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A STUDY OF THE REACTIONS OF TRICHLOROMEIHYL RADICALS WITH ALKANES

Abstract of PhD Thesis by Ian A. Matheson BSc

The reactions between trichloromethyl radicals and alkanes
were examined by product analysis from gas phase ultraviolet photo-
lyses at temperatures up to 271°C. The results were used to
determine the mechanisms involved, and to estimate Arrhenius
parameters for several of the radical transfer and termination
reactions.

In section 1 CC1 Br was used as the source of trichloro¬
methyl radicals with cyclonexane as the alkane. It was shown that
hydrogen abstraction from cyclohexane by CC1 radicals was not the
only source of CHC1 ; although only trace quantities of HBr were
present, the hydrogen atom is so easily abstracted that significant
quantities of CHC1 arose from this route, precluding an estimation
of the Arrhenius parameters for H abstraction from cyclohexane.

In section 2 an analogous system was studied using propane
in place of cyclohexane. Results were similar to those observed in
section 1. The effect of HBr on the system was studied by addition
of traces of HBr to the photolyses. The rat^s of hydrogen
abstraction by CCI3 radicals at 182°C were 10 lmol'^s"^ (ex propane)
and 1 •Ax1o6lmol~''s"~1 ^ex hydrogen bromide). The experimental data
were compared with computer simulations for runs at various
temperatures (no added HBr) and for runs at 182°C with several levels
of added HBr. Good agreement was obtained when A=2.75x10 lmol~^s~''
and E=A.25 kcal mol-'1 for hydrogen abstraction from HBr by CC1 .

In section 3 the CCl^/propane system was examined. k<Vkc
for CC1 and isopropyl radicals was estimated as 0.b^>. The rate of
abstraction of hydrogen atoms from HC1 by CC1 radicals was not
significant. Rates of hydrogen abstraction from propane by CC1 and
chlorine abstraction from CCl^ by isopropyl radicals agree with results
from analogous systems by other workers. However a secondary
initiation step (yielding dichlorocarbene) rendered the calculation of
Arrhenius parameters impossible.

Sections b and 5 describe the CCl^/cyclopentane system
initiated by photolysis of CCl^ and azocyclopentane respectively. The
former study yielded problems analogous to those from section 3- The
latter study exhibited none of the problems caused by HBr or CCl^ in
earlier sections and Arrhenius parameters were estimated for H
abstraction from cyclopentane by CC1 and CI abstraction from CCl^ by
cyclopentyl. These values were in good agreement with related studies
by other workers. The combination rates we^e calculated for cyclopentyl
radicals with themselves (log k = 8.13 lmol s ) and with CC1
(log k = 9-12 linol-V). kdAc for cyclopentyl radicals was measured
as 1•bo•
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a species possessing one or more unpaired electrons is called

a radical. The simplest radicals are the odd electron monoatomic

species such as halogen atoms and alkali metal atoms, e.g. F., CI., Na.
2+ 3+

Odd electron transition metal ions such as Cu and Fe could also be

considered to be radicals.

Unpaired electrons can also exist in polyatomic species where the

electron can be located on an atom such as carbon, silicon or oxygen

e.g. CH^, CHgCl, SiCI^, C^H^O.
The above are all examples of reactive radical species; however

some radical species are considerably more stable, among the more

well known resonance stabilised radicals being di-t-butylnitroxide

and diphenyl picrylhydrazyl (DPPH).

But Ph N°r~^^N-0- Nj-N-/ \-N02
bu« p/ .or

di-t-butylnitroxide diphenylpicrylhydrazyl

Some stable molecules are odd electron species e.g. NO, NOg
and can therefore be classified as radicals. The ground state of the

oxygen molecule has an electronic configuration in which two electrons

are unpaired and have parallel spins (triplet state). The molecule

exists therefore as a diradical.

In the 1850's Wurtz reacted alkyl iodides with sodium metal

to yield sodium iodide and the alkyl radicals.

Mel + Na ► Nal + Me-

EtI + Na * Nal + Et-

However, Wurtz did not detect the free radicals as their

dimerisatim produced ethane and butane, the empirical formulae

for which were reported as CH^ and Shortly afterwards
Couper and Kekule showed organic compounds graphically and the
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valence of carbon was shown to be four in all cases studied.

1
There was some scepticism, therefore, when in 1900 Gomberg

produced the stable triphenylmethyl radical.

2 Ph,CCl Ph,CCPh2 + ZnCl„3 3 3 *■

Ph2CCPh, - 2CPh •3 3 * 3
2

Reports of other free radicals were quick to follow , important

discoveries being those of the radical mechanisms for stvrene

polymerisation in 1920^, and for the abnormal addition of HBr to
4 5

alkenes in the 1930's . By the 1930's radical mechanisms had

been used to explain many hitherto unexplained reaction systems and

the study of radical reactions became an important sector of organic

chemistry.

There are four main methods for the preparation of free radicals

(a) Thermolysis Reactions

(b) High Snergy Radiation

(c) Redox Reactions

(d) Photolysis Reactions

Thermolysis involves rupturing a bond with thermal energy to

produce radicals as fragments. Paneth and Hofeditz^ heated tetramethyl

lead to obtain methyl radicals and metallic lead.

PbMe.
> Pb + 4Me-

Although free radicals can be produced by the thermal
7

decomposition of a large number of organic compounds , kinetic

data are most easily obtained from thermolysis systems wherein

very high temperatures are not required e.g. thermolysis of
Q

peroxides and azo compounds such as diacetylperoxide or

azobisisobutyronitrile^'
Me. CO.0-0.CO.Me ^ 2 Me'+ 2C0?

75°C

Me0C-N=N-CMe0 _ 2Me0C'+ N0
' 1 700p iL

CN CN ' CN



Such systems are preferred for industrial scale radical initiated

processes such as polymerisation of vinyl chloride.

The most common high energy radiation used is X-radiation,

generally from a Co88 source. The mechanism of radical formation is:-

CCl.Br 001JSr+ +
3 —> 3

CCl-.Br+ + e" =► (CC1 Rr)* •> Br- + CC1 *3 3 3

e" + CCl^Br (CClJr-)* * Br" + CCl^-

Initiations with X-rays or high energy electrons (ex. Van de Graaff

generator) proceed with a mechanism similar to that described above.

Redox-type radical formation reactions proceed by electron transfer

systems wherein the oxidation state of one species (usually a metal
12

such as titanium or iron ) changes in the process,

e.g. RLi + TiCl^ ——* TiCl^ + LiCl + R-
Fei;[+ ROOR » FeIII(0R~) + R0-

In photolysis reactions the radicals are formed as a result of bond

fission using a light source (generally ultraviolet) to provide the

necessary energy. This is the method used to produce the radicals

in the systems described in this thesis.

One of the simplest sources of radicals is the photolysis of a

halogen molecule as employed by Dickinson"^ (Cl^+C^H^) or Whittle^
(Br2+CF3H).

Analogous to the thermolysis reaction of Paneth and Hofeditz8
described earlier, metal-carbon bonds can be broken photolytically

to yield radicals using compounds such as Hg(CF^)2^ or Hg(CCl^)^
Ketones are commonly used as precursors for short chain alkyl

or haloalkyl radicals:-

R2C0 + h\> * 2R-+ GO R=CH-17, CF^18"21, C^22 etc.
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The CO can be measured to determine initiation rate. Higher

ketones are not such good sources of alkyl radicals as R* and CO are .

not the only primary products.

(n-Pr^CO + hv ——v significant quantities Ke.CO.Pr
As this additional reaction scheme is less significant with branched alkyl

23
ketones, it has been suggested that this alternative decomposition

route is the result of formation of "hot" (i.e. vibrationally

excited) species.

Another useful source of alkyl radicals is from the photolysis

of azoalkanes:-

RN2R + h\) -—-* 2R- + N2
'This route is described in more detail in Section 5 of this thesis,

where azocyclopentane is used as a precursor for cyclopentyl radicals.
23

Azoalkanes are not readily available and it has been reported that

in some systems the reactivity of the nitrogen double bond has posed

problems. For these reasons the volume of work on azoalkane

photolysis is somewhat limited.

The most common photolytic source of free radicals is from

. „ , , , . _ 24 25.26the fission of a carbon-haiogen bond as m CF,-Cl or CH^-I '
The photolvsis of CCl,-3r is discussed in Sections 1 and 2 of this

2

thesis and the photolysis of CC1,-CI in sections 3 and 4.
j

The most common methods for forming free radicals have

been discussed in the foregoing paragraphs. The radicals produced

are very reactive species and will rapidly participate in

subsequent reactions. These reactions may yield yet another

free radical species or may produce only stable molecular species

There are four main categories of reaction which will yield

further radical species, viz.
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(a) Transfer Reactions

(t>) Addition Reactions

(c) Rearrangements

(d) Decompositions

and there are two main categories of reaction which produce molecular

species only

(a) Radical Combinations

(b) Radical Disproportionations

Radical transfer reactions can also be considered as displacement or

abstraction reactions and take the general form-

X' + YZ —XY + Z"

e.g. CHI + CC1, * CH CI + CC1'
P 4 p p

The most commonly abstracted species are hydrogen or halogen atoms

but abstraction of a larger group can take place as in the following

27
reaction in which a carbonate radical is abstracted, followed by a

decomposition reaction.

0 0 0 CH,
• . x » H i| t ^

CH-. C(CH_)_ + R-O-C-O - 0-C-C-R —*■ R-O-C-O - C - CH, + CO, + -0R3 5 2
ch5 3 2

28
Hendry et al have recently published a review of rate data

calculated for the abstraction of a hydrogen atom in liquid phase

by chlorine, alkyl, trichloromethyl, alkoxy and alkylperoxy radicals,

and show that all these species will readily abstract a hydrogen atom.

Because the unpaired electronon a free radical represents an

electron deficient site, reactions in which a radical reacts with

a double or triple bond are very common.

Rv ^R R R
X" + vc = c' —X - C - C '

r' xr t r vr
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23
Kerr and Trotman-Dickenson have shown that the reaction

rates for addition of ethyl radicals to many alkenes, and of

addition of many alkyl radicals to ethylene are very similar.

A similar reaction takes place when other multiple bonds are

03 29 23
present. Radicals will add to acetylenes ' , aromatics

and carbonyls^^.
Rearrangements involving a 1,2-shift of a group or an atom are

quite common in reactions of cationic intermediates. Although

such rearrangements also occur in radical reactions they are

much less common. In the system-

Ph Ar Ph
I \ \

Ar - CO- —* -COPh + -COAr

Ph Ph' Ph"
30

migrations of the aryl group have been reported for Ar=p-tolyl ,

|3 -naphthyl^ and phenyl^*'. Similar rearrangements also take place
32 33

where the migrating species is a halogen atom , a.cyl group etc.

to yield a product of greater stability than the reactant.

The final group of radical reactions yielding radical products

are decomposition reactions in which a radical generally decomposes

to yield a more stable radical and a molecular species as in the
27 23

decomposition of carbonate radicals or tertiary alkoxy radicals .

R-O-C-O- * R-0* + C0o
II ^
0

Me

Et-C-0- > Et' + Me jpO
Me

Radical-radical reactions in which only molecular species are

formed are very important as almost all absolute values for rate

parameters of transfer reactions are measured relative to these
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radical termination reactions. Absolute values have "been obtained

for radicals such as CI and Br but the rate constants for combination

of alkyl radicals have posed more problems. The combinations

of methyl and halogenated methyl radicals have attracted the most

attention and Table 1 shows the wide spread of results obtained

by the many workers in the field.

TABLE 1

Radical Combination Hates for CX^ Species

Radical log10kc^l,mo1 ^ ^ Reference

CH,
2

8.1 34

9.0 35

10.3 36

10.4 37

CCl^ 8.8 38

9.6 39

9.7 40

9.9 41

10.9 42

CFj 10.4(127°C) 43

Boh and coworkers'^ have proposed that the methyl radical is
21

almost tetrahedral and Sieger and Calvert consequently proposed

that combinations of methyl and higher alkyl radicals do not involve

much structural rearrangement. It is for this reason that the rates

of radical combinations are temperature independent i.e. they have

zero activation energy. The exception is the trifluoromethyl radical
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2 -j / c
which is planar . Hiatt and Benson calculated a value of

0+ 0,2 kcal idoI ^ for the activation energy for combination of

ethyl radicals, and Walton^ has pursued theoretical studies of

zero activation energy radical combinations,

47
Dodd and Steacie calculated that the combination rate of

methyl radicals at 100 torr gas pressure was ten times the rate
A O

at O.J torr, and Brinton and Steacie showed the pressure

sensitivity of the ethyl radical combination rate was much less

significant,

23
It was formerly thought that the combination rate for ethyl

11 -1 -1
and all higher alkyl radicals was more or less equal to 10 l.mol s ,

However, more recent studies indicate that the radical recombination

rates of many alkyl species are considerably lower than this value,

49Hiatt and Benson found that, for a pair of alkyl radicals of

similar R-I bond energy, the reaction

R* + R'-I - »• R-I + R*.

could be used to provide a buffer system for radicals R and R'. By

extension of this system the combination rates of several radicals have

been estimated relative to that of methyl radicals. Table 2 shows

the results of several workers for combination rates of alkyl radicals.

