr * C6H5CH2- ♦ -Br

Br- 4 TH iwh ^ T Br 4 I—
CfH5CH2- 4 HI —* C^H5CH5 4 I­

I- 4 I- l2



The rate of reaction might then be followed by measurement of 

the rate of production of hydrogen bromide, toluene or iodine, for 

praotioal reasons it was best to analyse for iodine, sinoe hydrogen 

bromide would be produced in quantities whioh were very snail compared 

with the amount of hydrogen iodide oatcher present. These would of 

course be oolleoted together in the trap surrounded by liquid air, 

and the analysis of hydrogen bromide would be difficult. It would 

also be difficult to analyse quantitatively for toluene sinoe it would 

be distributed between the acetone-solid carbon dioxide trap and the 

liquid air trap,

reliminary Xperimcnts

The first experiment was carried out at a temperature of 775°K« 

The aim was to reproduce the conditions for partial pressure of bensyl 

bromide, partial pressure of radical acceptor and contact time, as 

used in the decomposition at this temperature with toluene as the 

acceptor. The percentage decomposition then was but on analysis 

of Iodine in this experiment, the percentage decomposition was 

calculated to be 71$ •

The temperature was lowered in succeeding experiments, as shown 

in the table, until a reasonable percentage decomposition was 

obtained. The results using toluene as a catcher at similar 

temperatures are shown for comparison.
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Table 14

■artial
i’ressure
Bensyl
Bromide

mas.

Partial
Pressure
Hydrogen
Iodide

EBBS.

Contaot
Time
BOOS.

%
Deoomp. Tenp.°K

Tlth added hydrogen Iodldo

0.2&3 1.49 1.46 71 775

0.252 1.62 1.66 57 757-5

0.17$ 1.51 2.08 22.1 704-5

With added Toluene

0.201 1.38 1.38 8.8 775

0.200 2.59 2.12 2.1 736

At the tine, two explanations seemed possible for the narked 

increase in reaction rate using hydrogen iodide as a radical oatcher 

instead of toluene. Hydrogen iodide was either very such more 

reactive than toluene or the supposed reaotion mechanism was very 

incorrect* The first possibility was considered to be extremely 

unlikely, since at no tine had brorine been obtained as one of the 

produots in the decomposition using toluene. This would have been 

the case if free bromine atoms were not bein? caught by the toluene.

The high percentage decomposition made it seem most unlikely 

that all the radicals produced in the initial split of bensyl 

bromide were captured by the hydrogen iodide. It seemed desirable 

therefore to exanine the variation of percentage decomposition with



00

O

N

Nomsoduooaa 3WlN39H3d

Figure 29

PA
R

TI
A

L P
R

ES
SU

R
E OF

 HYD
R

O
G

EN
 IODI

D
E MMS

.

|:n:l^n}lpyrn

*

*
•
in

or*

\ *

*



~1?4~

partlal pressure of hydrogen iodide.

If part or ell of the suggested decomposition mechanism were

incorrect, independent analyses of the other produots of decomposition 

toluene and hydrogen bromide, would be necessary.

Tfeot of Variation of Artial j y SL Ifrflrcg”* Io<^,de

An attempt was made to produce conditions similar to those 

obtaining in the decomposition using toluene as a catcher, but also

such that the radicals would be captured by the hydrogen iodide. 'Hie 

partial pressure of bensyl bromide was approximately O.l&ams., the 
contaot time 2.1secs. The temperature was 70k.5°'” while the hydrogen 

iodide partial pressure was varied between 0.78 and 2.70mms. It can 

be seen from Pig.2$, the data for whioh appear in Table 15 overleaf, 

that the percentage decomposition increased with increasing partial 

pressure of hydrogen iodide.

It seemed therefore that hydrogen iodide was not acting as a 

completely efficient catcher. An alternative possibility was that the 

reaction < HI —♦ C^T^CH^ 4 I- was not complete and

that, at the decomposition rate involved, there was a competing 

reaotion * *2 * C^H^-CH^I 4 I-„ The latter is an

exothermic reaction and would be feasible.

Tcoause of these possibilities it was decided to examine the 

products of the decomposition for bensyl iodide, and to estimate 

quantitatively the anoint of iodide formed, other than molecular

iodine.
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Partial
Treasure
Bensyl
Tmaidc

ZS2SS*

Partial
Pressure
Hydrogen
Iodide
nms.

Partial
Pressure
Nitrogen

ms.

Contact
Time
secs.

%
Deocsap.

k
sec.*1

0.198 0.705 3.34 2.14 18.6 0.087

0.164 1.025 3.16 2.08 17.0 0.090

0.164 1.025 3.16 2.08 17.1 0.090

0.176 1.306 2.82 2.08 22.1 0.120

0.180 1.590 2.52 2.16 19-35 0.100

0.175 1.020 2.20 2.11 22.0 0.119

0.172 1.910 2.20 2.08 22.4 0.122

0.177 2.020 2.23 2.U 19.8 0.108

0.185 2.490 1.77 2.24 20.6 0.103

0.170 2.560 1.59 2.13 26.7 0.146

0.166 2.700 1.59 2.13 23.4 0.134

-i
In the above table, k seo. is the calculated first order rate 

constant based on the amount of iodine produced.

The Qualitative and Quantitative Analysis for Benny! Iodide

The infra-red spectrum of a sample of pure bensyl iodide (fig.30)

showed that it had a very strong absorption peak at 8.65^. There was 

no interference from the absorption peaks of bensyl bromide, and the

presence of this peak in the product sample spectrum seemed good
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evidence for the presence of bensyl iodide. The spectrum was

measured uslnr a O.Qtran. cell fitted with KBr plates, in an attempt to 

pick up the C - I vibration for bensyl iodide. Thia band occurs 

at 17.65/b

An analysis of produots of the heater trap showed the peak at 

8.65^ clearly, while the peak at 17.65/a oould just be detected in the 

solution of low oonoentration of bensyl iodide in bensyl bromide (Fig.31)

Over a aeries of runs at different temperatures the total ’Iodide*, 

whioh consisted of iodine plus bensyl iodide, collected in the heater 

trap was measured by the method used for the analysis of hydrogen 

iodide (see ’Analysis of iroducts and Reactants’).

The table gives the number of moles of total ’iodide’ and the 

number of moles of molecular iodine measured in a series of runs.

Table 16

TwipA
Partial 
i res sure 
Bensyl 
Bromide 

mas.

Partial
Pressure
Hydrogen
Iodide

mms.

Contact
Time
secs.

"'otal ’Iodide! 
Molea/ seo .xlO°

Iodine £ 
ftolea/ sec .xlO°

679.5 0*123 1.23 1.81 13.19 8.02

686 0.236 1.685 2.46 16.94 10.96

714 0.246 1.52 1.94 38.38 29.4

724 0*210 1*51 1.45 32.60 24.65

724.5 0.213 1.61 1.55 29.53 20.2
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The data ano not eoctenciv© onouh end there are too many variables, 

notably contact tire and bensyl. bromide partial pressure, but It does 

seen that the percentage of bensyl Iodide Ir. tbs total ’Iodide• Is 

greater at lower temperatures than it is at higher teapenatures. If a 

oonporison is mad© between the first aM fourth examples in Table 16, 

the percentage of ’.©dlr© present as bensyl iodide in relation to the 

total •Iodide’ in forms other than hydrogen iodide Is 39*2 at the 

lower temperature and 24*4 at the higher.

It Is reasonable to eocpect le^c bensyl Iodide at high temperatures 

than at low, since at tcopera tunes Involved In the decomposition, 

bensyl iodide would not be expected to b© stable.

■Hio Analysis of "relucts of Tceoapoaltioa cf Bensyl BpoaHo

Hslg Hydrogen Tcdilc as Talieal Catcher

Toluene

lb© Identification of toluene Ir the products was attempted by 

use of infra-red spectroscopy*

Synthotio mixtures of toluene in bensyl bronide wore prepared 

and examined on the dnfra-rod 3pootrophotonetor to try to decide 

which were the best peaks In the toluene spcctrun to use for 

identification when snail Quantities of toluoro wore present in 

lory© amounts of bensyl bromide, Tour mixtures wore prepared containing 

P.5, 11*3, 20*3 and 34 coles percent of toluene in bensyl bromide* Prom 

the spectra, it was considered that solutions containing more than 

20.3 Roles percent of toluene in bensyl bromide gave speotra in which
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toluene could be readily detected by the presence of peaks at 11.175, 

9*25, 6.25 and Sabu "These peaks are indicated by the letter T in the 

spectrum of benzyl bromide containing 34’ toluene in Fig.32

An experiment was performed at 7O^.5°C. in which collection of 

produots was prolonged for thirty minutes to ensure collection of a 

sufficient amount of toluene. Ko separation of the products was 

undertaken and the total produots and unchanged reactants were 

collected in a trap immersed in liquid air. "he contents were dissolved 

in carbon tetrachloride, whioh was distilled off until a solution of 

suitable concentration for examination on the infra-red spectrometer 

was obtained. 'The moles percent of iodine was 20.6 of the benzyl 

bromide so that toluene was likely to be there in sufficient quantity 

for detection.