In this thesis several chain reactions are examined in which

alkyl radicals are formed by abstraction of a hydrogen atom from the

corresponding alkane by the trichloromethyl radical CC1,. By

variation of the alkane to yield alkyl radicals with different

combination rates, and by variation of the trichloromethyl

radical initiation source the mechanisms of each system have been

deduced from product analysis from photolyses over a range of

temperatures. Arrhenius parameters have been calculated for

several of the reactions studied and relative rates of combination

arid disproportionation estimated for several radical-radical
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TABLE 2

Alkyl Radical Combination Rates

Radical log10kc(l,mol~1s~1) Reference

Ethyl

r T

^

9.6 50

Isopropyl 8.6 50

Tert-butyl 5.6 51

Tert-butvl 9.6 54

Tert-butyl 7.5 — 10 52

Cyclohexyl 7 55

termination reactions. In the second section the results obtained

for the photolysis of bromotrichlororoethane in the presence of

propane and, in some cases added hydrogen bromide, were used to

simulate the system using a computer programme in which Arrhenius

parameters were optimised to yield results similar to the

experimental data.

In the final section azocyclopentane was used as the radical

initiation source and several additional experiments were carried

out to study the photolysis of azocyclopentane alone.



SECTION 1

The Photolysis of Bromotrichloromethane With Cyclohexane

INTRODUCTION
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Of the organic free radicals studied to date the most intensively

investigated have teen the methyl and halogenomethyl radicals.

Of the latter category the trifluoromethyl radical has proved the

most convenient to study as "clean" radical sources are most

readily available. Trifluoromethyl radicals will not abstract a

fluorine atom from trifluoromethyl groups on the radical
"15 *54

initiating species ' .

CP' + CF A OF,-—-* CF, + CF,A CF" (A = or -KeN-)3 3 3 432*^ '
Some problems however may be encountered through addition of CF^

55 56 57
radicals to the double bond of the carbonyl or azo group"' ' .

Other sources of trifluoromethyl radicals have included photolysis
Eg 21

of trifluoroacetaldehyde"' , trifluoroacetone and high temperature
59

pvrolysis of hexaflurooethane .

Because of the different structure of the trichloromethyl and

trifluoromethyl radical s"""*'^and the large difference in polarity
1 5of the carbon-halogen bonds , the chemistry of the CCl^ radical

varies significantly from that reported for the CF^ radical.
One major hurdle has proved to be the difficulty in obtaining

a"clean" source of trichloromethyl radicals without introducing

other reactive chemical species which will disrupt kinetic calculations.

Gunning et al^ obtained trichloromethyl radicals fr-om the

photolysis of hexachloroacetone. However, the existence of a

secondary initiation step introduced chlorine atoms which are more

reactive than the trichloromethyl radical itself.

CC1
^. CO, cci 2 +kv

CI' + CC12.C0.CC15
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16
Bis(trichloromethyl) mercury has been photolysed in both

liquid phase and gas phase to yield trichlororoethyl radicals but

the involatility of the radical precursor and the presence of

mercury in the reaction products render it rather unsuitable

for many applications.

Photolysis of hexachloroethane will yield trichloromethyl

radicals'^'^ but the involatility of the CgCl^, the readiness
with which the CCl^ radicals will recombine and the probability
of subsequent reactions between CCl^ arjd C^Cl^ cause this also
to be an unsatisfactory source of CC1^ radicals. Pyrolysis of
CgClg^ requires temperatures of 350-400°C, too high for most
kinetic investigations.

Trichloromethyl radicals have also been formed by gamma

62 6 ^5
radiolysis of chloroform and carbon tetrachloride .

Carbon tetrachloride has been used by many workers as a ;

source of trichloromethyl radicals by both radiolysis and

photolysis but in each case reactive chlorine atoms are formed.

Carbon tetrachloride initiated systems are described in more

detail in Sections 3 4 °f this thesis.

Analogous to carbon tetrachloride photolysis is the photolysis

64
of bromoirichloromethare. In an early study Kharasch described

CCl^Br as a preferred initiator to CCl^ because:-
(a) higher yields are obtained

(b) CCl-Br adds to allyl chloride and oct-2-ene; CC1^ will not
(c) CCljBr does not lead to polymerisation in styrene
(d) CC15-Br bond weaker than CC1^-C1, hence easier initiation

The bromine atom is more easily abstracted^ by other radicals,

so longer chain lengths are obtained in chain reactions. In the

present study this advantage was important. A further advantage
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of CCl^Br is that the bromine radical formed is less reactive
than the CCl^ radical and should "interfere" with kinetic studies
to a lesser degree than chlorine radicals.

66
Foyer" et al have shewed that trichloromethyl radicals can be

formed from CCl^ and CC1 ^Br in biological systems by trapping the
radicals with phenyl-tert-butylnitrone. Another trap which has

proved useful for detecting CCl^ radicals is (CF^)^ CNO^.
It was recently shown that the rate of photolytic

cleavage of CCl_Br is temperature dependent. Bromotrichloromethane

was left in the dark for 18 hours at 195°C and no decomposition

products were detected. At 205°C traces of bromine and hexachloroethane

were detected. Photolysis carried out at 280°C yielded large quantities

of tetrachloroethylene, indicating that the reaction

CCl^Br * CC12 + ClBr
had probably taken place. All runs in this section were carried out at

temperatures below 200°C, to prevent possible production of dichlorc-

carbene and also to prevent decomposition of cyclobexyl bromide, one

of the products.

The earliest uses of CCl-Br as a radical source were in studies

of the trichloromethyl radical with double bonds. There are

70—7 5
consequently many reports of reactions with olefins " and

74-75
halc-olefins . CCl-Br has also been used to telomerise

5
76 77

vinyl acetate' and methyl methacrylate .

Although the trichloromethyl radical participates less in
78 79

transfer reactions than the methyl or trifluoromethyl radicals' ,

CCl^Br has been used as a radical scarce in studies of transfer reactions
, ,, , . , , . 17,78,79 , +. 80-82 , .with both alipnatic ' and aromatic hydro caroons.
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The hydrocarbon which has been most studied in reactions with

the trichloromethyl radical is cyclohexane. Table 1.1 shows that

the heat combustion per methylene group is lowest Tor cyclohexane

among the cycloalkanes. This indicates that the heat of

TABLE 1.1

Heat of Combustion ( A He) per Methylene

Group for the Cycloalkanes.

n
A He

_1
(kcal mol~ )

Reference n
A He

_1
(kcal mol )

Reference

3 -166.5 83 7 -158.2 83

4 -163.8 83 8 -158.5 83

5 -158.7 83 9 -158.7 83

6 -157.5 83 9 -158.5 84

formation of cyclohexane is lowest, hence the bonding is

strongest and the strain in the ring structure is at a minimum.

As all hydrogen atoms in cyclohexane are equivalent, there being no

primary hydrogen atoms, arid as the ring strain is minimal, there

should be less complicating factors in the CC1-./cyclohexane system than
3

in any other CCl^/alkane system.
8 8

Stone and Dyne studied the ^- radiolysis of cyclohexane in

dilute solutions of carbon tetrachloride and chloroform; Currie and

53coworkers photolysed azocyclohexane in the presence of OCl^ and
cyclohexane. However, other workers in the CC1^/cyclohexane field
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have obtained CCl^ instead of c-C^^ as the initiating radical
source by tf-radiolysis^""^ or photolysis^'of carbon tetrachloride.

Barlier in this introduction several reasons were quoted for

preferring CCl^Br to CCl^ as a source of trichloromethyl radicals,
one of the most important being that the bromine atoms formed from

CCl^Br are considerably less reactive than the chlorine atoms
from CCl^. To study the CCl^X/cyclohexane system further, Section 1
describes the photolysis of bromotrichloromethane in the presence

o
of cyclohexane over the temperature range 37-197 C,



SECTION 1

The Photolysis of Bromotrichloromethane With Cyclohexane

EXPEHIkEhfAL
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1.1 REACTAhTS

(a) Cyclohexanewas ''Pisons" spectrogra.de reagent, and was tested

and found to be chromatographically pore.

(b) Bromotrichloromethanewas supplied by Schuchardt—Mttncben with

a stated purity of 90% w/w. It was purified on a ?ye 105 preparative

chromatograph using a 50ft. glass column packed with ^0% Silicone Oil

on 60 - 100 mesh "Embacei". Separation was effected with a nitrogen pressure

(carrier gas) of 13 lb,in , hydrogen pressure of 15 lb.in" and an

2 q
oxygen pressure of 53 lb.in" , at a column temperature of ICS C.

greater than 99.5%. Once prepared, the CCD. ^3r was stored in the
dark in a deep freeze in a tube that co-old be attached to the vacuum

line wherever needed.

1 * 2 APPARATUS

The apparatus used was a conventional mercury-free vacuum system

ma'e of "Pyrex" glass (Pig. 1-1 ). Yacuum was obtained using an

Bdwards High Yacuum (model EDM 2) rotary pump with a "Speedivac"

silicone oil diffusion pump (model ISC 50B). Originally, all taps

were ground glass type using silicone vacuum grease for lubrication

but these were later replaced by greaseless taps to counteract any

effects caused by dissolution of the reactants in the grease. The

line had three storage bulbs (A, B arid C) of volume 216 ml, 1224

and 2568 ml. respectively. The volume of the manifold + vacuum gauge

was 888 ml. All volumes were calculated by using Boyles Law

with the reaction vessel volume of 298.8 ml being taken as a basis for

calculation. When filled with distilled water the reaction vessel

contained 298,25 g water at 22°C (volume of IgH^O at 22°C = 1.002 ml/*').



FIGURE11DiagramofPyrexGlassVacuumSystem.
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The reaction vessel was made of "Pyrex" glass, was spherical in shape and

was connected to the vacuum line by a capillary tube to minimise the volume

of reactants outwith the oven. Pressures were measured using a Speedivac

barometrically compensated capsule dial guage (model CG3) with a range of

0-100 torr. Ihe reaction vessel was heated by a furnace, the temperature

of which was varied using a 0-250V "Yariac" transformer. The tempera1ture,

as measured by a mercury in glass thermometer, was constant throughout

the furnace volume and constant to within -3°C. for any one experiment.

Illumination was by a Hanovia UVb 220 medium pressure arc lamp. The light

passed through a cylindrical entrance on one side of the furnace to strike

the centre of the reaction vessel.

1.3 experimental procedure

Cyclohexane was stored in a tube on the vacuum line. The

bromotrichloromethane was stored in the deep freeze in a tube which

could also be attached to the vacuum line when required. Before use

each compound in turn was "degassed". This procedure entailed

removing all dissolved air from the compound by allowing the compound,

frozen with liquid nitrogen, to warm to room temperature, thus boiling

out dissolved gas. jhe compound was then frozen down again and the tap

to the tube opened to the main line and the pumps. The tap was closed

again and the process repeated several times for each compound.

Finally, the "degassed" cyclohexane was allowed to expand into

the vacuum line manifold and into one of the bulbs (bulb A) until the

required pressure was reached (60 torr). ihe bulb tap was then closed

and the remaining cyclohexane in the line redistilled back by cooling

the storage tube with liquid nitrogen. The measured amount of

cyclohexane was then distilled from bulb a to the evacuated reaction



18

vessel by cooling the reaction vessel with liquid nitrogen and allowing

the gas to be distilled from bulb A. ihe reaction vessel was then closed

and a similar procedure adopted for the bromotrichloromethane, whereby

20 torr was charged to bulb A and thence to the reaction vessel, xhe

preheated furnace was then raised into position and the temperature allowed

to stabilise. An opaque shutter was used to cover the aperture in the

side of the oven until the reaction was due to commence. The lamp was

switched on and allowed to warm up for about 15 minutes and, with the

lamp at full power and the oven temperature stable, the shutter was lifted

and reaction started. On completion of the reaction the products were

distilled to a small tube on the main line. The tube was then capped

and stored in liquid nitrogen, iiamples for chromatographic analysis

were withdrawn directly from the tube. When greaseless taps were

introduced on the line the small tube was capped with a rubber septum

cap through which a syringe could be inserted for sample removal.

The products were then stored in acetone/solid carbon dioxide to

prevent air from liquefying in the tube.

1.4 ANALYSIS

A Griffin and George D6 gas chromatograph was used to analyse the

products in all kinetic runs. A Honeywell-Brown potentiometric chart

recorder (1mv) with an attenuation range of "X1" to "X100" was used to

record the peaks. The detector in the gas chromatograph was a gas

density balance for which the relationship q = KAM/(M-m) holds

(q = sample weight, K = constant, A = area of peak, M = molecular weight

of sample, m = molecular weight of carrier gas, in this case nitrogen).

Thus the concentration of any material, given by is readily

KA/
obtainable, being equal to M-rn.

The stationary phase used was 15 wt% silicone oil supported on

z l

60 - 100 mesh "Embacel" packed in a 6 ft. x '8in. column.
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A column temperature of 100°C and nitrogen carrier gas flow rate of
— 1 —2

35 ml min (12.5 lb.in ) were employed and good separation was obtained

(Fig.12). Samples were injected using 6 yd stainless steel capillary

needles.

Peak areas were measured using either a Honeywell Linear Amplifier

and Precision Integrator or a Bu Pont 310 Curve Resolver. The former

was found to yield more consistent results with the tall narrow peaks

of volatile compounds but the latter yielded more consistant areas for

the broad peaks of the heavier compounds.

Pour or five analyses were made of each reaction mixture and an

average concentration for each compound, relative to one of the reagents

was obtained.

1.5 IDENTIFICATION OF PRODUCTS

The typical chromatogram of the reaction products showed six

peaks, as shown in Fig 1.2 Two non-kinetic (high conversion) runs

were carried out (at rJ0°C and 172°C) and in each case all products were

visible. Bromotrichloromethane, chloroform, cyclohexane and

hexachloroethane were identified by comparison of retention times

with those for authentic samples. G/C coupled mass spectrometry was

employed to identify the other peaks. Bromocyclohexane was

identified in this manner; however the magnitude of the first

peak was insufficient to obtain a reasonable mass spectrogxam. It

was deduced from the mechanism that this peak was either hydrogen

bromide or cyclohexene.