A spectrum of the products indicated the presence of small peaks 

at 5*^ and 11.2ja, a shoulder on the benzyl bromide peak at 9.25u and 

an Increase in intensity of the peek at 6.25^. "These features were 

present in seme other spectra recorded in this investigation.

Because of the low intensity of the peaks, no attempt was made at a 

quantitative estimation of toluene. "The intensities could have been 

increased of course, but then the degree of dissociation of the 

benzyl bromide would have been too great, and the chances of secondary 

r actions, due to insufficient hydrogen iodide, would have been

increased.

hydrogen Bromide

Any liydrogen bromide produced in the reaotion was collected under



liquid air together with the rauoh larger amount of hydrogen iodide.

In theory it seemed possible to estimate the total aoid produoed 

and to determine the iodide independently; hence, by subtraction, 

the bromide became calculable. But , because of the relative 

proportions of bromide and iodide, the method would have been moot 

inaccurate and it was discarded as a possibility. Other procedures 

which were tried are given below.
(1) Colorimctrio method of Kolthoff?

"lie principle of the method is as followst

Ihcnol red reacts with very dilute hypobromite in weakly

alkaline solution to form an indicator of the bromphenol blue type 

which changes from yellow to blue-violet over the pH range 3*2 * 4.6. 

iy comparing the colours at pH 5 - 5*4 of a series of standards with 

that of the sample, the amount of bromide can be assessed.

The bromide present in the sample is oxidised to the hypobromite 

with bleaching powder in a borax buffer.

Experimentally, the method requires a solution containing

3 * I8pgms. of bromide in lOocs. C.2cos. of phenol red and 2cos. of 

borax solution are added. 0.2ocs. of 0.1N. hypochlorite are added as 

oxidising agent and the mixture allowed to stand for four minutes. 

Ehen 0.5oos. of O.1TT. sodium arsenite is added to destroy the 

hypochlorite. After the addition of l«5ocs. of sodium acetate bufferf 

the solution is compared in colour with the standards and an 

assessment of the bromide present made.

-129*

In the actual experimental samples, hydrogen iodide was also
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present and had to be removed. Thio was done by boiling the original 

solution of hydrogen bromide and hydrogen iodide with IK. sulphuric 

acid and 0.5N. sodiuo nitrite until colourless.

It was estimated that this method would hare an accuracy of 10/. 

The standard solutions were prepared from ’Analor* potassium bromide.

The following table shows the estimated number of moles of 

hydrogen brovide and is compared with the moles of iodine and of total 

•iodide*, which consists of iodine and benzyl iodide, as determined 

by titration.

"able 17

T^ydrogen Trooide 
moles/sec. x 1C6

Iodine f,
moles/sec. x 10

Total 1Iodide \ 
moles/sec. x 10°

6.25 9.5 -

14-75 10.96 16.94

16.1 12.07 -

24.8 20.2 29.55 j

26.0 21.0 -

These results indicate that the rate of production of hydrogen 

bromide was rather greater than the rate of production of iodine.

In only two of the five examples shervn in the above table was it 

possible to compare the rate of production of total ’iodide* with 

the rate of production of hydrogen bromide but the latter approached 

that of the former. (The above two results are the second and fifth 

examples of Table 16). A more precise relationship would not be
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justified because of the degree of accuracy of the results* It was 

apparent that an Independent method of determination of the amount of 

hydrogen bromide would be useful.

(2) Infra-red analysis for T^rdrogen Bromide in rtydrogen Iodide.

The vibrational-rotational spectra of hydrogen bromide and 

hydrogen iodide were quite distinct, and there was no overlapping of 

the ’P* bran rh of hydrogen bromide with the ’ll1 branch of hydrogen 

iodide in the region of interest froo 5.6 to It was thought that 

quantitative nensurenenfs of the intensities of the hydrogen bromide 

peaks could give a better estimate of the rate of production of 

hydrogen bromide*

A lOcms. infra-red gas cell, fitted with potassium bromide end 

plates and a narrow diameter tube for freezing down contents of the 

cell, was connected to the collection system of the apparatus

replacing trap T5 in Fig.l. On the completion of a run, the 

hydrogen bromide and hydrogen iodide whioh had been collected were

distilled into the small tube attaolunent and the cell isolated. On
I

gaining room temperature, the gas was examined on the infra-red 

spectrophotometer*

An initial qualitative run showed that the vdbrational-rotational

spectrum obtained for hydrogen bromide was quite measurable, and that 

the intensity of peaks for hydrogen iodide was smaller than for the 

bromide even although the TH/TTBr ratio was large. Thin was explained 

by the decrease in polar nature of the hydrogen iodide molecule 

compared with the hydrogen bromide. Ihe positions of the peaks in
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t1 is qualitative run agreed with those given in the literature^*^*

For a quantitative estimation of the hydrogen bronide, the 

intensity of peaks had to be oompered with the peak heights for 

synthetic mixtures of hydrogen bromide and hydrogen iodide, containing 

kno;m amounts of hydrogen bronide. Synthetic mixtures of hydrogen 

bronide and hydrogen iodide were therefore prepared. The hydrogen 

bronide was prepared by the bromination of tetrahydronaphthalere^, 

oolleoted under liquid air and transferred to a threo-litre bulb, 

painted black, which was attached to the sane injection system as 

used for hydrogen iodide. The cell was filled by flowing hydrogen 

iodide and hydrogen bromide in turn through this injection ays ten and 

collecting the gases in the snail tube attached to the gas cell. A 

measure of the amount of hydrogen iodide and hydrogen bronide was 

obtained by collection and analysis of control runs using similar 

flow conditions. A check for the total acid oould also be made by 

analysis of the cell contents after the infra-red analysis had been 

carried out.

An infra-red determination of hydrogen iodide alone showed that 

there was no hydrogen bronide present in the hydrogen iodide.

The conditions used in analysis in each case were a slit width 

of O.O35ins., an amplifier gain of 12/6$ and single bean filter. The 

In^krt-red speotrWR of hydrogen bronide from a synthetic mixture is 

shown in Fig.33- Calculation of amounts of hydrogen bronide is shown 

in the Appendix.

Four estimations of the hydrogen bronide produced were made for
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each run by comparing the Intensities of four of the peaks in the 

spectrun with the corresponding peaks of the standard spectrum of a 

mixture containing a known amount of hydrogen bromide.

In Table 18 the rate of production of hydrogen bromide, as 

measured by this method, is compared with the rate of production of 

total ’iodide’ (iodine plus benzyl iodide). The two runs labelled 

1 and 3 are the first and third examples of Table 16.

Table 18

Bun Ho. hydrogen Bromide 
nole:zsec. x 10

^otal ’iodide* 
moles/see. x 10e

3 34.7

• 31.3 Mean 38.30

33.6 33.92

36.1

1 14.6

14.3 Mean 13.19

14.6 14.52

14.6

It was not possible to determine the amounts of bromide by the 

two independent methods on a particular run, but the evidence from 

both sources on separate runs indicates that the production of 

hydrogen bromide approximates to that of total ’iodide*.
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Reactions In a Static yste:

Unlnf lydrogen iodide as a Radical Catcher

The initial experiments using hydrogen iodide as a radical

oatoher in the flow series of runs had. shown that the rate of 

decomposition of bensyl bromide was much faster than when toluene

was used as a catcher*

It was thought that the reason for thio might be the existence 
10of an iodine oatalysed chain reaction* Sow had carried out similar 

work with benzyl iodide using a hydrogen iodide catcher* He postulated 

that the rate determining step in the reaction was

J* + C^CH^I ---> Io 4 C^CH2**

By analogy it night be expected that the rate determining step in the 

benzyl bromide case would be

I- 4 C6H5CH2Br --- > IBr 4

A series of experiments was performed to test this theory, and 

also to attempt to form some Idea of the magnitude of the energy of 

activation for this reaction, If indeed it did oocur*

Sinoe It was necessary to test the above theory by injecting 

Iodine into the system, and because the simultaneous injection of 

three reactants into a flow system was technically very difficult, It 

was decided to carry out the experiments in a static fora of apparatus.

AjsEarafaa u.ae.1 to Static K Its

The reaction vessel was a ryrex glass cylinder of diameter lOons
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end volume 69Ccos. It narrowed at both ends to a diameter of 1.3cms. 

'"he narrow tube attached to one end of the cylinder could be immersed 

In liquid air to freeze any reactants or products. The other end was 

glass-blown to the injection system for filling, and had a constriction 

which could be sealed off when filling had been completed.