1.6 RESULTS

It was observed during the first few runs that there was a build-up

of a dark coloured deposit on the side of the reaction vessel facing



FIGURE1.2

GlcTraceofProductsfromCC^Br♦C-C5H12Photolysis.



the light. Lest this act as a filter and reduce the intensity of

the light within the reaction vessel, the reaction vessel was thoroughly

cleaned after each run with nitric acid, followed "by cleansing with

Decon 90 detergent for several hours in an ultrasonic "bath heated to

about 80°C. Finally, it was rinsed several times with distilled water

and dried. The rates of formation of products from the first kinetic

series are shown in Table 1.2.

After these runs it was observed that the grease from the taps

on the line had become sticky and in some places had started to run.

A sample of bromotrichloromethane was mixed with a spot of vacuum grease

and was seen to dissolve the grease, in case the kinetic runs had been

affected by dissolution of reactants or products in the grease, the taps

were replaced by greaseless taps and another series of runs were carried

out. ihe results of this second kinetic series are shown in Table 1.5*
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TABLE 1.2

Photolysis of Trichlorobromomethane in the Presence of

Cyclohexane (before installation of greaseless taps)

Temp(°C) iooo/t(°k) Time ^3 ^ rchci5
(mol.l ^s ^)

t-c^br
(mol.l-''s

hc2c16
(mol.1 "'s "*)

log(rchci^ J
(Rc G1 f CRl3)

2 6

37 3.226 3000 2.670x10-9 1.045x10-8 8.860x10-1° - 1.403

42 3.173 3000 5.822x10-9 5.930x10-9 1.094x10-9 - 1.110

60 3.003 1600 5.1bbx10"9 6.6/8X10-9 1.265x10 9 - 1.193

64 2.967 2400 6.903x10"9 1.112x10-8 1.407x10""9 - 1.091

76 2.865 2100 7.886x10-9 8.567X10-9 1.059x10-9 - 0.971

93 2.732 3b00 1.0b7x10"8 8.454X10-9 1.237x10-9 - 0.873

117 2.564 900 1.525x10~8 1.415x1o-8 1.151x10-9 - 0.073

121 2.538 1200 1.842x10-8 2. 382x10-8 1.517x10-9 - 0.681

150 2.364 720 3.805x10"8 b.111x10-8 3.594x1o-9 - 0.553

179 2.212 1200 b.429x10~8 3.978x1o-8 4.004x10-9 - 0.349

[c-C/-£L „] t = 2.26'/ x 10~5 mol. l"1b 12 x=o

[CCl^Br] t=Q = 7.337 x 10-4 mol. l"1
1 "2

A plot of log1Q / (Rc C1 ) Cc " C6H12 ) vs 10 /T ( K) yields a straight
3 2 6

line of gradient = -O.923 + 0.197

intercept on y-axis = 1,660 + 0.071
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TABLE 1.3

Photolysis of Trichlorobromomethane in the Presence of

Cyclohexane (after installation of greaseless taps)

Ternp(°C) 1000/t(°K) Time ^ S ^ rCHCI5 ^-c6Hnte log(RCHCi^ /
(mol.l ^s ^) ^mol .l-"* s_1) (mol,l~^s "*) (R )^[Rl|)

C2C16

40 3.195 1800 3.661X10~9 1.074x10"® 5.262x10~9 - 1.573

121 2.538 1800 2.094x10"8 3.024x1o-8 8.850x10~9 - 0.929

138 2.433 1800 2.232x10~8 2.o18x10~8 4.269x10~9 - 0.743

197 2.128 1800 7.754x10-8 9.475x1o"8 1.178x10"8 - O.422

[C - CLE.-] . = 1.889 x 10~3 mol. 1 1
o 1A 1

[cCl^Br] ± = 9.447 x 10"4 mol. 1~1

A plot of log1Q (RCHC1 j (Rc C1 Y [c - C6H12^ ) vs 1°5/t(°k) yields a straight3 2 6
linejgradient = -1.077 + 0.139

y-axis intercept = 1.854 + 0,053



SECTION 1

The Photolysis of Bromotrichloromethane With Cyclohexane

DISCUSSIOH
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The results in Table 1.2 were consistent with the reaction mechanism

proposed by previous workers.

(1) CCl^Br * h\> —* CC1- + Br-
(2) Br1 + c-C^H12 * c-CgH * + HBr
(3) c-C6H1'1 + CCl^Br —» c-CgH^Br + CCl^
(4) CCl^ + c-C6H12 —» CHCl^ + c-CgH1,1
(5) CCli + HBr —> CHC1, + Br13 3

(6) CC1'5 + CC1'5 » C2C16
Other possible steps are:

(7c) CCl^ + c-CgH^ > c-CgH^CClj
(7 d) > CHC15 + c-c6h10
(So) c-Cgjq, + 0-OgH,', ♦ (=-C6B1l)2
(84) > c_C6H12 + c"C6H10
In their study of the carbon-tetrachloride/cyclohexane system in the

temperature range 110°-175°C White and Kuhtz*^observed a peak which they

tentatively identified as the cross termination product

trichloromethylcyclohexane (produced by reaction 7c). They noted that this

product became detectable at CCl^ < 7 x 10 ^ mol/cc. They did not observe
any bicyclohexyl, the termination product from reaction 8c. In

subsequent work on the carbon tetrachloride/cyclohexane photolysis

Currie, Siaebottom and Tedder^reported that the only termination product

observed over the temperature range 35-285°C was hexachloroethane, but

use of azocyclohexane as initiator in the system showed presence of

trichloromethylcyclohexane over their range 111-202°C. Bicyclohexyl was

also observed at the upper end of this range.

In the temperature range of this study (37-179°C) hexachloroethane

was the only detectable termination product. Currie, Sidebottom and

Tedder concluded that disproportionation step (7d) was unimportant.

The disproportionation-to-combination ratio for cyclohexyl radicals

53 92
has been reported as 0.99 and 1.1+ 0.1 This precludes the possibility
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of the termination steps (7) and (8) taking place to produce only

disproportionation products.

Although White and Kuntz observed the cross termination product

at GCl^ < 7 x 10~6 mol/cc, the threshold for detectability in the
bromotrichloromethane system will be lower than this. The strength

95 9A 95
of the CC1^-C1 bond was reported as 68 ,72 and 76 kcal/mol.
whereas that of the CCl^-Br bond was considerably lower, having been
reported as only 49^^cal/mol. Thus reaction (3), the halogen

abstraction by cyclohexyl radicals, will be more facile with CCl^Br
than CCl^. White and Kuntz argued that bicyclohexyl was not observed
because reaction ^3J waa faster than reaction and consequently

the steady state concentration of cyclohexyl radicals was lower than

that of trichloromethyl radicals, causing hexachloroethane to be the

main, and in some cases only termination product. Currie, Sidebottom

and Tedder however believed reaction ^4j "to he the faster and

attributed the termination in G^Clg to the very low combination
and cross-combination rates of the cyclohexyl radical. As the

halogen abstraction step (3) is faster with CCl^Br than with CCl^,
the steady state concentration of cyclohexyl radicals will be lower

than in the carbon tetrachloride system. As a consequence the lack

—7
of termination products in this study, even at CC1^3r = 7.6 x 10
mol/cc. can be satisfactorily explained by modification of the

argument of White and Kuntz for the carbon tetrachloride system.

Any termination step involving Br can be ruled out as the relatively

high concentration of cyclohexane is sufficient to remove all

bromine atoms by reaction (2). As the experiments were all carried

out with less than 5% conversion the cyclohexane concentration

can be assumed constant throughout.
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With hexachloroethane as the only termination product it can be

calculated that

2RC0C1. + RCHC12 = RRBr + ^r2 6 3
and IL— = R~ where R = Rate of formation of x

Tffir C2 6 x
These can be combined to give the material balance

RCHC1 + Rco01. = RHBr3 2 6
The experimental values in Tables "L2 and 1.3 are consistent with this

equation within the bounds of experimental error. This confirms the

reaction system proposed earlier.

79
In earlier work with bromotrichloromethane, McGrath and Tedder

studied hydrogen abstractions from propane, n-butane and isobutane

and measured the relative rates of bromination of primary, secondary

and tertiary sites. They noted reactions (3) and' (4) or reactions

(2), (3) and (5) as being the two possible chain-propagating systems.

The first system did not involve IIBr wnereas in the second system the

chloroform in the reaction products originated from hydrogen

abstraction from HBr by CC1,. If the second system was the main
3

chain propagation step, addition of HBr would only alter -the magnitude of
1

RCHG1 and RQ C1 but not the ratio RGHC1 /Rq C1 • In fact this ratio
3 2 6 3 2 6

was significantly altered by addition of HBr and they deduced that

the second chain system did not occur to an important extent.
78

This theory was supported by Tedder and Watson in their measurement

of absolute Arrhenius parameters for hydrogen abstraction from

n-butane.

This being the case, then the chloroform in the reaction products

originated primarily from reaction (4) and the following equations hold -
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HCHCl = k4 [CC133 [c"C6H123'3 ?
^ HC2C16 = k6 [0C153

R«,

Hence x=
CHC14 k4 [c~2^Hi

, 1
p-| / X 1§

2 6 6

RCHC1
—_

and so a graph plotting log , \i r u 1 versus the reciprocal'
C0Clr Lc~C6H12J

£ b

of temperature should yield an intercept on the y-axis of log A^- -5 log A^
and a gradient of (E^- -g Eg)/2.303 R.

■The activation energy Eg for tricnloromethyl radical combination
6 97

is assumed to equal zero. Melville, Robb and Tutton believed Eg to
21

be very low and Sieger and Calvert proposed that an activation energy

would only be likely in the extreme case of CP^ combination where a
structural adjustment is necessary for recombination. It is now

ge jerally accepted that most radical recombinations have zero activation

45
energy. Various values have been reported for the rate of recombination

of trichlorometnyl radicals 39*40,41 >42, 98 ^ value of log Ag= 9-7
has been used in the calculations. The graphs are shown in Pigs 1.3 and 1.

for the systems using grease taps and greaseless taps respectively.

Roth graphs are straignt lines and calculations give

Pig 1.3 £4= 4-22. + 0.90 kcal mol-"1
log A^= 6.51 + 0.07 1 mol "'s ^

Pig 1.4 E^= 4.93 + 0.64 kcal mol
log A^= 6.70 + 0.05 1 mol ^s ^

The similarity of these results indicated that although bromo-

trichlorometnane was slightly soluble in the vacuum grease, this

had had little effect on the kinetic data.

Previous estimations of these rate parameters by White and

Kuntz^and by Currie, Sideboitom and Tedder^ yielded values for
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22 2U 2 6 2 8 3 0 32 1000

T(*K)

FIGURE 1.3 Graph of log 10

' CHCl-

RC2Cl6>1/2t c"C6Hi21 j

versus the reciprocal

of temperature for the cyclohexane - bromotrichloromethane
system
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T(*K)

FIGURE 1 .L Graph of log^
RCHCl3

.(RC2CI6)1/2tc-C6H12]j
versus the reciprocal

of temperature for the cyclohexane-bromotrichloromethane
system (after installation of greaseless taps).
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this hydrogen abstraction ofk^ = 10^ exp( - 1^P° ca^ ) and
.„8.86 / 10000 calx , . , ™ . ....

k^ = 10 exp( - —grji— ) respectively. There is a considerable
difference between these Arrhenius parameters calculated from the

carbon tetrachloride system and the values obtained in this work.

Indeed, the values from the present study show considerable deviation

from results obtained for hydrogen abstraction from any secondary

99carbon sites on other alkanes by trichloromethyl radicals.

Calculations at T=100°C using the parameters of Currie and

coworker? ^yielded log k^= 3,01 mol "'s ^ and the parameters from
-1 —1

this investigation yielded log k .= 3.3 - 4.0 1.mol s . Simultaneous

solution of these two sets of results showed that at 344° C both

series of rate parameters yielded log k^ = 5.0 1 mol s~1.
It was stated earlier that the above calculations of Arrhenius

parameters were based on the assumption that all the chloroform

produced in the reaction was formed through reaction (4). If, .

however, the abstraction rate of a hydrogen from hydrogen bromide

by CClj was sufficiently high, then an alternative source of
c 79chloroform would be obtained. M Grath, in his assessment of

chain-propagating systems, assumed the rates of abstraction

from HBr and cyclohexane to be of similar order of magnitude and

deduced that the greater concentration of cyclohexane would cause

the HBr chain to be of no major significance. In section 1.5

(identification of Products) of this study it was stated that

a small peak was observed on the gas chromatogram which was

believed to be either hydrogen bromide or cyclohexene, each

of which had the same retention time under the analytical

conditions employed. Hydrogen bromide would be detected more

easily in a gas density balance than in a flame ionisation

detector, as used in the gas-liquid chromatograph coupled mass
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spectrometer. This could have been the cause of the peak being observed

throughout the kinetic runs but not being detected to a sufficient

extent for a confirmatory mass spectrograph to be obtained.

Currie and coworkers found that chlorocyclohexane, produced in their

system started to decompose thermally at temperatures in excess of 160°C.
c - Ch-H^Cl > c - C.H.n + HC16 11 160°C 6 10

It would be expected that bromocyclohexane would begin to decompose

at a slightly lower temperature but this would certainly not

produce a detectable amount of cyclohexene at temperatures <100°C
and so in the absence of cyclohexene from reactions (7d) and (Sd.)

81
the first peak was deduced to be hydrogen bromide. Huyser

studied the bromination of various substituted toluenes by bromo-

trichloromethane and detected HBr among the products, formed from

hydrogen abstraction by bromine atoms.

If the activation energy for hydrogen abstraction from HBr is

much lower than that for abstraction from cyclohexane, then in the

lower temperature range of this study a small concentration of HBr

would have a large effect on the rate of production of chloroform.

The chain length of the cycle involving reactions (3), (4) and (6)

would be very short. Moreover, each molecule of hydrogen bromide

participating in reaction (5) to yield a molecule of chloroform

would be regenerated by reaction (2), the only trap present for

bromine atoms apart from (-5), with the ultimate production of

one molecule of bromocyclohexane by reaction (3). Thus, while

the material balance discussed earlier was maintained, the rate

of chloroform production would be considerably greater than by

a propagating chain involving reactions (3) and (4) alone. As

the temperature was increased the rates of reactions (4) and (5)

would tend towards equality, the chain length of the first
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propagation system would increase and the large concentration of

cyclohexane compared with hydrogen bromide would render the hydrogen

bromide aless significant source of chloroform. The shape of the

Arrhenius plot in Pigs 1.3 and*!.4 should therefore be a curve,

the gradient at lowest temperatures representing the activation

energy for abstraction from HBr and the gradient at highest

temperatures representing the activation energy for abstraction

from c-C^H^j experimental difficulties such as thermal
decomposition of products, however, prevent the study of a

temperature range sufficiently wide to illustrate this. The

rate of hydrogen abstraction from hydrogen chloride has been

calculated^ as K = 10®*^exp( - - - ). This is slowerRT

than the reported rates of abstraction from cyclohexane and

explains why valid Arrhenius plots were obtained with carbon

tetrachloride despite the analogous presence of the hydrogen

halide.

Complications arising in previous CCl-.Br + alkane studies
3

due to the temperature dependence®®' 6Sf reaction (1) did not

arise in the present calculations as the expression R^.-,, /(Rn m )UnUl

78is independent of the initiation rate. Tedder and Watson

calculated Arrhenius parameters using the expression RPIJP1 /R
onOl^ C^Clg

which is initiation-dependent. The results were adjusted

for the temperature dependence and brought into line

with results of other workers.

The results from the present work, therefore, do not yield

Arrhenius parameters comparable with those obtained by other

workers from related systems; all the deviations, however, have

been accounted for and in so doing a comprehensive picture of the

reaction system and associated kinetics has been built up.



SECTION 2

The Photolysis of Bromotrichloromethane With Propane

(and. Hydrogen Bromide)

Introductiok
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In the first section the calculation of Arrhenius parameters

for the abstraction of a hydrogen atom from cyclohexane proved

impossible, because the chloroform in the reaction products

originated from two sources.

(a) CC1* + EH V CHC1 ^ + R*
(b) GC1' + HBr ► CHC1, + Br'3 3

No such problems have been encountered in previous studies

of hydrogen atom abstraction from cyclohexane by trichloromethyl
39 53 87

radicals '' , as earlier data had been obtained using carbon

tetrachloride as the source of trichloromethyl radicals. In the

introduction to the first section the advantages of using CCl^Br
instead of CCl^ were listed, based on the experiences of earlier
workers. Section 1, however, indicates that the ease of

abstraction of a hydrogen atom from HBr is so great that the

small quantities of HBr present can significantly affect kinetic

calculations in the non-chain region.

Many previous workers have measured the rate of abstraction

of a hydrogen atom from HC1 by various radical species. The

corresponding hydrogen abstraction from HBr has not been so

intensively investigated. Table 2.1 shows the Arrhenius

parameters for hydrogen abstraction from HC1 and HBr by

CH,, CF-, and CC1, radicals.3 3 3

The results for abstraction by methyl radicals show little

difference in the abstraction rate from HBr and HC1. However the

activation energy for abstraction by trichloromethyl radicals is

very much greater than that calculated for methyl or trifluoromethyl

radicals. This high activation energy would explain the importance

of reaction (b) in the CCl,Br system and not in the CC1. system if it3 4

is found that the corresponding activation energy for abstraction

from HBr was significantly lower.
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TABLE 2.1

Hydrogen Abstraction From HCI and HBr

R" + KX * RH + X'

E HX log A(l mol ''s ) E(kcal mol ^) Reference

CH^ HBr 8.95 2.9 101

CH3 HCI 8.4 2.3 25

CH3 HCI - 2.5 26

CC1,
3

HCI 8.65 11.3 41

CF^ HCI 7.94 5.16 22*

A1
♦recalculated from the original literature value using

102 -1 -1
a combination rate for CF^ radicals of log k = 9*7 1 mol . s

The earliest studies of the rates of abstraction of hydrogen

atoms by bromine atoms were by Van Artsdalen and coworkers who

studied hydrogen abstraction from isobutane""^, neopentane"""^' ^^
and toluene ^ ^ The accuracy of these results was later disputed

108
by Benson and Buss who claimed that the Arrhenius parameters

were too high as a result of the concentration of bromine atoms

23
never attaining steady state. Kerr and Trotman-Dickenson

correlated data for hydrogen abstraction from methane and from

other primary, secondary and tertiary sites by various radicals

including bromine, chlorine and methyl. Some of these results are

shown in table 2.2. These Arrhenius parameters indicate that the

pre-exponential term is similar for abstraction by both bromine

and chlorine atoms and is lower for methyl radicals. The
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activation energy for hydrogen abstraction is very low for chlorine

radicals compared with methyl or bromine radicals, abstraction by

bromine having the highest values of activation energy E.

TABLE 2.2

Hydrogen Abstraction By CH-.; CI: Br.

Abstracting
Species

Arrhenius Parameter ch^-h rch2-h r2ce-h RZC-H

ch^
log A (l mol-"' s-"' ) 8.2 00 • V>J 8.0 7.9

e (kcal mol- ~) 12.8 10.4 8.3 7.5

ci log A (l mol-^s-"') 9.8 10.2 10.3 10.2

e (kcal mol ') 3.9 1.0 0.3 0

Br log A (l mol-'' s ^) 10.8 10.9 10.2 10.3
e (kcal mol-1) 18.J 13.4 10.2 7.5

From these Arrhenius parameters shown in Table 2.2 the reaction

rates can be calculated in the temperature range studied. Table 2.J

shows the relative reaction rates at 50° C and 182°C. It can be seen

that the rate of hydrogen atom abstraction by a chlorine atom is

TABLE 2.5

Rates of Hydrogen Abstraction By CH-,: CI; Br.

Abstracting
Species Rate(Temperature) CH,-H

5 RCH2-H R2CH-H R,C-H
5

CH3
log k (50°C) 0.81 0.98 2.16 2.62

log k(l82°C) 1.80 3.10 3.85 4.15

01
log k (50°C) 7.05 9.50 10.09 10.20

log k(l82°C) 7.85 9.70 10.15 10.20

Br
log k (50°C) -2.09 1.46 3.02 5.02

log k(l82°C) 1.65 4.20 5.10 6.55
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several orders of magnitude greater than the corresponding

abstraction by a bromine atom. The rate of formation of hc1 in

the RH/CC1^ system will therefore be considerably greater than the
rate of formation of HBr in the RH/CCl^Br system. This comparative
ease of hydrogen abstraction by the chlorine atom also applies to

the reactions (c) and (d) whence it can be calculated that reaction

(d) will have a rate constant about four orders of magnitude

(c) Br + CHC15 * HBr + CC13 log k1°7= 9.4-2^f§fRT
(d) ci + chci3 » hci + cci5 log k41 = 9.3-273§§rt

greater than reaction (c). In comparing the CCl^Br and the CCl^
systems we therefore calculate that the rate of formation of the

hydrogen halide is considerably greater with CCl^, but that the
ease of hydrogen abstraction from the hydrogen halide is considerably

greater with CCl^Br. The rates of back reactions (c) and (d) also
indicate that the net rate of hydrogen abstraction from the hydrogen

halide, determined as (rate forward reaction - rate back reaction)

will be greater in the case of HBr arising in the CCl^Br system.
It is therefore not easy to predict whether the presence of a

hydrogen halide will lead to significant complications in the

calculation of Arrhenius parameters for the CC1..X - RH systems.
2

8 2
It is interesting to note that Huyser did not even consider

reaction (b) in his study of the CCl^Br - toluene system.
In section 2 an analogous system to that of section 1 is

studied, the cyclohexane having been replaced by propane. If

the arguments proposed in the discussion to section 1 were valid,

it would be expected that the measured Arrhenius parameters would

be lower than the actual values. Experiments were also carried

out with added hydrogen bromide to investigate further the effects

of HBr on the system.
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Finally, a computer program was used to simulate the reaction

with and without added HBr. Although an exact match with

experimentally obtained data was not obtained, the similarity

between computer simulated and experimental Arrhenius plots was

sufficient to provide confirmation that the mechanism proposed

was a fairly accurate representation of the system and that

the Arrhenius parameters employed were reasonably accurate.



SECTION 2

The Photolysis of Bromotrichloromethane With Propane

(and Hydromen Bromide)

BXPriHIi JBITaL
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2.1 REACTANTS

(a) Bromotrichloromethanesupplied by Schuchardt-Mttnchen.

The stated purity was 90% w/w. The purification and storage of

CCl^Br were described in Section 1.
(b) PronaneMatheson Gas Products "Research Grade" with

a stated purity of 99«99%« This was used without further

purification.

(c) Hvdrogen Bromide - British Oxygen Company high purity gas.

The stated purity was 99•8%. This was used without further

purification.

2.2 APPARATUS

The spherical "Pyrex" reaction vessel was similar to that

described for the cyclohexane-bromotrichloromethane system. The

volume was measured by completely filling the vessel with distilled

water and was calculated to be 294 nil. Reaction temperature was

controlled by means of a furnace as described in Section 1.

The vacuum line was modified for this series of experiments.

An additional bulb (bulb D in Figure 1) was added to the manifold

of the vacuum line for storage of propane. A side-arm was fitted

to this bulb so that excess gas could be distilled back to the

bulb after the required pressure of propane had been charged to

bulb A prior to a run. It was not necessary to measure the

volume of bulb D. The remainder of the apparatus was the same

as described in Section 1 and illustrated in Figure 1.1. All

taps were greaseless except for the main valve between the

manifold and the liquid nitrogen trap guarding the evacuation

system.
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2.3 PROCEDURE

The procedure was similar to that described in Section 1.

To add the propane to the reaction flask, bulb A and the manifold

were pressured up to 50 torr with propane from bulb D. Bulb A

was isolated and the excess propane frozen back into bulb D. Bulb D

was then isolated and the contents of bulb A distilled into the

reaction vessel. The CCl,Br was added by a similar procedure but
5

with a pressure of 25 torr instead of 50 torr.

The pressures of hydrogen bromide added in the experiments

described by Table 2.6 were too low to handle by the above method.

The volume ratio of (bulb A + manifold): bulb A is (888 + 216); 216

= 5:1. Bulb A was therefore pressured up with five times the

required pressure of BBr; this pressure could be more accurately

measured with the vacuum guage. The bulb was isolated and the

manifold evacuated. The contents of bulb A were then released into

the manifold and the bulb isolated again. The pressure within the

bulb should then have been one fifth of the pressure originally

measured. The manifold was again evacuated and the contents of

bulb A distilled to the reaction vessel. When extremely small

quantities of HBr were required this method of five-fold dilution

was repeated again before distillation of the HBr into the

reaction vessel.

It was observed that after each run there was a dark

deposit (probably carbon) on the window of the reaction vessel

facing the light source. This will have acted as a light filter

and reduced the intensity of light entering the reaction vessel.

The extent of this deposit was variable; at worst the affected

glass of the reaction vessel was almost completely opaque.

After each run the reaction vessel was cleaned by completely
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filling the globe with a solution of Decon 90 detergent and

immersing the whole vessel in a Decon 90 solution in an

o
ultrasonic bath for 6 hours at 80 C. The vessel was then

thoroughly rinsed by extensive washing with demineralised

water. The water was then removed by washing the vessel out

several times with redistilled acetone. The vessel was then replaced

on the vacuum line, heated to >100°C and opened to the pumps to

remove the last traces of acetone.

2.4 ANALYSIS OF PRODUCTS

The apparatus and column for the gas liquid chromatographic

analyses were as described in Section 1. The conditions employed

for the cyclohexane system did not, however, give adequate

separation of the more volatile components of this system -

propane, isopropylbromide and chloroform. Consequently it was

found necessary to analyse the volatile components at a lower

temperature and carrier gas flow rate. The relative concentrations

of C,Hof i-C,H„Br, CHC1, and CCl,Br were calculated using a
5 fa' 3 1 3 3

column temperature of 35 C and with a nitrogen flow rate of
_1

40 mlmin . The relative concentrations of CCl-.Br and C~Clr
3 2 b

were then measured by product separation at 100°C with a

nitrogen flow rate of 70 mlmin ^ .

In the reactions where KBr had been added the products were

passed through "Carbosorb" (soda lime, to remove any HBr remaining)

into the product collection tube. HBr was not therefore detected

among the products. In other runs the products were distilled

directly to the collection tube. The tube was then sealed with

a rubber septum cap and stored in cardice/acetone. The syringe

needle was cooled in liquid nitrogen then injected through the

septum cap to withdraw the sample. 6pl samples were used in

all analyses.
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2.5 IDBnTIFIGATI ON OF PRODUCTS

The chromatograms of the reaction products showed six peaks,

as shown in Figure 2.1 Five of these peaks were sufficiently

large for gas liquid chromatography coupled mass spectroscopy

to be used for identification purposes. Results from the mass

spectrograph are shown in Table 2.4 The sixth peak, occurring

between isopropylbromide and chloroform was tentatively

identified as that of n-propyl bromide by comparison of

retention times with a standard. As the magnitude of this

peak was ~5% of the area of the isopropyl bromide peak, the

total rate of formation of propyl bromide in this section was

assumed to be equal to the rate of formation measured from the

isopropyl bromide peak alone.