Benzyl bromide and iodine were weighed out in small glass vials 

and placed in the reaction vessel, before attachment to the system used 

for injection of hydrogen iodide. 'Hie reaction vessel was glass-blown 

on to the hydrogen iodide injection un’t and evacuated, the narrow 

closed end being immersed in liquid air to prevent benzyl bromide and 

iodine being pumped away. The nethod of filling with hydrogen iodide 

was that adopted for filling the infra-red gas cell. The hydrogen 

iodide entered through the Edwards* needle valve, while a measure of 

the amount of hydrogen iodide in the reaction vessel could be obtained 

by collecting the hydrogen iodide in one of the traps T2 (Pig.l) for 

a known length of time. Distillation into degassed water in T3 and 

analysis by the usual method enabled the rate of flow of hydrogen 

iodide to be determined. The same rate of flow was used for filling 

the reaction vessel and thus the amount of hydrogen iodide in it

could be determined.

Two forms of beater were used in this series of experiments.

The first was a furnace, similar to that described in the section 

’Description of Apparatus used in Elow 'Scperiments ’. This furnace 

had a ’smooth* temperature profile while the temperature was controlled 

by a Sunvio Controller Type BT2, similar to the one previously
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&escribed. The second type of heater which was used in the greater 

part of the experiments was simply a hath of boiling water, the level 

of the water being maintained by constant flow.

To carry out an experiment, the reaction vessel was sealed under 

vacuo and inserted in the heating vessel, the time of insertion being 

noted. In experiments using the air heater the minimum time of 

reaotion was two hours, since immediately on insertion of the reaction 

vessel the temperature of the furnace dropped, and to keep the error 

in the temperature readin- at a safe minimum, two hours was tho :ght to 

be the shortest time of reaction possible.

"he reaction was stopped by removing the reaotion vessel from 

the heater and freesing the contents in liquid air. "he ve ssel was 

then out open and the contents dissolved in aqueous^alcoholio solvent. 

The iodine produced in the reaction was analysed in the usual manner 

with standard thiosulphate solution.

Variation of Iodine iroduotlon 'Tjth Ifrdrogen Iodide Concentration

The concentration of bensyl bromide, the time of reaction and 

temperature of the decomposition were kept constant. The amount of 

hydrogen iodide was varied.

Hhe moles of iodine produced for moles of hydrogen iodide used

io tabulated below and shown graphically in Pig.3k
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Table 19
Temperature of reaction - 36O°V. 

Tine of reaction - 2 hours

Bensyl
Bromide

noles x 10

r----------------
tfydroner 
Iodide 4 

moles x 10

Iodine
Produced

noles x 10

■' - ' ■ «
/ Decomposition
(measured on

noles Ip)

1.30 61.0 7-56 4.2

8.04 %.8 6.09 2.86

1.88 158.0 8.65 4.6

2.08 208.0 6.09 3.0

The spread of points ie fairly large, but there does not appear 

to be a systematic increase in the amount of iodine produced for

increasing concentration of liydrogen iodide catcher xvhen the anount
-jl

io increased from 61 <5 to 203 x 10 moles.

It should be pointed out that an experiment tod conducted vrith

hydrogen iodide alone. The moles of hydrogen Iodide used vrere
—693.4 x 10 and the noles of iodine produced ue^ 1.2 x 10 . If

2 x 10 noles of bensyl bromide had been used, this nould have 

been evaluated as 0.6 decomposition. The decomposition for a 

blank sample of hydrogen iodide is snail in comparison vzith the 

decorr osition when bensyl bromide is present.

Variation of Iodine Production with Bcnsyl Bromide Concentration

The anount of bcnsyl broride was varied from 1.3 x 10-4
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to 8.76 x 10”^ gram moles. There was an upper limit to the amount of 

benzyl bromide which could be used. It was necessary to have the 

reactants in the vapour phase; it was calculated that with a vessel of 

68Ooos. capacity and the vapour pressure of benzyl bromide at the 

temperature of the reaction bein*: known, the maximum amount of 

benzyl bromide which would be present in the gaseous phase was 
9.16 x 10”k gram moles*

'he results tabulated IxjIow, are shown in Fig. 35 with moles of 

iodine produoed plotted against benzyl bromide concentration.

Table 20

Temperature of reaction - 359°K.

Time of reaction * 2 hours

Benzyl 
Bromide 

moles x 10*

hydrogen 
Iodide 

moles x 10*

Iodine
^reduced 

moles x 1(P

Decomposition
(measured on 

moles I9)

1.00 61.0 0.756 4.2

2,64 342.8 1.58 6*0

5.25 93.0 2.68 5.1

7.50 144.2 6.30 8.4

8.76 Hl .4 10.40 11.0

The spread of results is again fairly large, but an examination 

of the data in the above table does indicate that the percentage 

decomposition Increased with increasing concentration of benzyl

bromide*
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~>rnination of the Iodine Catalysed Reaction
If the reaction I- + C^CHpBr --- > IBr 4 C^CH?- 514

occur, then it would be expected that the rate of reaction would 

increase with increasing contact tine sinoe more iodine would be 

produced at longer contact tines* The addition of iodine should also 

have an accelerating effect on the rate of the above reaction#

(1) The Affect of Contact Time on the ?ate of Ttoaotion

The reaction vessel ms heated in a boiling water bath in this 

series of experiments. The plot of moles of iodine produced against 

oontaot time is shown in Mg.36.

Table 21

Benzyl
Bromide 

moles x lcA

hydrogen
Iodide 

moles x 10*

Iodine 
Produced 

moles x 10^

Contact
Time
secs.

£ Deeomp♦
(measured 
on moles Ip)

1.94 173.6 0.902 900 4.6

2.0 157.7 2.00 1800 10.0

1.93 188.0 2.30 2400 U.9

2.14 248.0 4.65 3120 21.6

1.95 154.1 5.60 3600 23.7

The rate of production of iodine is seen to be increasing at 

longer contact times, whioh is in accordance with expectation if the 

above iodine catalysed reaotion is the rate determining step.

(2) The Effect of Added Iodine on the Bate of Reaction

The iodine was weighed in small vials and put in the reaction
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vessel at the same tine as the bensyl bromide.

Pig.37 Is a graph of noles of Iodine produced against mean

value of (moles Iodine)^. The mean Is the arithmetic mean of iodine 

atom concentration initially and tho iodine atom concentration finally.

Table 22

Bensyl Bromide - 2.% ~ 0.06 x 10*^ gram moles

Temperature of Reaction * 373°K.

Time of Reaction - 22 minutes

Iodine
Added

moles x 1C^

Iodine 
Finally 

moles x 105

Iodine 
Produced 

moles x 105

??ean
Value

(I2)-2 X 103

Deconip. 
(measured 
on moles I2)

mm 1.44 1.44 1.892 4.9

0.395 1.334 0.941 2.815 5.2

0.866 3.?7O 2.404 4.33 8.1

1.69 4.205 2.515 5.295 8.4

2.24 6.36 4.12 6.358 13.8

2.85 7.01 4.18 6.845 14.6

3.48 9.076 5.596 7.715 I8.9

niie increase in the rate of production of iodine with increasing

additions of iodin< a-ain justifies the conclusion that the iodine

catalysed chain reaction is the dominant process in the decomposition

of bensyl bromide in presence of hydrogen Iodide.

here extensive wife would be needed to establish whether the rate 
' • iof reaction was proportional to (I2)' .
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Baadnatlon of the Products of the S-tettO-^^jgsitlon of

Benzyl Bromide using TTydrogen Iodide aa Radical Catcher

In view of the fact that benzyl Iodide had been identified aa 

one of the products of decomposition in flow runs at much higher 

temperatures, it was thought desirable to look for benzyl iodide in 

the products of these static runs at lower temperatures.

The products of decomposition and unreacted bromide were dissolved 

in ©arbor tetrachloride and examined by infra-red spectrosoopy. The 

spectrum of the products (Pig.38) was very similar to that of benzyl 

iodide (Pig .30), and the sain distinguishing features of the spectrum 

of benzyl bromide, viz. a band of absorption with peaks at 0.2 and 

0.35ji» bad disappeared. It seemed that the proportion of benzyl 

iodide in the products was very large, and it was therefore desirable 

to be able to analyse quantitatively for the amount of benzyl iodide 

produced.

For thio reason an attempt was made to separate the volatile 

unchanged hydrogen iodide from the mixture and to analyse for total 

iodide in the products remaining. For these experiments the reaction 

vessel was fitted with a break seal. Then a run had been completed, 

the vessel was glass-blown on to a system which was used for the 

collection of the volatile hydrogen iodide, 'hi 3 consisted of a 

25O008. bulb with a lead to the vacuun line and one to the reaction 

vessel via the break seal. The bulb was also fitted with a tap to 

isolate it from the rest of the apparatus. Attached to the bulb was
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n narrow diameter tube, into which any gas collected could be frozen 

down under liquid air. ’’’he collection system was evacuated and then

shut off from the vacuum line. The seal was then broken and the 

hydrogen iodide distilled from the reaction vessel in acetone-solid 

carbon dioxide, to the flask in liquid air. The 250ocs. bulb was then 

isolated and air allowed into the apparatus.

The products remaining in the reaotion vessel were dissolved in 

aqueousxalooholio solvent, collected in standard flasks and analysed 

for ’total iodide’ (bensyl iodide and iodine) and iodine, as described 

in a previous section.