2.6 RESULTS

Mixtures of bromotrichloromethane and propane were photolysed

over the temperature range 29-271°C. The rates of formation of

the products were calculated arid are shown in Table 2.5.

The effect of addition of small quantities of HBr to the

reactants was studied and the rates of formation of the

products from this system are shown in Table 2.7. To determine

whether light intensity would affect product ratios a run was

carried out in the absence of the HBr but under similar

and CCl^Br concentrations and at similar temperature to the
experiments reported in Table 2.7 with a filter fitted between

the light source and the reactor. The light intensity was thus

reduced to 21% of normal. The results of this experiment are

shown in Table 2.6.
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TIME (min)

1. ch3ch2ch3
2. CH3CHBrCH3
2' CH3CH2CH2Br
3. CHC!3
U. CCl3Br
5, C 2 Cl6

1
10 TIME (min)

FIGURE 2.1 Glc Analyses at 35 C (above) and 100 C (below) of the Photolysis
of Bromotrichloromethane in the Presence of Propane.



TABLE2.4

ProductIdentificationbyGLC-CoupledMassSpectroscopy
<

(B

Intensity

<

(D

. Intensity

(D

Intensity

<

CD

Intensity

<

n>

Intensity

<

CD

Intensity

<

<T>

Intensity

<

a>

Intensity

PeakA

29

100+

28

81

44

67

43

65

27

46

39

38

41

28

42

12

C^HgStandard

29'

100

28

62

44

40

43

34

27

32

39

17

41

15

42

6

PeakB

43

100++

41

100+

27

100

39

62

122

32

124

30

42

21

28

19

i-C^H^BrStandard
43

100

41

30

27

25

122

23

124

20

39

11

44

3

42

3

PeakC

83

100++

85

100+

47

88

87

b2

48

41

49

38

82

32

35

32

CHCl^Standard
83

100

85

66

b7

21

87

10

48

10

49

7

35

5

82

3

PeakD

117

100

119

95

163

38

82

31

121

31

161

29

47

26

165

21

CCl^BrStandard
117

100

119

97

163

52

82

3b

161

32

121

31

47

31

165

23

PeakE

117

100+

119

100+

201

100

203

69

199

60

166

38

121

21

164

21

C^ClgStandard
117

100

119

97

201

81

203

51

199

49

166

42

164

32

121

31

C^HgStandard

41

100

42

64

39

6b

27

26

40

24

38

14

37

9

26

6

(i-CH)Standard5/2
43

100

42

90

41

28

27

22

71

15

39

13

29

9

15

7

CCl^Standard

117

100

119

97

121

32

82

19

47

13

84

13

35

6

49

4

CCl^Br^Standard
163

100

161

62

165

b5

79

23

81

22

82

21

207

16

47

15

V>J



TABLE2.3

Rates

ofProductFormationintheBromotrichloromethane-PropaneSyst (CCClBi3.=1.*117mmoll"'1,CC-HJ.=2.83*1mmol1~
eminmmol1

■1-1 s

■y

Time (s) 6000 1800 1800 1800 1800 1800 1800 1800 1800 18OO 1800 1800 1920 600 2160 900 1200 8*10

Rchci
3

(assuming CC1Br.)31 >.826x10~9
,-9

6.282x10 7.*i2*tx10~9
,-9

8.785x10 1.0*17x10
-8

1.5*63x10
-8

1.611x10
-8

2.307x10 2.661x10" 6.227x10" 6.069x10" 9.1*1-2x10
-8

8

9-535x10 i.*+55X10-7
s-7

2.192x10 3.092x10
-7

2.359x10
-6

5-21*1x10
-6

RRBr

BC2C16

(assuming CCl„Br.)3 *f.652x10-9 8.937x1O-9 8.8i7X10~9
-8

1.2*1*1x10 1.6*13x10 1.913x10
-8

2.0*10x10
-8

2.826x10
-8

3-196x10
-8

5.358x10'
-8

6.211x10
-8

8

8.557x10 9.329X10"8 1.382X10~7
v7

1.912x10 2.809x10
-7

1.751x10
-6

3.521x10
-6

(assuming CC1Br.)31 2.*f09x10~9 6.830x1O-9
-9

9-525x10 7-912x10
-9

1.3*+2x10
-8

1.20*1x10" 1.383x10
-8

1.275x10
-8

1.0*17x10
-8

1.61*1x10'
-8

1.818x10
-8

1.8*12x10
-8

1.166x10" 1.719x10 1.229x10
-8

2.991x10
-8

3-861x10
-8

5.2*16x10
-8

[cciBr]f mmol1
-1

1.367 1-393 1.38*1 1.37*1 1.366 1.3^9 1.3*^2 1.335 1.336 1.265 1.261 1.219 1.221 1.326 1.033 1.1*i8 0.*I63 0.3*11

Rchci
3

(assuming CC1Brf 3.691x10"9 6.176x10~9
,-9

7.251x10 5.519x10
-9

1.009x10
-8

1 .*169x10
-8

1.526x10
-8

2.173x10
-8

2.509x10
-8

5.588x10
-8

5-*101x10
-8

7.865x10
-8

8.216x10
-8

1.362x10'
-7

1.598x10" 2.505x10
-7

7-707x10
-7

1.25*+x10'
-6

RRBr (assuming CCl3Brf) *l.*l88x10~9 8.786x1o"9 8.612X10~9
.-8

1.206x10" 1.58*1x10'
-8

1.821x10
-8

1.932x10
-8

2.662x10
-8

3.013x10
-8

*1.783x10
-8

5.527x10
-8

7.362x10
-8

8.039x10
-8

1.293x10
-7

1.39*1x10" 2.276x10'
-7

5-721x10
-7

8.*173x10
-7

SC2C16 (assuming CCl3Brf) 2.32*1x109 6.715X10~9
■v-9

9.303x10 7.672X10-9 1.29*1x10
-8

1.1*i6x10
-8

1-310x10
-8 -8

1.201x10 9.871X10-9
-8

1 .*1*11x10 1.618x10
-8

1.585x10" 1.005x10
-8 -8

1.609x10 8.959X10~9
-8

2.*123x10 1.261x10
-8

1.262x10
-8

w.

mmol1
-1

2.807 2.818 2.818 2.812 2.805 2.801 2.799 2.786 2.780 2.7*+8 2.735 2.701 2.680 2.756 2-533 2.629 2.1*17 2.122

•f -f
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TABLE 2.6

Calculation of l°e10(RCHCl/(RCoCl^^ av>
2 £ 2

Temp
°G

1000 L 3 8Jav
mmol l-''

RCHC12io^in 3
T°K Rc|ci6 LG3Hel av

29 3.311 2.821 -1.566

57 3.030 2.826 -1.574

73 2.890 2.826 -1.575

82 2.817 2.823 -1.463

101 2.674 2.820 -1.502

105 2.646 2.818 -1.312

115 2.577 2.817 -1.325

138 2.433 2.810 -1.151

150 2.364 2.807 -0.967

166 2.278 2.791 -0.778

184 2.186 2.785 -0.817

200 1.114 2.768 -0.646

216 2.045 2.757 -0.527

234 1.972 2.795 -0.414

238 1.957 2.684 -0.201

245 1.931 2.732 -0.280

252 1.905 2.491 +O.44O

271 1.838 2.478 +0.654
- - 1

= i ( [pa! ■ + !"C,hq1 „)av ^ u 3 8 l L 5 8 f'



TABLE2.7

AdditionofHydrogenBromidetothePhotolysisofPropane+Bromotrichloromethane
r

HBr (mmol1

Reaction Temp. (°c)

Reaction Time (s)

CCl^Brf (mmoll-'^e^)
rchci (mol1~^b^)

RRBr (mol1''s

(molIs)

rchci,
1rC2:CI6)^

0

182

1200

1.304

to

5.835x10

5.488X10-8

O

1.771x10

-4

4.385x10

0

184

1800

1.261

5-4oix10~8

5.527x1o"8

1.6I8X10~8

4.246x10-Zf

4.53X10~3

188

1200

1.276

9.123x1O-8

9.634X10-8

1.301x10

7.998x10"^

5.38X10-2

185

2400

O.78O

2.490x1o"7

1.996x10-7

8.320X10"9

2.730X10"5

5.67x10-2

182

1200

1.074

2.727x10~7

2.344X10-7

6.659x1O-9

3-342X10-5

1.13x10~1

183

1200

0.917

4.06lx10"7

3.070X10"7

5.120X10"9

5.675x1o"5

1.42X10_1

181

1200

0.951

3-829x10"7

3.243x1O-7

2.457X10-9

7-725x10"5

1.70x10"1

184

1200

O.838

4.770x10~7

3.687x10-7

3.080X10-9

8.595x10-3

2.27x10_1

182

1200

0.808

5.057x10"7

4.5I8x10-7

1.219x10"9

1.448X10~2

CC1Br.3J

1.417mmol1
-1

C3H8

2.834mmol1
-1



TABLE2.8

VariationofLightIntensityinPhotolysisofPropane- BromotrichloromethaneMixtures

Light Intensity {%)

Temp. (°c)

Reaction Time (e)

[CCl^Br]f (mmol1̂

rchci,._ (molIs)
RRBr, (molIs)
Rc_ci.„„ (mol̂s)

(SlV1)
(Siar1)

lopE"HC1t (Rc2ci6)^(c3Hg)
rCHCI^

av(RC2C16)^

100
27

182 178

1200 3600

1.30L 1.289

5.835x10"8
0

2.979x10""

5.A88x10~8
0

2.675x10

o

1.771x10 2.915x10"9
2.768 2.738

2.801 2.786

-0.805 -0.703

k.385x10"^ 5.5i8xio-i|

[<

CCl^Br

initial=1.^17x10""m̂ol1̂
SH8

initial=2.83^x10m̂ol1
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TABLE 2.9
i

Addition of Hydrogen Bromide to the Photolysis

Of Propane + Bromotrichloromethane At lli/'.h Propane Concentration

HBr
_1

( mrnol 1 ) (gmc5
iooo/T
(°K)

time

(s)
[CC1 Br]f
( mmol 1 ^)

rchci*
.-? -1

(mol Is)
'SrBr

(mol 1 ^ s ^ )

Nil 188 2.168 1200 1.046 3.091x10"''' 2.935x10-7

Nil 188 2.168 1200 1.256 1.346x10~7 1.208x10~7

5.67x102 190 2.159 1080 0.826 5.285x10"'' 4.757X10"7

1.13x10~1 192 2.150 1080 0.722 6.433x10~7 5.574x10"7

2.84x10-1 190 2.159 600 0.927 8.164x10~7 7.036x10-7

[ocijBrJj
[c5H8]i

= 1.417 mmol/l

= 22.672 mmol/l
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Reaction with equal quantities of HBr and CCl^Br
(1.417 HO 3 mol 1 ^) in the absence of propane did not result

in a detectable level of termination product being produced.

At 28°C the rate of formation of CHCl^ was 1.87 x 10 ^ mol 1 ^
but in the absence of detectable CgClg no kinetic parameters
could be obtained.

In an attempt to reduce the ratio of HBr to C^Hg to lower
levels than those described in Table 2.7, the initial concentration

—3 —1 —2
of propane was increased from 2.834 x 10 mol 1 to 2.267 x 10 mol

The quantities of HBr employed were similar to those used in the

experiments reported in Table 2.7» The CgClg was aS^n undetectable.
The rates for formation of chloroform and isopropyl bromide are

shown in Table 2.9-



SECTION 2

The Photolysis of Bromotrichloromethane With Propane

(and Hydrogen Bromide)

DISCUSSION
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2.7.1. Propane + Bromotrichloromethane (No added HBr)

The results listed in Table 2.5 indicate that the mechanism

of the photolysis of bromotrichloromethane in the presence of

propane is very similar to that obtained in Section 1 where

cyclohexane was used in place of propane. We have

(1) CCl ^Br + hv > CCli + Br'
5

(2) Br" + C5H8 —> C7HJ + HBr
5 /

(3) C2H4 + CCl ,Br —►.5 / 5
C,Hr,Br + CCll3 1 5

(4) CCl" + C2Hq »5 5 8 C,H* + CHC1,3 7 3

(5) CCll + HBr +
5

Br" + CHCl^
(6) CCll + CCll —>

5 5

It was stated earlier in this section that there was some

evidence to suggest that both n-propyl bromide and isopropyl

bromide were detected in the reaction product mixture. The former

compound was only present in small proportions and it is assumed

in this discussion that the rate of reaction (3) is equal, to the

78
rate of production of isopropyl bromide. Tedder and Watson

measured the relative rates of abstraction of primary and secondary

hydrogen atoms from n-butane by trichloromethyl radicals. They

found that

^s = (0.67+0.10) exp (3.64+0.15 kcal/RT)
k

P

k
0 s

Hence, it can be calculated that at 400 A, — ^ 60. This value
P

is consistent with the results observed in the propane-

bromotrichloromethane system, propane having a ratio of primary

hydrogen atoms to secondary atoms of 3 compared with a ratio of

1.5 for n-butane.
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In the mechanism described by reactions (l) - (6) the only

termination reaction is the dimerisation of trichloromethyl radicals,

the product being hexachloroethane. Although chlorodifluoromethyl

radicals and difluoromethyl radicals can disproportionate with

themselves^ to form difluorocarbene and the corresponding halomethane

no such reaction occurs with trichloromethyl radicals and hexachloro¬

ethane was the only termination product. Reaction (3) will take

place very readily due to the ease of abstraction of a bromine

atom from CCl^Br (D(CC1^-Br)=49 kcal/mol^). Consequently, the
large quantity of CCl^Br present will constitute an effective trap
for propyl and the steady state concentration will be too low

for a significant termination step involving propyl radicals.