Results of IExperiment

Initial amounts:

Benzyl bromide 

Hydrogen iodide

Iodine added

Final amounts:

...... gJL0.0277$gas. • 1.62 x lOgm.moles

«132.2 x 10 ga.moles
.5

O.OO39Ocma» « 1.54 x 10 gn.moles

Total iodine -

iodine produced *

Total ’iodide’ -

•iodide* as 
— bensyl iodide «

0.007874gms. * 

0.00397Mns. «

0»02621gms.

3.10 x 10~5ga.noles 

1.56 x 10”moles

0.02621 • 0.007874

0.018336gms. » 1.1*4 x ICT^gm.noles

It appears from the above result that the exchange of bromine 

atoms for iodine atoms by the benzyl radios! has been almost complete
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This result is contrary to any expectations on the basis of

estimations of AH and AS for such processes, but it might be explained 

if the benzyl iodide was formed in the liquid phase at the temperature 

of reaction and the system wai heterogeneous and not homogeneous.

It was not desirable to carry out the reaction at a temperature 

of sufficient magnitude to prevent the condensation of bensyl iodide, 

because then the amount of iodine produced would be too great. A 

reaction was carried out at with 2.225 x 10 jgm.moles of benzyl

bromide. The oontaot time was two hours and 1.63 x 10 gm.moles of 

iodine was produced, corresponding to 73a decomposition.

General Conclusions on the use of Hydrogen Iodide as a dadical Catcher

In this particular problem the experiments described above show 

fairly clearly that there is one major disadvantage in using hydrogen 

iodide as a radical catcher. This is the occurrence of a decomposition

catalysed by iodine, presumably I- + cm

which becomes the dominant process in a short time. *s a result 

further work on this was suspended.
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yeohanism andJpgoduets

The res Its obtained fo** the decomposition of bensyl bromide using 

toluene as a radical October have shown that the reaotion can be 

regarded as first order at partial pressures of bromide greater than 

Gallons., and, in the determinetion of the energy of activation care 

was taken to ensure that all work ttos performed with pressures above

this limit.

It has been emphasised that before any deductions regarding bond 

energies can be made the kinetics of the reaction must be fully 

understood and this demands a thorough examination of the products. 

J’videnoe was produced for the presence of hydroge n bromide .and dibensyl 

as the main produots of the decomposition, but stilbene, benaene, 

hydrogen and methane wore also present in small amount*

"he main products would seen to be consistent with the following 

scheme of decomposition

C^H^CHoBr --------a CgH-CF-M* + TT- (1)

• hr- ♦ + HBr (•*)

c^crt,- + c^CT^- -------» CgH^CT^c^n^ (5)

The fact that no molecular bromine was detected in the re otion

products io evidence against any recombination of bromine atoms.

Since there was no detectable inclose of rate of production of 

hydrogen bromide when the toluene pressure was varied over a two-fold 

range, it can be concluded that the bromine atoms reacted completely 

with the toluene*

It is necessary to account for the snail amount of stilbene which
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is produoed. This could arise in two possible ways (1) by thermal 

decomposition of dibensyl or (?) by the attack of a bromine atom on 

dibensyl.
op

Data are available fron the thesis of Davidson to enable the

rate of decomposition of dibensyl to be calculated, and the mechanism 

for this decomposition i3 fairly well established.

Dibensyl decomposes by a split of the central C-C bond to produce 

two benzyl radicals. There is much recombination of these radicals 

but attack of a bonayl radical on the parent molecule initiates the 

next strye of decomposition.

C^CTTp- + C^rCH?CTT??C^H5 ------- t C^CH, 4 C^C^ChC^ (4)

4 H- (5)

Davidson deduced the rate equation for the decomposition to be 

k «s /r?^ sec.-1. At a temperature of 77^°K- the rate

constant is computed to be 0.0091 sec.*1, ^hin rate constant io very 

lor and, since the chance of a collision between a bensyl radical and 

a dibensyl molecule is also snail, it dees not seer that this 

mechanism would be feasible for the production of tho stilbene in our

work.

The other possible schene of formation of stilbene is the attack 

of a bromine atom on dibensyl

Pr- 4 CgH5Cn2CH?C^ ------- > TOr 4 C^CPpCHCgT^ (6)

C^T^pCTTC^Hc: ------- > C^CHoCHC^ 4 H- (5)

Reaoiion (6) is exothermic to the extent of 97 k.oals. and would be 

expected to be very rapid. Thio reaction seems a distinct possibility
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for the formation of stilbene, but it does mean that not all the 

bromine atoms produced in the primary split react with toluene. The 

number reacting in reaction (6) would be very snail and the fact that 

the effect of changing the partial pressure of toluene on the rate 

was seemingly negligible, can well be understood. In any event the 

nethod of formation of hydrogen bromide does net alter the 1 cinetio 

deduction of a first order decomposition, and dibensyl would be 

functioning as an alternative free atom acceptor.

Either of the above schemes of formation of 3tilbene produces 

a hydrogen atom, end the formation of snail amounts of hydrogen and 

nethane probably arises from reaction of this atom.

It must be noted that the ratio of hydrogen/netliane was 57/45 

in each of the experiments in which this was measured. Thio io in
general accord with the results of Sswaro et ol^ It is significant

18 5that Ssworo, Steacie et al. and Smith each found that the hydrogen/ 

methane ratio was unchanged under differing conditions in the 

decomposition of toluene, although they disagreed about the numerical 

value of the ratio. The determinations of this hydrogen/nethane 

ratio were less extensive In our work than in the work of some of the 

others, but It Is of distinct interest that the ratio obtained was of 

the same order as that In the decomposition of toluene.

Two mechanisms were put forward to explain the production of

hydrogen and nethane in toluene:
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(1) B- 4

B- 4

CH,- 4

(2)

CgH^CH,

CgH^CH,

CgH5CH,

W

CgH5cn,

m * \
c6«6 * «S"

C6H5Cn2“ * 

g^h^.** ♦ cn5-

C^CHp- ♦ CH^ch3- 4

If the value of 8U7 k.oals./nole of Smith1 la accepted for the 

energy of activation for the deooopoaition of toluene, thin energy of 

aotivation being assigned to the step ■—-■■> CgH^CH^- ♦ H*,

the rate constant at a teoperature of 773°T., whioh io the nid-point 

of the teoperature range used in the doooopooition of bensyl bronide, 

nay be calculated to be 1.35 * 10*" so©.*1 fron her rate equation 

k s 773sec.*1. The leoonposition of toluene is

therefore negligible. Tf the first step in tho decomposition of 

toluene prooeeds by reaotion (10), th© rate of thio reaotion cannot 

be faster thanf - rote for ———4- C^R^CH?- ♦ TT- so that it

seeas improbable that nethone could be formed by the •eeend sohene.

The first reaction sohene nould therefore ocen to be the more 

probable and fits the ecrperincntal findings.

The suggested sohene of dooonposition of o-chlorobensyl bronide 

and p-ohlorobensyl bronide, the produots of which have been studied 

in sone detail, is analogous to that for bensyl bronide:

' o—Cl C^V^CIV)’- 4 Br

4 RRr

o—Cl C^n, CHpBr 

Rr- 4 C^HfjCK-

(7)

(6)

(9)

(10)

(9)

(11)

(2)
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o-Cl CgH, CHp- + CgB-CHp- 

o-Cl Cgn^C!!2- + o-Cl CgH^CHT—

C^ljCHg- ♦ CgHjCHp-

o-Cl CgH, FT,CO,C6R5 (12)

o-Cl CgH^CHpCRp o-Cl Cg*^ (*3)

CgR^CH^ (3)

The Bate Conotant gM its Variation with ^enpcratu-c
Perhaps the most interesting fact produoed by our work is that the 

- 15 *> —1
A factor for the deoonposition of bensyl bromide is 10 see. , the

oonplete equation bein'’ k «= 1C^’ ' CKp’"^' * 0.6«>) x 10

Thin A factor io higher than the nor© noraally accepted value of 10^" sec 

15
for first orier reactions and higher than the value of 1 x 1C see. 

used by dhosh, Sober and £awarc\

Tho rate e-uationr obtained in this work for the decompositions 

of the chloro substituted bensyl bromides arc

o-chloro
.5

. . 15.4^.. -(51.2 1.45) x 10-VlTP -1
K b io exp ' sec.

10*
12.^,-0vS.5 * 1.7?) x lO5/^.-!

.-12.8 -(48.05 1 1.57) x 103/r’ -1
k s 10 cj’p sec.

n-chloro

p-chloro

Here a^ain there are note-worthy features. The A factors for 

these oonpounds are all near the ‘norr al* value while tho activation 

energies arc approximately 9 k.cals./nole less than the value for the 

unsubstituted oonpound.

**he nuestion of the nagnitud© of nortaal A factors io an interesting 

one and has been discussed in many places. One ’’©cent review bv 

fto enlock^ attempts to classify reactions where A differs from 1C~ sec. 

in terms of the type of reaction and the na^nitude of the deviation.

He considers rather arbitrarily that we should take a thousand foX3
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rcnge of A factors as representing ’normal* behaviour. mn^e is
taken as (10*^- IC^’^sec. - and some ’mom: cases lying outside this 

range are examined in terns of a possible entropy of activation in the 

transition state, Explanations are sucoarlsed for reactions with high 

A f etors in terms of a ♦loose’ transition state or a three or four 

fragment leoocposition.

In a rather more detailed paper Steel and Laidler^ hGve disoussod

reasons for high A factors i.e. those lyin’ above lO^’^sec.-^. ^hey

use the idea that high frequency factors are related to positive

entropies of activation and tiy to relate these in terns of vibmtion
of a molecule and passage over the energy bamrier. The Kassel^,

Rlce-Pansperger^ , Slater^® theories of uninolecular reactions all

predict in their simplest forms that k*, « A^exp*^^ for the first order

rate constant at high pressures where A^is related to tte vibrational 
It -1frenuenoy of the molceule and has the value of about 10 "sec. • 

Kyring’s'-’^ transition state theory states that k^« ’"T/hexr*8 ^exp”^ 

and from this it can be seen that if AS* io large and positive high A 

factors rill result since kT/h is approximately equal to 10^ see.* •

^ese are the two theories which Steel and Taidler try to reconcile.

Tor many reactions with high A factors they consider that the 

activated complex corresponds to the top of the free energy barrier, 

not the dissociation energy barrier and according to THRS theory, the
igsystem crosses this barrier with a frequency of 10 sec. *• Therefore 

if the thermodynamic equation d0 * TAS « AT, where % Is the dissociation 

energy, AS is entropy of activation and AT is the free energy, is a
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and if tho inorease in entropy occurs at an early stage in the dissociation 

process then Ar will rise to a lioi slue as the bond is broken*

The free energy is less than the dissociation energy in thio case. This 

neons that the nomal nodes of vibration in the uninolecular rate theory 

should actually be worked out in terns of free energy instead of total 

energy. ^he noleoule would still cross the barrier with a frecuenoy of 

10 soo. but tho barrier io lo^er since it io the f^ee energy rather 

than total energy barrier whioh oust be considered, 'they have further 

analysed what sort of entropy of activation is involved and have oono 

to the conclusion that ’softening* of the vibrations in tho activated 

state and these ’loose* vibrations eventually beooning translational 

and rotational io the inportant feature. If in the breo’gins of a single 

bond in a noleoule to giv< two free radicals there is a softening of 

the torsional vibrations and the bending nodes become loose, then the 

A factors will go higher. This w~'ild seen to be possible with noot 

polyatomic nolcculos and high A factors arc readily understood. In t^e 

ease of bensyl bromide, whioh is a complicated noleoule and exhibits 

complex vibrational patterns, thio softening could suite conceivably

occur.

Tho early work of Folanyi and ”Tigner^ identified lf^ 'sec. ‘ with 

a critical vibration frequency in a noleoule but the oases they cited 

are ’mown now to be complicated ?dLnetioally. I* is perhaps unfortunate 

that too much emphasis for too long has been placed on 10 sec. as 

proposed in uninolecular rate theory and kT/b in transition state 

theory and that any reaction not giving an A factor of about 1C^ 8ec.~~
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has been considered abnormal.

Ssworc’s1 work suggested that he had obtained the necessary

experimental conditions for simple bond fission studies and the bulk 
iz —I

of hie data oavc A factors close to 1C seo. . have discussed

earlier the inrdenuaoy of sore of his Idnetic evidence, and the 

difficulties nor arising in the interpretation of his oner-y of 

activation values. A series of researches in St. Andrews have produoed 

data on '"eactions of relevanoe to the present work where the temperature
•i« t

independent factors have deviated considerably from 10 sec. . For 

example9 Smith ' deduced an A factor of lO^^seo."3’ for toluene and in

two independent researches A factors of 1C^! •?seo."3' and IC^'Siec."^

©*>
were computed for the decomposition of dibensyl by Davidson' and 

Alexander^. S swore and ’’bgrlor^ published the A factor for tho bensyl 

chloride deoonposition a~ lC^ e see.*"\

Whereas the interpretation of A factors is in a relatively weak 

quantitative position that of E values for bond fisoion studies has 

shown narked strides in building up a picture which can be self-checkin-. 

As detailed earlier the identification of energies of activation with 

bond dissociation energies can lead to heats of formation of radiorlo. 

Thus the bond energy of bensyl bromide obtained fro© this present work 

was 5# k.cals./mole. Knorin’ and AHf(C^^CHpBr) +,

AKf (Cf/^CTk,-’) may be calculated from the conation

ATf(c^cn?-> « D(C6n5C!t>Br) ♦ AHf(C6H5CH2Br)g - AHf(fsv) (1) 

As discussed in the survey at the beginning of his thesis in the

ection dealing with the thermodynamic study of the breednation of

-152-
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toluene, AHf(C^H^CH^BrJg. nay be calculated fron Skinner’s data and 
37 -a acre recent value for AHf (C^H^CH^OTT) to be 13.1 k.oals ./mole.

If the value of 11.3 k.oals./nole. of Benson and Buss for the heat 

of vaporisation of bcnsyl brord.de is used instead of Skinner’s 

estimated value of 9 k.oals., AT!p(C^H^CTI^Br)g. is computed to be 

15.4 k.cals./cole. If these values are inserted in equation (1) 

above then

AF^C^CHr,-) ft 58 + 15«4 - 8fcT » 46.7 k.oals.

or « 58 ♦ 13*1 — 26.7 « \4.4 k.oals.
♦If the value of 13.1 k.oals ./col© is accepted for AH^(C^n^CK^Br) 

we obtain a value for the side chain C-H bond dissociation energy 

In toluene of <4-5 k.oals./nolo by use of equation:

XC^Cfty-H) e Al^CC^Cn?-) ft AI^C’U) - AH^C^CHj) ( )

«s 44.4 ♦ 52 - 11.9 

as 84- 5 k• eels./nole.

Tills value noy be oonpared with those obtained fron other sources.

Source •vjfifir’ D(Cxr-cno-H) 
k.oals ./Solo

Slwa»17 37.5 77.5
2Van Artsdalen 49.5 89.5

35Benson and Buss 44.9 84-85
Alexander16 45*4 85.4

22Davidson 44.9 94.9
Snith^ 44.6 84.7

Tliis thesis 44.4 84.5

brord.de


The arreenent In the results in the latter five determinations 

io striking. The result obtained in this researeh does of course 

depend on the aoeurooy of the value for tho heat of formation of 

bensyl bronide, but the method is independent of data used in the 

other calculations. It is concluded that the value of 58 k.oals./mole 

for the energy of aotivation in the decomposition of bensyl bronide 

io entirely reasonable.

Sene comment can be made regarding the results obtained by Benson 

and ftiss. It nust bo pointed cut that if their results are oombined 

with ours then D(C^R^CR^) * B(C^Fj.CH^Br) » 84.5 - 58 ® 26.5 k.oals

If however the data produced by Ssnarc is inserted,

©(C^CH^) - D(CgH5CR2Br) « 77.5 - 50.5 « 27 k.oals.

Benson and Buss considered that the difference ought to have been 

34 k.oals. The results obtained in this thesis do not a^roe with 

their findings any better than did Sswaro’s. Their calculation for 

the heat of fcreation of bensyl bronide of 20 k.oals ./cole is not in 

agreement with that used in this thesis of 13.1 k.oals. This has 

been discussed in the survey early in the thesis.

The study of bensyl bronide was much core extensive than the work 

on the ohlorobenayl bronides, and in assessing the results this has 

to be borne in mind. It nust be admitted that the change in the 

A and R values on passing fron the unsubstituted to the substituted 

benaene ring is surprising. It is possible that the less exhaustive 

investigations of the chloro compounds foiled to establish the

-15V-

kinetics adequately. If this were the case and there proved to he
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a substantial error, we consider It could only be In the absence of

true flrrt order T^ehaviour. !9oderm views on the effects of substituents 
c* "1 *7 30on bonl dissociation energies are largely based on Sswaro’s^’ Z’J'9 

work and ve consider his proofs of first order behaviour to be very 

inadequate indeed. Our data would suggest a lowering of bend strength 

by sone 9 k.oals. due to the chlorine substitution, in contrast to his 

values of loss than 1 k.o&l. TSofcrtunately there are no data with 

which cross-checkin/* o n be done and further investigation in this

and related fields is needed.

The snail spread in the activation enorgies for the three chloro

substituted oonpounds scobs to indicate that the position of substitution 

of a chlorine atom on the benaene ring has no effect on the C-Br

bond energy.

fork with Hylroyen Iodide : a Radical Accepter
The n>ost significant feature about the decocposi ’ ion of bonayl

broni'e in presence of hydrogen, iodide was that the reaction was nuch 

faster than in the caso where toluene was used as a radical acceptor. 