There was no trace in the products of 2,3-dimethylbutane or

1,1,1-trichloro-2-methylpropane (the termination products of isopropyl

radicals with themselves or with trichloromethyl radicals).

The experiments were carried out over an extensive temperature

range 29-271°C. For kinetic calculations it is necessary to assume

steady state conditions, and for such conditions the concentration

of reactants should not change significantly over the course of the

experiment. In this series of runs it was discovered that the chain

length (i.e. the number of propagation steps occurring per

termination step in a particular reaction cycle) was very high

at the top end of the temperature scale. If the degree of

conversion was restricted to < 5%, say, no termination product

would have been detectable. The runs carried out at temperatures

in excess of 250°C were therefore run to conversions considerably

greater than 5/o. Furthermore, it has been shown^ that at such

high temperatures tetrachloroethylene can be formed from the

photolysis of bromotrichloromethane on its own. These runs
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were not, therefore, included in kinetic calculations. The

degree of conversion with respect to either CCl^Br or G^Hg
can be measured by comparison of the final concentrations shown

in Table 2.5 with the initial concentrations of 1.417 and 2.834

mrnol 1 ** respectively. All runs at temperatures less than 250°C
had conversions of about 7% or less based on propane.

The experiments described in Section 1 (CCl^Br + c - CgH^)
were limited at the upper end of the temperature scale by the

rate of thermal decomposition of cyclohexyl bromide, one of the

major products. This decomposition assumed significant

proportions at temperatures in excess of 160°G. liaccoll and
110

Thomas have investigated the thermal stability of isopropyl

bromide and calculated that at temperatures of 200, 250 and

300°C. the percentage decomposition was 0,0 and 11.2%

respectively. The rate constant for decomposition was given

by k = 4.17 x 1015 exp (s ^) • As only thoseiti

experiments carried out below 250°G were included for kinetic

calculations in the present work, the thermal decomposition

of isopropyl bromide should not affect the results.

From reactions (l) - (6) it can be seen that

2 EC2G16 + Hghg13 = RR;Br + Rlfflr
and Rm = R where R = Rate of formation of x.il_DX X

2 6

These can be combined to give the material balance

RCHC15 + RC2C16 = nRBr
Substitution of the values calculated in Table 2.5 into this

equation shows that the equality nearly holds, there being a

slight excess on the left hand side. The discrepancy is slightly

greater at higher.(temperatures. Although the factors described
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earlier in this discussion (the decomposition of K3r and the

assumption that Ek-gj, = Rpr^pr)wou-'-^ result in an inequality of
this nature it is very unlikely that such minor effects would

be relevant. It seems more likely that such results could have

arisen though inaccurate product analysis. The isopropyl bromide

and chloroform peaks in the glc trace were situated between the

larger and CCl^Br peaks, and separation of the peaks was not
absolute. The deviation from equality was, however, only slight

and confirms that reactions (l) to (5) provide a reasonably accurate

description of the mechanism in operation.

In Section 1 it was explained that previous work by Tedder,
c 78 79

M Grath and Watson ' had suggested that reaction (5) did not

occur to a significant extent and that reaction (4) was the main

source of chloroform. If the chloroform produced in reaction

(5) is considered negligible, we have:-

RCHC1-, = k. [cCl,] [ChHQ]3 4 3 3o

EC2C16 - k6 tccl3l2
HCHC1, k4C3H8^
(i " r— M( c2016) V

A graph of log CHC1, / /_ i ^ u 1 versus the reciprocal5 C
C2C16 58

of temperature should yield an intercept on the y-axis of log A. -

-(E -£E6)/\ log Ag and a gradient of 2.3O3R. In the high conversion
runs described earlier (> 250°C) there is a significant change in

[c;Hel over the course of the experiment. Steady state conditions
cannot therefore be assumed. To reduce the error the initial and

final propane concentrations have been calculated and an average

value |C,H0J is calculated in Table 2.6. To further reduce theL 3 8Jav

errors present through over-conversion the final concentration of

CCl^Br has been calculated as:-
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[CCl3Br]f = [cCljBr]. - [CHCl^ - 2 [cpig] f
1

When the reaction products were analysed the concentrations ofeach

were measured relative to the final concentrations of CCl,Br. We
5

have therefore

[CHC1 ] [c ClJ
[CC1 Br] = [CC1 Br] - i_ [cCl Br] -2 [CCI Br]

pGl ^BrJf P [CCl^BrJf p

feci,Br] .

[cci Br] r = ^ 2 *
1 + [CHChh + ? [C2C16lf

[CCl3Br]f [GCl^Br]

As each term on the right hand side of this equation is known,

a value can he obtained for [cCl^Brj^. This value is shown in
Table 2.5. From this final concentration, absolute production

rates can be calculated for all products from the expression

Mf r i 1
(K ) . X I CCl,Br L X r —

x'abs.
pCl Br] Reaction time

These rates of production are also calculated in Table 2.5 and

are used insubsequent kinetic calculations. Using these rates and

an average value for for each run, values have been

calculated for „

CHC1, 3 1000
l°g10 1 and

(eC2CI/ [b»el
and are shown in Table 2.6. A graph plotting the logarithmic term

against the temperature term yields a curve as shown in Figure 2.2

This differs from the straight line that would be predicted by

equation A. Linearity is observed in the range 1000/^ 1.9-2.7»
corresponding to a temperature range of 100-250°C. At temperatures

above 250°C the points lie above the line; it has been explained
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rchci3
io9l0 V9

l(Rc2ci6) 2lc3H8'av.
3

0.5

0

-0.5

-1.0'

-1.5

# Included in kinetic calculations.

3 Excluded from kinetic calculations.

£ Light intensity runs.

3 3 3
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versus the reciprocal

of temperature for the propane - bromotrichloromethane
system.
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earlier that the relationship plotted on the graph is not

valid at high reactant conversions. There is also a deviation

from linearity at lower temperatures 100°C). This deviation

is small down to about 50°C. The single run carried out below

this temperature (at 29°C) yielded a point which lies well above

the line drawn through the points obtained at temperatures

between 100 and 250°C.

The reason for this low temperature effect is probably the

assumption in derivation of equation A that all the chloroform

present originated from reaction (4) and that chloroform from

reaction (5) could be neglected. The concentration of KBr will

always be extremely low relative to the concentration of propane.

However, at low temperatures the abstraction of hydrogen from

propane will be very slow due to the moderate activation energy.

If the activation energy for abstraction of hydrogen from hydrogen

bromide is significantly lower than that of hydrogen abstraction

from propane then at sufficiently low temperatures the chloroform

produced from reaction (5) will become significant. The

"chain length" (as measured by the number of chloroform

molecules formed by chain propagation per hexachloroethane

molecule formed by chain termination) will therefore be higher

than the value that would be obtained in the absence of reaction
*

(5). The consequence of such a situation would be that the value
1

of log10(RCHCl/(Rc C1 [CjHglav) would be higher than expected.
3 2 6

This would explain a deviation of the nature observed in Figure 2.2.

The effect of addition of HBr to this system is described in the

second part of this discussion and the third part describes the

results obtained when the system was modelled by a computer

programme. In this final section it is shown'that the HBr
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concentration increases with time and that the longer a reaction
1

progresses the higher "becomes the value of login /(Rn m )2IU OiiOl -

1 O 3 2b[C,H„J ) The run carried out at 29 C was continued for a3 O clV •

considerably longer reaction time than the other runs in order to

obtain a sufficiently high concentration of products for reasonably

accurate quantitative measurements. The result of this extension

of reaction time would be to increase the deviation from the line

obtained from the runs between 100 and 250°C, as was observed

in Figure 2.2.

As explained in the key to Figure 2.2., the points which

were outwith the range 100 to 250°C are represented on the graph

by empty circles and were not included in the least squares

calculation of the gradient and intercept of the line. The

points within this temperature range are denoted by solid

circles. The least squares calculation based on these points

yields:-

Gradient = -1.56 + 0.20

y-axis Intercept = 2.70 + 0.09

As stated earlier in this discussion, the gradient provides a

means of calculation of activation energy E^.

Gradient =
2.303 i

In the previous section (CCl^Er + c-C^H^) it was explained
that the activation energy for radical-radical combinations can be

taken to be zero, i.e. E^=0
Therefore = 4.574 x (1.56 + 0.20) = (7.15 + 0.91)

kcal mol

We have also the relationship

y-axis Intercept = log A^ - ^ log A^
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Using the value of = 9.7 which was used in the cyclohexane

system we haver-

log A4 = (2.70+0.09) + 4.85 = 7.55+0.09 1 mol"1s~1
In their studies of hydrogen abstraction from alkanes by trichloromethyl

99
radicals Wampler and Kuntz obtained activation energies between

8.2 kcal mol ''(tertiary H abstraction from 2,3-dimethylbutane) and 10-8
— 1 / N

kcal mol (hydrogen abstraction from n-hexane) and pre-

—1—1
exponential logarithmic terms between 7.88 1 mol s (2,3-dimethyIb'utane)

—1 —1
and 9.11 1 *nol s (cyclooctane). If one assumes from these

values an activation energy of 10.5 kcal/mol and an A-factor of
—8 —1 —1

2.5 x 10 1 mol s" (i.e. log A = 8.4) we obtain a rate logic...

= 2.3 at 100°C. The results calculated from the line in figure 2.2

yield a rate at 100°C of log k = 3.4.

It is believed that this apparent increased reaction rate is

the result of reaction (5) participating to a significant extent.

As stated earlier in this discussion, a low activation energy from

this hydrogen abstraction from HBr would result in the small

concentration of HBr providing an easy source of chloroform and

thus yielding an exaggerated value for k^ in the above calculations.
This low activation energy is confirmed in the second part of this

discussion.

It was feared that the carbon deposit observed on the face of

the reaction vessel ;as described earlier in this section) may have

introduced a significant error into the calculations. The carbon

would act as a filter and the light intensity within the reaction

flask would progressively diminish. By carrying out photolyses

with no external light filter and with a filter calibrated to

allow 27c/j of the light beam pass an indication of the effect of

light intensity was obtained. A temperature midway through the
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straight line section of Figure 2.2 was selected (180°C). In

an atter.pt to run both photolyses to similar conversions the

reaction time of the photolysis with filter inserted was three

times that of the photolysis without the filter.

It can be seen from the last two columns of Table 2.8

that the differences between the two photolyses did not result

in any effect of a sufficient magnitude to alter the calculated
i

Arrhenius parameters. The values of log1n (Rni,pi /R® [C-H-] )iu oil01
^ 2 d

were plotted on Figure 2.2 and it can be seen that both points

lie very close to the least squares line calculated from the data

in Table 2.6. However, computer simulation of this system, as

described in Section 2.7.5* > shows that the value of /'(E„ )'UriLI
j ^2 6

will rise as conversion increases. Thus, the formation of a

carbon "filter" on the face of the reaction vessel will reduce

conversion and decrease the value of 1°S-^q(®qjjq]_ /(®q cp av^'
3 26

Consequently, as the carbon formed more extensively at elevated

temperatures, the gradient of the curve in Figure 2.2 will be

lower than the true value. The effect of light intensity was

not checked across the whole temperature range employed.

2.7.2 Pro-pane + Bromotrichloromethane + Hydrogen bromide
o

The temperature selected for this series of experiments was 182 C
J*

as this temperature represented approximately the midpoint of the linear

section of Figure 2.2.

In the first series of experiments with added EBr the
-1

concentrations of CCl^Br and C,H0 employed were 1.417 and 2.834 mmol 1
3 38

respectively. The concentration of EBr was raised progressively from

zero to 0.227 mmol 1 . The results of this series of experiments

are shown in Table 2.7. It can be seen that even at these low
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concentrations of KBr (up to 8% of the propane concentration)

there is a marked increase in the chain length of the reaction

(i.e. the number of propagation steps undergone per termination),

This confirms the observations predicted from the cyclohexane +

bromotrichloromethane and the propane + bromotrichloromethane

systems that the hydrogen atom in KBr is abstracted by CCl^
very much more readily than is a secondary hydrogen atom in

saturated hydrocarbons. When the concentration of EBr added

to the reaction was greater than 0.227 mmol 1 \ no C^Clg
termination product could be detected at all.

Within the trichloromethyl radical system we have

Initiation: CCl^Br * GC1j + Br ' (l)
Propagation: CClj + H - Pr1 > CHCl^ + Pr1' (4)

CGl^ + h - Br CflCl^ + Br' (5)
Termination: CCl'^ + CClj > ^2^6 (6)

Prom reactions (4), (5) and (6) we have

RCHC1
^ k4[HH] [cClj] + k5[HBr] [CC13]Jl 1 = .

x

.(A)

(ec2ci6)2 k/ [ccr3]

[RE] + k5 [HBr]
*6*

Over the series of experiments the initial concentration of RH

(propane) was not changed and it is assumed that the concentration

remained essentially unchanged over the course of the reaction.

In practice the maximum conversion took place at the run with
— 1 -1

highest HBr initial concentration (i.e. 2.27 x 10 mmol 1 )
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We have [RBr]f =

[CCl^BrJ^ measured

[cCl^Br]^ = 0.808 jnmol 1 ^ (from Table 2.6)
[RBr]^ = 0.438 mmol 1 ^

As [eh] £ = [eh]. -[HBr]f
we have [RHjf = (2.834 - O.438) = 2.396 mmol 1~1

Percent conversion rnTTi rnTTi
of RH "" Wj x -100 <15%.

[RHJT

As this value of 15% is the maximum degree of conversion,

equation (a) will not be rendered invalid by variation of the

value of [EH] over the course of the reaction. A more probable

source of error will be the assumption that [HBr] is unchanged

over the course of the reaction and is equal to the initial

concentration. At steady state each HBr molecule consumed by

reaction (5) will yield a bromine atom. As there is no net

termination involving bromine atoms (as Br2 will readily photolyse
to yield bromine atoms), this bromine will react with a molecule

of propane via reaction (2) to produce another molecule of EBr.