Although deductions cade fron experlaents in the static systoo arc not 

proved beyond all doubt because of the high concentration of bensyl 

iodide forced by a heterogeneous recess, the sots of experiments in 

which the contact tine was varied, the partial pressure of bensyl 

bromide was varied end differing amounts of iodine were added, almost 

certainly indicate a narked auto-catcilytic action of iodine atoms.

In each of the three cases, the rate of production cf iodJ.no increased

iodJ.no
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because there was an increase in iodine atom concentration.

The primary dissociation process oould a-ain be regarded as

OgVj.CK^Br ■■■'»■' GgH^CF,- 4 Br— (1)

The reactive prrticles produced reacted with hydrogen iodide thus

G^Hr)CH9- 4 HI C^CH-, 4 I- (?)

Br» 4 HI .... "4 HBr 4 I— (3)

The presence of toluene and hydrogen bromide in the reaction products

has been adequately proved.
62.Banaon and O’Neal have recently reinterpreted data of Ogg° on 

the reactions of alkyl iodides with hydrogen iodide. They regard tie

chain propo/oxtin ’ step t<. be I- 4 HI ----> P- + l(.. o an
Downs'^ offer a sinilar step in the interpretation of the reactions 

of bensyl iodide and trlfluoromethyl iodide respectively. It is 

suggested that the experimental evidence fron the present worh 

summarised above strongly indicates that a sinilar autocatalytic 

process becomes the rate determining step in the reaction of bensyl 

bromide with hydroven iodide as carrier

I- 4 C^H^CTIpRr -------- > IBr 4 CgH-CH^- (4)

The iodine atoms and bensyl radicals acted as chain carriers in 

reactions (4) and (?) and it can readily be seen why the decomposition 

was apparently faster than in the toluene case. In flow experiments 

the iodine monobromide would have been dissociated to a substantial

extent and the bromine atoms would also have acted as chain carriers 

in accordance with reaction (3).

To explain the occurence of all the products, it is necessary to
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adopt book' farther reaction stops. Tn the flow experiments there was 

evidence to suggest that the moles of hydrogen bronide was approximately 

equal tzO the nodes of iodine plus the nolee of bensyl iodide• Mow 

cKperiaento in whioh increasin’ amounts of hydrogen iodide were used 

shewed that hydrogen iodide was not capturin': all the radicals produced. 

Since this was the case, bensyl radicals were probably ’••eactin~

with. iodine or iodine atone

cr%cnr .y 12 —c6n5cn2I * T~ (5)

------- * C6n5°V

Reaction (5) is cxotheroic to about 0 k.oalc. and would be expected

to take place. •

The following series of reactions night explain the occurence of 

the various reaction produots

C^nsCTT?Br 

crn5cn9- ♦ hi

4 Br-

♦ H

I~ «, CgTT5CH2Hr

C^CTTp- + 

C gH ^CTL".— + 

I- 4

I3r

I2

I­

I-

♦ I­

I*

WV

* I-

(1)

(2)

(5)

(M

(?)

(5)

(6) 

(8)

CgHjCHj 

HRP ♦

IBP *

I- ♦

wv

WV

■■IPlill. Xs
the octalynio of the deconpooltior. of lorlideo hy free Iodise atone 

62certainly occurs even with iodides with high bond strengths as methyl 

iodide (T) ts 53 k.oals./nole) and trlMuoromethyliOdi.de (!) « 5k

k.oals./nole). The catalysed decomposition of bromides clearly offers

trlMuoromethyliOdi.de
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a field of further investigation and it oould contribute values of 

activation energies rrhic-n wall be useful in assessing bonl energies
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(1) yith the accumulation of data on the bond dissociation 

energies of bensyl type compounds, certain major disagreements in the 

values obtained by various workers have become apparent.

(2) In the first part of the thesis a critical survey is made of 

these bond dissociation energies and the experimental techniques 

employed, especially for results obtained by flo^’ -duetic methods, is 

discussed* Conclusions reached fron a previous study on the effect of 

ring substitution on bensyl bromides a**e analysed.

(3) Bensyl bromide was studied with tho idea of getting a value 

for the heat of formation of tho bensyl radical which would fit better 

with the values obtained from work on other bensyl compounds.

(4) Preliminary experiments showed that tho nethod of introducing

substituted bensyl bromides into the reaction system employed by Sswaro
5et al. did not give a constant rate of flow, which was necessary if 

quantitative conclusions were to be drawn.

'Hie typo of injection system used in the present series of 

experiments is fully described and other features of the apparatus

are set forth in detail.

(5) The decomposition of bensyl bromide has been studied with 

this improved experimental technique and, by using nitrogen as a 

carrier gas in the toluene stream, it has been possible to study the 

effects of changing the contact tine and the partial pressure of tho 

bromide independently, thereby proving quite definitely that the 

reaction was of the fimt order, "he energy of activate on for the 

decomposition was computed from experiments over the temperature



range 753>fKjOK to be 58.02 * 0.68 k.cals./raole and the temperature 
Independent factor to be 1C^^*C see*’*^

(6) The products of the decor: o si Hon were studied in "etail and

o on si s ted of hydrogen bromide and dibensyl with snail ano'jnts of 

hydrogen, methane, benseno and stilbene. The main reaction sehene io

well founded:

C^C^Pr 

♦ Cg^CH^

C6>W 4 hr-

TTBr

->

2(Cg”5CK2-) ----> CgH5Cn?rH2C6TT5

The mechanism of formation of the minor products is examined in the

final section of the t'esia.

(7) The kinetics of the decomposition of o-chlorobensyl bromide 

in the presence of toluene was studied in less detail, and the effect 

of temperature on th© rate of decomposition for a- and p-chlorobcnsyl 

bromides was measured. Assuming a first order dependence for theae 

bromides, the bond energies for o-, ©* and p-chlorobenayl bromides 

were calculated to be 51.2, 48.5 end 48.05 k.oals./nole respectively.

(8) The composition of the involatile products obtained in the 

decomposition of o- end p-chlorobcnsyl bromides was examined by

infra-red spectrophotometry and ma33 spectrometry and found to consist

of substituted and unsubstituted dibensyls with smaller amounts of

stilbenes.

(9) The decomposition of bensyl bromide in the presence of

hydrogen iodide wo also studied. It was hoped to produce © value for 

the bond energy by thio method but it became apparent that the reaction
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rras more complicated than had been expected. The reaction rate was 

faster than in the presence of toluene and experiments in a static 

system and onalyris of produots for both flo.- and static experiments 

showed that an iodine oatalysed reaction xras an important feature.

(10) The result of 59 k.oals./mole for the C-Br bond energy in 

bensyl bromide, by thermochemical calculation, gives a value for tho 

heat of formation of the bensyl radical Tthioh is consistent vrith 

values obtained in independent researches on bensyl compounds. This 

value is considered to be in better agreement than the previously 

reported one of 51 k.cals./mole.
15.2 -1(11) The value of the A factor, 10 sec. , is higher than 

the commonly accepted ’normal* value and its magnitude is discussed 

in the light of recent theory and the suggestion is made that it 

night not at all be abnormal.

(12) The difference in the activation energies of about 9 k.oals/ 

mole between the unsubstituted bensyl bromide and the chloro 

substituted ones is surprising, but the small difference in the 

activation energies for the three substituted cases is not large enough 

to indicate that the point of substitution has any effect on the C-Br 

bond dissociation energy.



163-

Calculation of Amountsof Hydrogen hroride Produced in 

the Hecoiarositlon of Bensyl Brord.de using Hydrogen Iodide 

as Radical Catcher by Quantitative Infra-red, Analysis

By Tombert-Beer Law

where Io »

I *

k XE

0 22

log^^ Xo g k c 1 

incident light intensity 

transmitted light Intensity

extinction coefficient

concentration of absorbing material

1 « path length.

Samples of hydrogen bronide in hydrogen iodide, where the 

concentration, C, of hydrogen bronide was known, were examined in the 

region fron 3.6 to 5 and log-jQ Io/l evaluated from measurements of the 

peak heights.

The spectrun of hydrogen bromide from a synthetic mixture of 

hydrogen bromide in hydrogen iodide is shown in Fig.33* The vertical 

axis depicts percentage absorption but figures for Io and I are simply 

(100 - percent absorption).

If a sample of hydrogen bronide produced in a reaotion, the 

concentration of whioh is unknown, Is examined under identical 

conditions, i.e. in the same oell and under the same spectral conditions, 

we may write

lo&10 Is/ *
I*

where o’ Is an unknown concentration.

(2)k o’ 1



(3)

—l&p*

Combining (1) and (?), we may write

loKlO 1° 

k«io ja'
=e k c 1

k o’ 1
SB 0

o’

Since o is known, c* may be evaluated.

To’ and I* were measured for the four sample peaks corresponding

to the four synthetio mixture peaks measured. Thus four values for the 

unknown concentration, o’, were obtained. The average of these was 

taken as the value of the unknown hydrogen bromide concentration.

The spectrum of each sample and synthetio mixture was recorded 

three times so that any random errors were reduced.

KBr • HI Synthetic TUxture Ko. 1 

(c = 15*5 * 10“? g.moles of H3r/sec.)

Peak 4
Io I

Peak 5
To I

Peak 4’
To T

Peak ’ 
To

p
I

91.5 78.5 92.0 79 91-5 80.5 91.5 79

91.5 77.5 92.0 77 92 79 91-5 79

91.5 76.5 92.0 77 91.5 78.5 91 77

z
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'Br - KI Synthetic fixture Ko. 2
•ft /(c «: 7*5 x 10” 7 $*raoles of HBr/seo.)

Peak 4 Teak 3 Peak 4* Peak 3*
Io I Io I Io I Io I

92 82.5 91.5 83 92-5 84.5 92.5 83.5

91-5 83 91.5 83 92.5 84.5 92 83

Sanple 1

Peak 4 Teak 3 .-oak 4’ Peak 3 *
Io I Io I Io I Io I

94 05.25 93.5 85.5 94 87 94 86.5

93 85.25 94.5 84.5 94 86.75 93.5 86

93.5 84.75 94 85 94 86 94 86

Sample 3

Peak 4 Peak 3 Peak 4’
Io I

Peak 3*
Io IIo I Io I

87.5 70 87.5 70.5 '7-5 72.5 88 71

87.5 70.5 87.5 70.5 - -

’Hie values of o’ which have been obtained by use of equation 3

for the samples 1 and 3 are shown in the text of thio thesis
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COfW^ LIST OF JffKTJirrTS

(1) Deocwaposition of Bensyl Bromide with Toluene ns Radical Catcher.

Ko.

Partial
Pressure
Bensyl
Bromide
■as*

Partial
Pressure
~oluene
ms.

Partial
Pressure
Nitrogen

mas.

Contact
Time
secs.

%
’leconp.

k -1 
sec.

Tgnp.
K

10 0.228 2.40 1.97 2.06 18.25 0.098 733

11 0.229 2.40 1.97 2.06 18.05 0.098 783

12 0.200 2.21 2.60 1-98 18.00 0.105 783

13 0.199 2.21 2.36 1.93 16.8 0.098 783

14 0.235 1.64 2.71 2.04 18.5 0.102 783

15 0.240 1.64 2.71 2.014- 19.2 0.105 783

17 0.539 1*43 3.44 2.11 17.95 0.096 783

18 0.335 1.40 3.40 2.11 10.25 C.097 783

19 0.106 1.47 3.20 2.195 26.3 0.145 737

20 0.106 1.47 3.20 2.195 26.9 0.343 787

21 0*142 1.43 3.30 2.25 21.4 0.107 783

22 0.142 1.43 3.30 2.24 21.7 0.109 7S3

23 0.130 1.75 2.91 2.15 19.1 0.099 783

24 0.131 1.77 2.91 2.15 19.1 0.099 783

25 0.076 2.46 1.97 1.97 19*2 0.100 733

27 0.128 2.57 1.97 2.10 17.0 0.089 783

29 0.106 1.88 2.12 2.21 16.1 0.079 733

30 0.089 1.88 2.82 | 2.21 16.1 0.079 783
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Ko.

Partial 
Pressure 

. rCXiayl 
Brcnide 
M8«

Partial 
‘res cure 
Toluene 
ms.

Partial
Pressure
Nitrogen

isms.

Contact
r*ine
secs.

%
Deconp.

k -1 
sec.

Temp.

31 0.037 1.81 2.96 2.23 12.6 0.058 783

52 o.cu 1.81 2.96 2.24 14 6 0.070 783

33 0.122 1.52 3.34 2.11 20.0 0.106 783

34 0.128 1.52 3.54 2.11 19-7 0.104 785

35 0.056 1.51 3.17 2.25 13.2 0.066 783

36 0.057 1.51 3.17 2.25 13.8 0.068 783

37 0.144 1.35 2.27 1.19 12.45 0.112 783

38 0.144 1.35 2.27 1.19 11.75 0.105 783

39 0.072 1.62 3.09 2.17 16.7 0.082 783

te 0.072 1.62 3.09 2.17 16.6 0.082 783

4i 0.259 1.84 2.67 2.05 20.2 0.110 783

42 0.262 1.84 2.67 2.05 20.5 0.112 783

43 0.190 3.25 0.89 2.10 17.95 0.095 783

u 0.194 3.25 0.89 2.10 18.5 0.096 783

45 0.150 1.45 2.84 0.92 9-1 0.104 783

46 0.260 2.41 1.82 2.03 7.3 0.056 763

47 0.26c 2.41 1.82 2.03 7.1 0.036 763

48 0.274 2.31 1.98 2.20 2.25 0.0098 742

49 0.274 2.31 1.98 2.20 2.02 0.0103 7h2

50 0.156 1.14 3.41 1.34 27.6 0.306 807

51 0.148 1.14 5.41 1.14 27.9 0.289 807

52 0.132 1.35 3.24 1.13 18.95 0.186 798
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Ko.

Partial
Pressure
Bensyl
3roaia.e

ms..

Partial 
ires sure 
Toluene 

ms.

Partial
pressure
Nitrogen

mas.

Contact
"Inc
secs. Decomp.

k -1 
sec.

Temp.
OrA

53 0.125 1.35 3.2k 1.13 20.5 0.204 798

5k 0.258 2.3 1.8U5 2.2k k.k8 0.0206 753

55 0.257 2.3 1.8k5 2.2k 3.88 0.0177 753

56 0.258 2.38 1.72 2.20 4.24 0.0198 753

57 0.161 1.60 2.75 1.08 17.2 0.178 797

58 0.150 1.60 2.75 1.08 17.6 0.190 797

59 0.172 3.20 1.14 1.65 lk.1 0.096 783

61 0.098 l.k5 2.8k 1.10 7.15 0.070 783

62 0.098 l.k5 2.8k 1.10 8.6 0.083 783

63 0.201 1.38 2.6? 1.38 8.8 0.067 775

6k 0.205 1.38 2.67 1.38 8.75 0.066 775

65 0.276 1.88 2.42 2.11 1.5 0.0013 731

66 0.276 1.88 2.42 2.11 1.3 0.0662 731

67 0.182 2.31 1.8k 0.95 32.0 O.kO6 816

68 1.189 2.31 1.8k 0.95 32.9 0.414 816

69 0.176 2.k0 1.76 1.01 32.5 0.388 312

70 0.106 2.k0 1.8k 1.11 30.5 0.359 812

71 0.159 2.2k 1.885 0.98 11.85 0.128 790

72 0.162 2.24 1.8® 0.98 U.4 0.123 79c

73 0.316 2.6 1.58 2.0 3.08 0.0155 745

7k 0.325 2.6 1.58 2.0 2.85 0.0151 7k5

75 0.20 2.59 1.625 2.12 2.1 0.010 736
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No.
Pressure 
Bensyl 
Bronide 

lUiiifl •

Partial
Pressure
Toluene

nns.

Partial 
ire s sure 
nitrogen 

ana.

Contact
Tbae
sees.

JS i
Decamp. sec.*1

?gBP.

7 ■ 0.182 2.59 1.625 2.15 1.9 0.009 736

79 0.529 2.79 1.43 1.93 17-6 0.097 783

80 0.529 2.79 1.43 1.95 15.9 0.093 783

192 0.258 3.27 1.59 1.42 13.8 0.104 783

193 0.258 5.27 1.51 1.42 15.0 0.0985 783

194 0.285 3.17 2.15 1.45 15.9 0.105 783

195 0.133 3.43 1.28 1.27 10.6 0.088 783

(2) DacoiRixjsition of* o-Chlorohenayl Bromide with Toluene as Badical Catcher.

Rb.

Partial 
Pressure 

O-Cl Bencyl 
Bromide

ms.

Partial
Pressure
Toluene

sms.

Partial
iressure
Nitrogen

mms.

Contact
''ine
secs.

$
Becomp.

k -1 
see.

T^p.

87 0.12 3.03 0.92 1.96 21.1 0.121 783

88 0.12 5.05 0.92 1.97 21.7 0.125 783

89 0.154 3.1 1.25 1.78 20.3 0.128 783

90 0.140 3.1 1.25 1.78 20.4 0.129 783

91 0.109 5.27 0.885 1.82 22.0 0.137 783

92 0.10 5.27 0.885 1.82 24.7 0.156 783

95 0.10 5.24 0.93 1.71 23.8 0.160 783

94 0.099 3.24 0.93 1.71 23.4 0.156 783

95 0.066 3.18 1.03 1.70 22.75 0.153 733
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no.
Partial 
Pressure 

o-Cl Bensyl 
Bronide

MRS*

' Partial 
Pressure 
Toluene 

was.

Tfcrtial 
Iressure 
Mtrogen

nms.

Contact
Tine
secs.

2

Decoap.
k -1 SCO. *

Temp.