As the concentration of HBr will be rising throughout the

photolysis and as abstraction of a hydrogen atom from HBr is

easier than the abstraction of hydrogen from propane, the chain

length of the reaction will also be changing, thus introducing

an error into equation (a).

This increase in chain length is shown by the increase in

Rand decrease in R as the initial concentrations
UiUl^ 2 6

of HBr are increased.

Notwithstanding these deviations, equation (A) has been used

k5/ 1to calculate a value of A graph has been plotted of

R —

CHCl /(R _ )2 versus hydrogen bromide initial concentration.5 020i6
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i _i. i
A straight line was obtained with a gradient of 57 l^mol

(Figure 2.3) ~ l2mol 2s~2

As log kg = 9*7, we have
log kg - i log kg = log (57) = 1.76

log k5 = 1.76 + 4.85 = 6.6
/* ■■11

kg = 4 x 10 1 mol s

Taking an average of the two values obtained at [HBr]^ = 0,
we have Rnrr

H = 4.316 x 10-* mol2l~2sCHC12 _ ^ io~4 i 2T "2„"S

(RC2CI6)2
From equation (a) we have

k [RH] + k. [HBr]
4.316 x 10 4 = 1-2

k ^
6

[HBr] = 0, [RH] = 2.834 x 10~5inol l"1

k4 = 4» 316 x 10 j 0.1522.834 x 10 ; u*
V

log i log kg = log (0.152) = -0.817
log k, = 9.7

log k4 = 4.85 - 0.817 3£ 4.0
4 -1 -1

k^ = 10^ 1 mol s
. 4
(Using A^ and E^ from Section 2.7.1 we obtain k^ = 1.4 x 10

"I 1 o
1 mol- s" at 182 C). Hence, at the temperature employed for

this series of experiments (ca 182 C) the rate of abstraction

of a hydrogen atom from hydrogen bromide by a trichloromethyl

radical is approximately 400 times greater than the rate of

abstraction of a secondary hydrogen atom from propane by a

similar radical. The rate of hydrogen abstraction from HC1

41
by CClj radicals has been measured by Huybrechts and De Ivlare
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system.
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..8.65 I -11.500 \ . .-1-1
as k = 10 exp I —J 1 mol s
rate at 182°C = 1.8 x 10^ 1 mol^s-1

Therefore, for the reaction,

182°C
CCl^ + HX » CKC1 ^ + X' X'= CT, Br'

we have = ff j 2£ 2 x 105 at 182°Ck^ 1.8x1(K

59
White and Kurtz studied the gas phase photolysis of the carbon

tetrachloride-cyclohexane system by the rotating sector method

within the temperature range 112-185°C. It was proposed in

Section 1.7 (CCl^Br + c-C^H^) that the deviation between the
results of White and Kuntz and those of this study were probably

due to the participation of HBr in the system. The relative ease

of hydrogen abstraction calculated above (k^r=2000 shows
that the HBr will be considerably more likely to participate in

the CCl..Br-C,H0 system than HC1 would be in the CC1 ,-C^H„ system
5 2 o 4 5 8

and it is reasonable to assume that it participates to a similar

extent in the CCl^Br-c-C^H^^ system.
A further study of the reaction between trichloromethyl

radicals and hydrogen bromide by reacting equal quantities of

, - 3 -1 .each (1.417 x 10 mol 1 ) in the absence of propane could not

provide useful kinetic data as no C^Cl^ termination product
could be detected. Even at 28°C, where the ratio R m : Rrun-,UnO±

j

would be expected tobe higher than at more elevated temperatures,

only chloroform was detected among the products (R„jrn = 1.87 x 10"
-1-1 5

mol Is). In view of the high rate obtained earlier for

reaction (5) it would be quite surprising if the chain length was

short enough to yield significant quantities of C^Cl^.
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A further series of experiments was carried out in which

the propane concentrations were increased eightfold but the

hydrogen bromide concentrations were maintained at the low level

used for the earlier kinetic calculations. The results are

shown in Table 2.9* It was hoped that this series may yield

kinetic data at lower HBr : C,H0 ratios than the series of
5 o

experiments described earlier. However the concentration

of termination product C^Clg was again too low for detection
under the conditions used to separate and quantitatively

measure the products. The rates of formation of chloroform

and isopropyl bromide were again very similar indicating that

the reaction mechanism was unchanged.

2.7.5 Computer Simulation of the Propane + Bromotrichloromethane
System

A computer programme, designed to simulate the progress of

any gas phase chemical reaction by numerically integrating the

differential equations which describe the rates of change of the

reacting species, was used to model the propane + bromotrichloromethane

system both with and without addition of hydrogen bromide to the

reactants. Numerical integration of the differential equations

111-114
is performed by an algorithm written by C. A. Gear which

is a predictor-corrector method specifically designed to solve

"stiff" differential equations. (See Appendix 1). The input to

the programme consists of the concentrations of the starting

species, the reaction scheme to be considered with all rate data

in Arrhenius form, the reaction temperature, and control data

for the length of iterative step and the total reaction time.

The output from the computer gives the concentrations of all

chemical species included in the reaction scheme after various
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reaction times. Values of Arrhenius parameters were not available

for all forward and reverse reactions and consequently values were

estimated or calculated for each reaction. These Arrhenius

parameters were obtained as follows:-

Reaction (1) CCl^Br > CC1*5 + Br*
The rate of this initiation reaction will be dependent upon

the intensity of the radiation within the reaction vessel, which

itself would depend upon variables such as the age of the

ultraviolet light source and the extent of carbon deposit on the

window of the reaction flask nearest to the light source.

Thus no meaningful estimates of the preexponential term

and the activation energy could be calculated from thermochemical

considerations. It would have been possible to ensure some degree

of consistency of initial intensity (i.e. before carbon deposit)

by using a photometer to determine the required rheostat setting

on the ultraviolet lamp power supply, but such an operation was

not considered necessary. As the only termination reactions

predicted by the mechanism proposed are reactions (-1) and (6)

we can assume that the initiation rate is given by (1)-(~1) and

at steady state operation this should be equal to the rate of

reaction (6). The rate of reaction (-6) will be negligible
40

because of the strength of the CCl^-CCl^ bond. Consequently,
the rate of reaction (1) was determined for the computer

simulation as being that value which would yield a concentration

of hexachloroethane similar to that obtained experimentally at

the same temperature. The activation energy was fixed at

zero and the preexponential term varied to yield the desired

initiation rate.

Footnote; .^s the units required for A-factors in the computer
programme were cm3rnol~1s~1, these units are used for the estimated
A-factors obtained on pages 66-73.
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Reaction (-1) CC1 ^ + Br" ~—^ CCl^Br
As explained above, the aosolute values of the Arrhenius

parameters of this reaction are of minor importance in the

computer simulation, as long as the net initiation rate

(l)-(-l) will yield a final concentration of hexachloroethane

equal to that obtained by experiment. As the only radical-

radical recombinations with an activation energy are those
44

in which steric restrictions must be overcome , the activation

energy of this reaction was set equal to zero (there being no

such steric restrictions). The pre-exponential term was

estimated as A
^ = 6.99 x 10^ cm^mol "'s

Reaction (2) Br' + + KBr

The Arrhenius parameters for this equation have been determined

115
by Fettis, Knox and Trotman-Dickenson . They calculated Eg =

10.2 kcal mol-"' and A^ - 1.585 x lO^cm^mol ^s ^.
Reaction (-2) ^3^7* + ^ "®r* + ^3^8

An approximate value for the activation energy can be obtained

by calculating AH 2 the enthalpy change and using the
relationships

(A) E_2 = E2 + AH_2
(B) A H°2 = AH^ (C Kg) + AH^ (Br) - A Hj(C H?)- AK~ (HBr)

We have AH* (C^Hg) = -24.9 (Selley^®) -24.81 (Prosen et al^^)(in kcal mol ^)
A H^ (Br) = 26.71 kcal mol ^ (Benson''''®)
A H^ (Pr^) = 17«6(Benson^^^ ), 18.2(Hiatt & Benson"'®)(in kcal mol ^)
Ah: (HBr) = 8.60(Selley1l6),-8.7(Benson119),-8.66

1 20 — 1
(Mendenhall et al )(in kcal mol )

Hence, from (B), AH°2 = (-24.8 + 26.7 - 17.6 + 8.7) = -7 kcal mol ^
from (a), E „ - 10.2 -7 = 3«2 kcal mol ^
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A value.of 3 kcal mol was used in the computer simulation

exercises for the value of activation energy E ^.

In dilute gases the measured equilibrium constant Kg is
related to the standard free energy change AG° of a stoichiometric

reaction by the relation

A G° = RT In Kg
(= 2.303 RT log Ke)

Ke = 6XP G# )
As AG° = AH° - TAS° we have

(0

The equilibrium constant Kg can be defined as the ratio of the
rate of the forward reaction (k^) to the rate of the back
reaction (k^)

h v"Ef/HT
Ke = k.

b A, e "^t/RT

. A e -("r^/at
Ab

Substituting (C) in this equation, and AH = (E^-B^) from equation
(a), we have A S° - A H°

R RT Af (- AH0/ )
e = — e ^ RT'

Ab
Ar <B>

S = R In —

Ab

This equation can be used to determine the pre-exponential item a 0

AS° AS°
log10 A_2 ~log10 A2 = 2.303 R~~ = 4.574 ^
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—1 A lift
We have S (Br) = 41.8 cal mol K (Benson )

(Pr1) = 66.7 cal mol"1 K"1 (Hiatt & Benson50)
i *1

S"®" (HBr) = 47.4 cal mol K (jvlenderihall ,

„ n _ 120\Golden & Benson )

An empirical method of determination of S"®" values is given by

119 -e-
Benson as being the sum of the S values of the component groups

less a term R Inc which accounts for the symmetry of the molecule.

All normal alkanes shall, by this method, have an external twofold

axis and two threefold axes for the terminal methyl groups. The

value of c~ is defined as the total number of independent permutations

of identical groups within the molecule. For normal alkanes,

therefore C =2x3x3 =18

S*" (C5H8) = 2 x C-(H)5c] + S*" [g-(H)2(C)2"] - R In 18
The values of the partial contributions of the £c~(H)^cJ and
£c-(H)2(C)2J groups are given by Benson 1^ as 30*41 and. 9*42

cal mol 1G° 1 respectively.
-i JK

S (G^Hg) = 60.82 + 9.42 - 5.8 = 64.44 cal mol" K
-e-

As the S values have now been calculated for each component of

reaction (-2) the overall AS*®" for the reaction can be calculated

as:- Asf2 = S"®"(Br) + S"®" (C^Hg) - S"®- (HBr) - S"®" (Pr i )
= 41.8 + 64.4 - 47.4 - 66.7

= -7.9 cal mol 1 K 1
As log A2 = 13.2 we obtain from equation (e)

iogA_2 = 15.2 = 11<47
The activation energy had been rounded down to 3 kcal mol 1 from

_1
a calculated estimate of 3*2 kcal mol ; the pre-exponential term

was also reduced slightly to log A 2 = 11.2 in an attempt to reduce
the error in reaction rate. As the Arrhenius parameters were

calculated by such an indirect route it is very difficult to
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predict the magnitude of the error. We have therefore
— 1 11 X -1 -1

E
^ = 3 kcal mol- and A 1.25 x 10 cm mol s

Reaction fi) B: * + CCl^Br > Pr1 Br + GG1
127

Tomkinson and Pritchard studied the equivalent reaction with

methyl instead of isopropyl radicals and obtained an activation
-1 3

energy of 7.1 kcal mol and a pre-exponential term log A=13.2cm mol

Using this data, values of A^ and E^ were estimated as E^ = 7.1
—*1 3 ""1 —- *] "12 3 —"j —'I

kcal mol and log A^ = 12 cm mol s (i.e. A^ = 10 cm mol s ).
The pre-exponential term would be reduced for steric reasons but the

activation energy would not be expected to change significantly on

replacing the methyl t>roup with an isopropyl group.

Reaction (-3) Pr^Br + CGI-,* > Br1- + CCl^Br
3 3

The value of A , was calculated in a similar manner to the value of
-5

A_2« We have
S- (CC1*5) = 70.8 cal mol-1K-1 (Benson119)

(Pr"*) = 66.7 cal mol-1 K -1 (Hiatt & Benson9^*)
S"®* (CCljBr)=79«8 cal mol 1 K -1 (Benson119)

/ i \

As the value of S (Pr Br) was not available from the literature
119 -©■

an estimated value was ujed. Benson quotes S values of

C-Br(H)2C = 40.8 cal mol-1 K ~1 and C-Br(C)^ = 2.0 cal mol-1K-1.
mm 1 1

The value of C-BrH(c)2 was estimated as 19.2 cal mol- K
(in the equivalent iodine and chlorine series the value of

S-®" for C-XH(C)2 was approximately midway between the values
of S-®" for C-X(H)2C and C-X(C)j). As isopropyl bromide has two
internal threefold symmetry axes due to the methyl groups we obtain
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(Pr^r) = 2 x S°" [C-(H)5C] + S** [C-BrH(C)2] -E In (3
= 60.8 + 19.2 - 4.4

= 75.6 cal mol ^
3 -1 -1

As log A-j = 12 cm mol s we can calculate logA ^ from the equation
los10 A_5 - log1Q A^ = 47574

This is the equivalent equation to that used to calculate log^A 2

(i.e. equation (e)).