96 0*053 3.18 1.03 1.69 22.4 0.150 783

97 0.169 2.95 1.16 1.67 20.4 0.136 783

98 0.158 2.95 1.16 1.67 21.7 0.147 783

99 0.220 3.03 1.0 1.73 19.5 0.128 783

100 0.220 3.03 1.0 1.73 20.6 0.134 783

103 0.140 2.55 1.50 1.65 9.4 0.060 758

104 0.206 2.63 1.60 2.32 5.1 0.0225 743

10$ 0.208 2.63 1.60 2.32 5.7 0.0249 743

106 0.110 2.02 2.40 1.04 23.0 0.256 795

107 0.110 2.02 2.40 1.04 20.0 0.217 795

108 0.084 1.98 2.62 0.932 33.0 0.427 805

109 0.084 1.94 2.62 0.932 34.0 0.446 805

no 0.029 1.87 3.0 1.0 31.2 0.375 798

111 0.030 1.87 3.0 1.0 31.1 0.373 798

112 0.124 2.21 2.06 1.17 10.5 0.095 768

113 0.140 2.21 2.06 1.17 8.8 0.077 768

114 0.173 2.19 2.36 1.92 8.7 0.047 751.5

115 0.178 2.19 2.36 1.92 7.9 0.043 751.5

116 0.214 2.53 1.72 2.08 2.95 0.0144 731

117 0.217 2.53 1.72 2.08 3.35 0.0157 731

118 0.216

I

2.43 1.67 2.10 3-9 0.0190 736
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no.
I^rtial 
Freeaure 
Benxyl 
Bromide 

nns.

Partial
Pressure
T hydrogen 
Iodide 

rase.

Partial
Pressure
Ritroge©

uses.

Contact
Tine
sees.

£
Decoiap.
(calc.
fron

moles I2)

k -1 
sec. x

Tgrap.

119 0.243 1>49 2.77 1.46 71.2 775

120 0.243 1.49 2.77 1.46 71.0 775

121 0.252 1.62 2.57 1.66 57.0 737.5

122 0.252 1.62 2.57 1.67 54.0 737.5

123 0.176 1.31 2.82 2.08 22.1 0.120 704.5

125 0.166 2.70 1.59 2.13 23.4 0.134 704.5

126 0.170 2.56 1.59 2.15 26.7 0.346 704.5

12? 0.198 0.785 3.34 2.14 18.6 0.087 704.5

120 0.198 0.785 3.34 2.14 17.9 0.084 704.5

129 0.180 1.59 2.52 2.16 19.35 0.100 704.5

130 0.192 1.36 2.77 2.31 20.3 0.099 704.5

131 0.177 2.02 2.33 2.34 19.8 0.108 705.5

133 0.164 1.025 3.16 2.08 17.0 0.090 704.5

134 0.164 1.025 3.16 2.08 17.1 0.090 704.5

135 0.175 1.82 2.20 2.11 22.0 0.119 704.5

136 0.172 1.91 2.20 2.08 22.4 0.122 704.5

137 0.185 2.49 1.77 2.24 20.6 0.103 704.5

140 0.187 3.26 1.07 2.93 46.4 0.215 704.5

341 0.298 1.15 3.0 1.74 15.2 699

142 0.298 1.15 3.0 1-75 13.2 699

148 0.170 1.65 2.68 2.04 20.8 705.5
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Ko.
Partial
Pressure
Bensyl
Bromide
ms*

Partial
I’ressure
Hydrogen
Iodide

mms.

Contact
Time
secs.

Total 
’Iodide’ 

moles/ $ec.
Iodine 

moles/$eo. 
x 10';

?£mp.
A

0.336 1.685 2.46 16.94 10.96 686

152 0.236 1.685 2.46 - 11.1 686

153 0.216 1.64 1.59 19.7 724.5

154 0*213 1.61 1.55 29.53 20.2 724.5

155 0.211 1.52 1.46 - 26.9 724

156 0.210 1.51 1.45 32.6 24.65 724

157 0.246 1.52 1.94 * - 714

158 0.246 1.52 1.94 38.38 29.4 714

159 0.123 1.23 1.81 * - 679.5

160 0.123 1.23 1.81 13.19 8.02 679.5

The decomposition of Bensyl Bromide using Hydrogen Iodide as Radical 

Catcher in Static System.

Ko.
Benzyl 
Bromide 
moles 
x 10*

Hydrogen 
Iodide 
moles x 10^

Iodine
Produced 
moles x 106

%
Deoomp.
(calc.
from

moles I2)

Contact
rnime
secs.

Temp.
°K

166 - IO/4. 5.3 - 7200 492

167 2.225 74.1 176 73 7200 494

168 1.90 61.0 7.56 4.2 7200 359

169 2.04 94*8 6.09 2.86 720c 360
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Fo.
Benzyl 
Bromide 
moles 
x 10*

Fydrogen 
Iodide 
moles 
x icA

Iodine 
iToduoed 
moles 
x 106

Decomp.
(calc.
fron

moles I2)

Contact
Time
sees.

Tgap.

X0 1.88 158.0 8.65 4.6 7200 360

171 5.25 93.0 2.68 5.1 7200 359

172 2.08 208.0 6.09 5.0 7200 301

173 98.4 1. 2 * 7200 360

172*- 2.64 142.8 1.58 6.0 7200 359

175 8.76 141.4 10.60 11.8 7200 359

176 7.50 166-.2 6.30 8.4 72CC 359

177 1.96- 154.1 5.6 28.7 5600 573

178 2.0 157.7 2. 0 10 1800 573

179 1.94 173.6 0.%2 4.6 900 375

180 1.93 188.0 2.3 11.9 2400 373

181 2.41 248.0 4.63 21.6 3120 573 1

Iodine 
Added 
nolea 
x 1CP

Iodine 
Finally 
nolea x 105

183 2.94 163 - 1.64 4.9 1320 373

134 2.99 U8 2.24 6.36 13.8 1320 373

185 2.95 148 0.866 3.27 8.1 . 1320 373

186 2.98 179 0.393 1.334 3.2 1520 373

187 2.96 264 3.48 9.076 18.9 1320 373

irr 2.00 213 1.69 4.205 8.4 1520 "75

189 2.88 125 2. 83 7.01 14.6 1320 375
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(4) Decomposition of n-Chlorobensyl Bromide using Toluene as Radical Catcher.

Ko.
Partial 
Pressure 

m-Cl Bensyl
Bromide

nns.

Partial 
ires sure 
Toluene 

mms.

lartial
Pressure
Nitrogen

EffiS.

Contact
Ti»e
seco.

*
Decomp.

k -1 
sec.

T8gp-

198 0.294 3.06 2.01 1.53 26.4 0.189 785

199 0.304 3.06 2.01 1.53 29.6 0.210 783

200 0.215 2.62 2.29 1.79 7.3 C.048 747

202 0.234 3.39 1.74 1.85 7.0 0.042 746

203 0.248 3.39 1.74 1.87 5.15 0.031 736

204 0.194 3.50 1.40 1.95 2.33 0.012 719

205 0.199 3.50 1.48 1.94 2.95 0.015 719

206 0.041 2.26 3.29 1.19 44-7 0.501 800

208 0.048 1.97 3.34 1.04 9.3 0.094 767

212 0.248 1.89 3.38 1.0 17.3 0.191 774

213 0.243 1.89 3.38 1.0 17.7 0.194 774

214 0.237 1.88 3.75 0.86 42.3 0.644 810

215 0.237 1.38 5.75 0.86 41.9 0.630 810

216 0.237 3.33 2.32 1.48 14.6 0.106 757

217 0.196 3.30 2.32 1.48 13.6 0.099 757



175-

(5) Teeoisposition of p-Chlorobcnayl Bromide with Toluene as Radical. Catcher

WO.
Partial 
Pressure 

t>-C1 Pensyl
ProaicLe

nms.

Partial
Pressure
Toluene

was.

Partial
Pressure
Kitrorea

2338.

Contact
Tiiae
secs.

Deconp.
k -1 
sec.

TgOp.

223 0.168 2.99 2.81 1.72 15.0 0,094 . 758

224 0.175 2.99 2.81 1.72 14.2 0.090 758

229 0.108 3.16 1.63 1.96 25.1 0.147 770.5

230 0.114 3.16 1.63 1.96 25.4 0.149 770.5

231 0.162 2.95 2.45 1.03 28.6 0.327 798

832 0.154 2.95 2.45 1.03 30.0 0.347 798

233 0.129 3.45 2.03 0.94 29.4 0.370 798

234 0.124 3.45 2.03 0.935 29.6 0.375 798

235 0.087 4.26 1.27 1.97 2.65 0.014 720

237 0.280 2.48 3.19 1.10 56.8 0.762 80S

238 0.290 2*48 3.19 1.10 58.4 0.790 808

241 0.175 2.97 2.32 2.01 2.75 0.0138 719

242 0.166 2.97 2.52 2.01 3.9 0.0170 719

243 0.263 2.78 3.03 1.84 6.5 0.0563 742

244 0.266 2.78 3-03 1.84 6.2 0.0350 742
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