A 3^ = S* (CCljBr) + S~ (Px*) - S"^ (Br^r) - S*" (CCl^)
= 79.8 + 66.7 - 75.6 - 70.8

0.1
= 0.1 cat mol ^

log A - log A^ =-3 & 3 ~ 4.574

A_, = 12 + a 12
A

7 = 10^ cm^mol~^s ^~5

The value of A H0, was not available from published data. The
-5

activation energy was estimated at 10 kcal mol for the purpose

of computer simulation of the system. Because of the low

concentrations of CC1, radicals and Pr Br molecules the value of
5

the activation energy should not prove critical to the final

product ratios obtained by computer simulation.

Reaction (4) CC11 + C-,H„ » Pr* + CHC1,
9 3 8 3

To obtain a value for A. and E. the first few runs of the
4 4

G^Hg + CGl^Br system were used. A graph was plotted of
l°gin (Rpum /^n m . ) versus the reciprocal of temperaturelU OHOJ.

^ O^O-L^ j o
(as in Figure 2.2) and values of E4 and log A4 were calculated
as in the first part of this discussion. The values obtained were

E4 = 8.57 kcal mol""1 and log A4 = 10.13 cm^mol~0 1 (i.e. A4 =
10 3 —1—1

1.35 x 10 cm mol s ). Although subsequent runs in the C,H„
3 8

+ GCl^Br system resulted in some change in these Arrhenius
5
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parameters, these values were used throughout the computer

simulation work.

Reaction (-&) Ft1- + CHC1, * CC11 + C„H„
^ 3 3 8

A calculation similar to that used to determine AH „ showed this

-1
reaction to be endothermic by approximately 1 kcal mol . E_^ will
therefore be approx. 1 kcal mol-"' greater than E,. A value of

4

E
^ = 10 kcal mol "'was used. It was assumed that the pre-exponential

term would be similar to that of reaction (-2) and consequently an

3 -1 —1
estimated value of log A . = 11.2 cm mol s was used. (i.e. A .-4 -4

= 1.585 x 1C cm^mol "'s-"').

Reaction (5) CGl'^ + HBr *■ Br' + CHCl^
It was to obtain the Arrhenius parameters of this step that

the computer simulation exercise had been employed. As all experiments

involving addition of HBr had been carried out at the same temperature,

the most which could be obtained would be a measure of the rate

constant k^ (=A^ exp(-E^/RT)). The calculations in part 2
of this discussion yielded an approximate value of log ^(455°A)
= 9.6cm3nol "'s ^ (see calculation below for alternative value).

Reaction (-5) Br' + CHCl^ *■ CC1' + HBr
Arrhenius parameters for this equation have been calculated by

109 3 -1 -1
Sullivan & Davidson as log A ^ = 12.4 cm mol s and E ^ = 9.3
kcal mol . Using these values, approximate values of A^ and E^

O
could be obtained. ABr can be calculated from AH^ values:- We have

AHf (CClj) = 18.5 (Benson''^), 18.7 (Benson"' , 19.0 (i»Iendenhall
et alkcal mol-''.

—1
AHf (HBr) = 8.66 kcal mol (see calculation of E ^)

1181 _oc; moq~1A Hf (CHC1j)= -24.7 (Benson ), -25 (Benson ) kcal
-i

AHJ" (Br) = 26.71 kcal mol (see calculation of E ^)
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AH° = -(18.7 - 8.66)+(26.71-25) = - 8.3 kcal mol"1

E+5 = E_5 + AH^ = 9.3-8.3 = 1.0 kcal mol"1
The pre-exponential term can he calculated in a similar manner

■ p'
to A n, i.e. from the values of A 3c and A c. We have:--2' P -3

Q -.1—1
S (CCl*^) = 70.8 cal mol K (see calculation of A
Sf°" (HBr) = 47.4 cal mol"1 K ~1 (see calculation of A

S" (CHC15)= 70.7 cal mol"1 K ~1 (JAEAF tables122)
S"*" (Br') = 41.8^cal mol 1K 1 (see calculation of A 2)

AS^ = -(70.8 + 47.44) + (70.7 + 41.8) = -5.74 cal mol"1 K ~1
log A5 - log A_5 = = -1.25

log A^ = 9*4 - 1.25 = 8.15 1 mol 1 s 1 = 11*15 cm2mol 1l 1
Using the approximate Arrhenius parameters calculated here (E^ =

—1 3 —1 —1\ 455°a
1 kcal mol , log Ac =11.15 cm mol s ) we obtain log kc =-> 5

10.6cnAiol 1s 1 (cf value calculated from experimental results,

log k.r^'> ^ = 9.6crrwnol 1s 1). These values are not inconsistent
5

considering the many assumptions and approximations employed

in their derivation.

Reaction (6) CGI^ + CCl^ > C2G16
Arrhenius parameters for this combination reaction have been

41
obtained from other work carried out in this laboratory . These

values were used in the computer simulation viz. log Ag = 12-7
3 -1 -1 -1

cm mol s and E- = 0 kcal mol
b

Reaction (-6) C2C16 > CC13 + CC13
40

Kuntz and White calculated an activation energy of

-1 —168 kcal mol and a pre-exponential of log A(-6) = 17.7 s

The values of the Arrhenius parameters obtained from the

previous calculations were used to simulate the progress of

the reaction. As no figure was obtained for a reaction time

of exactly 1200s., the concentrations at times before and



74

3

after 1200s were calculated and, by graphical interpolation

(Figures 2.4,2.5,2.7,2.8) values of [CHClj]and [c^Cl^] were
obtained for t=1200s. By variation of the initiation rate

a G^Cl^ final concentration was estimated equivalent to that
obtained experimentally. This was also done graphically

( Figures 2.6.2,2.9.2) and by comparison with the vs

graph (figures 2.6.1,2.9.1), corresponding values of

and Rp m could be calculated for a given set of reaction
2 6

conditions and Arrhenius parameters. From these values the
i

ratio /(^q gq )2 COI4I4 "be calculated and compared with
5 2 6

the values obtained experimentally. It was found that the rate

of reaction 5 (CCl^ + KBr) had a very significant effect on
6 '11

the results. At a reaction rate k.. = 5.1 x 10 1 mol~" s~
—1 8 —1—1

(E^ = 3.55 kcal mol , A^ = 2.5 x 10 1 mol s , temp =

455.5°K) a reasonably good fit was obtained between simulated

and experimental data. As the plot of Rnijrn /(R„ )2 wasL/xlL/X
^ O^^X^

linear it was felt necessary to match only two points on the

line. The points selected were [HBrJ^ = 5.67 x 10 ^ mmol 1 ^
and [HBrJ. = 1.70 x 10 ^ mmol 1 ^. As two experiments were

-2
carried out at the lower HBr concentration, i.e. at 5.3^ x 10

-2 -1
and 5.67 x 10 mmol 1 , the values of R and R takenUiiOX

j O^^Xg
were the arithmetic means of those obtained from experiment.

The results are shown in Table 2.10. This yielded a

R_,._ /(R_ m )2 vs. iKBrj plot as shown in Figure 2.10.
UiUl^ u2 6

It can be seen that the gradient of the line from the computer

simulation is slightly less than that of the experimental data

6 — 1 — 1
suggesting that the reaction rate of = 5.1 x 10 1 mol s

may be somewhat less than the actual value, however, since not

all Arrhenius parameters in the simulation were absolute values
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FIGURE 2,4.1 A1 = 5 i0 X 10"6 cm3mot'V1

10^ [CHCI3] in mol I ^

FIGURE 2 ,U. 2 At = 5-85 X 10"5 cm3morV

^ [CHCI3] in mol I ^
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FIGURE 2.U.3 A<| = 7-5X10"6 cm3mol"1s-1

10a[CHC!3] in mol t~1

FIGURE 2.U.U A1 = 8-25 X10"6 cm3mofV1

104 ICHCI3] in mol l~1
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FIGURE 2 51 A.^ 5 40*10"6cm3morV1
10® [C2Clg ] in mol H

FIGURE 2.5.2 A-] =5-85 X 10"6cm3molds'1

106 [C2Cl5] in mol f1



78

FIGURE 2.5.3 A-, = 7-5 X 10"5 cm3mol"1s"1

105[C2C16] in mol l"1

FIGURE 2.5. U A-i = 8-25 X 10"6cm3mol 1s 1
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FIGURE 2.6.1 The Effect of Changing A-j on the Rate of CHCI3 Formation, (in mol/ls)
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FIGURE 2.7.1 A-) = 3 0 X 10"6 cm3mofV1

10^ [CHCI3] in mol

FIGURE 2.7.2 A1 = 4-3 X 10~6 crn3mof1s"1

10^ [CHCI3] in mot r1
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FIGURE 2.7.3 A-, = 5 0 X 10 6 cm3molds'1

FIGURE 2.8.1 A1 = 3-0 X 10"5 cm3moi 1s"1

105 [C2CI0] in mol I"''
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FIGURE 2.8 2 A1 = 4-3 X 10~6 cm3mor1s"1

106 [C2CI0] in mol I"1

FIGURE 2.8.3 A-| = 5-0 X 10"6 cm3 mol'V1

105 [C2Cl5] in mol I 1
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FIGURE 2.9.1 The Effect of Changing A-j on the Rate of CHCI3 Formation ( in mol/ls)

FIGURE 2.9.2 The Effect of Changing A<| on the Rate erf C2Cl^ Formation (in mol/ls)



TABLE2.10

ComparisonofComputerSimulatedandExperimentalResultsfromthe HBr/CClBr/CHpSystem

HBr.
L _i (inmmol1)

Meanexperimental valueofRcCl^
26

(mol1^ŝ)

ValueofR„ri^
°26

usedforsimulation (mol1''ê)

Meanexperimental valueofRqpjcp (mol1^s

Valueof
exsimulation^ (mol1\

^HCl,
3

1

(R)2expC2C16

RCHC1,
3

1

(R)2simC2C16

5.38x10"2

7.^9x10~9

7.;49x10~9

2.6lx10~7

2.59X10-7

2.730x10_;5

2.99x10~3

5.67x10-2

3-3^2x10"^

1.70x10-1

3.08x10-9

3-08x10"9

^.77x10"7

3-85x10"7

8.595x10-5

6.9^X10~3



RCHCl3
FIGURE2.10ComparisonofExperimentalandComputerSimulatedResultsfortheCC^Br/C3H8/HBrSystem.



86

there will be many intrinsic errors in this system. Furthermore,

the errors inherent in the experimental work are sufficiently

great to preclude a more accurate estimation of k^. It is
interesting to note that the approximate value of k^ calculated

6 "1 1
from the experimental data in Section 2.7.2 was 4 x 10 1 mol s ,

in excellent agreement with the rate calculated above. This would

appear to give confirmation to the assumptions and discussion made

in this section regarding mechanism and relative reaction rates.

As all experiments in this simulation study were carried out

at the same temperature it is not possible to obtain values of

and Ec. To calculate these values it is necessary to use the5 5

same Arrhenius parameters for all reactions except Reaction (5)

and to simulate the runs carried out in the absence of added

HSr at various temperatures. The values of A^ and E^ corresponding
to experimental data should indicate actual values.

For this simulation runs were selected from the beginning,

centre, and end of the linear section of Figure 2.2, the plot of

RCHC1
log n t—' versus the reciprocal of time.

^HG2C16^ ^G3H8^ av

Runs at 101°C, 138°C and 245°C were used. As in the HBr

simulation earlier, the initiation rate A^ was adjusted to
yield a value of Rp p, which corresponded to the experimentally

2 6
found value and A^ and varied to obtain a good fit for the
value of

log
RCHC1,

o

(RC2C16^ ^C3R8^ av
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8 —1—1
A reasonable fit was obtained at = 2.75 x 10 1 mol s

and B^ 1 4.25 heal mol ^. The results are shown on Figure 2.11
and in Table 2.11.1. Table 2.11.2 shows that the computer

simulated system also illustrates the decrease in R_ _ relativeTrBr

to Rnijr,-. as temperature is raised. The sensitivity of R~-,n-.oliOl unci _

3 3
to A^ and E^ is shown by the data in Table 2.12. The reaction
rates have been determined at 182°C for direct comparison with

the i£Br series.

An interesting observation from the computer results is

that the concentration of IIBr in the reaction mixture increases

at exactly the same rate as the concentration of C^Glg. This
occurs because the system has no termination reaction involving

Br radicals, and each Br radical will form a molecule of KBr

by Reaction (2). Although this HBr molecule is a source of

easily abstractable H via Reaction (5), the HBr is regenerated

again via Reaction (2) and the number of HBr molecules present

cannot therefore diminish but will increase for every molecule of

CCl^Br photolysed. As the initiation rate = termination rate,
~ [iHBr] = This applies whetner HBr is added to

the reaction or not. As an increased [HBr] has been shown to

result in an increased R„.,„ it is found that the value of
UnOl

J

los10 RCHC1 /(RC CI ^ ^K8] av als° increases with tirne«
3 2 6

This is illustrated by Figure 2.12, the results being obtained

from the computer simulation of the run at 138°C. The

concentrations of CCl' and Rr^ were also plotted against

time (Figure 2.13) a-nd. give further evidence that steady state

is never achieved.

The lowest temperature run in Table 2.2 was continued for

6000s whereas the other runs in the series were continued for



TABLE2.11.1

ComparisonofExperimentalandComputerSimulatedResultsinthe CHg/CClBrSystem

Temp. (°C)

Experimental (mol1''s

RC2C1^used forsimulation (mol1"V1

Experimental rCHCI5 (mol1^ŝ)
Simulated RCHC1_.

3-1-1
(molIs)

Simulated Cc3Halav (mmol11)

RCHC1^

RCHCI3

l0g(RC?Cl6)?[c3Hgjav (experimental)
l06(EC2Cl6)'[c3H8jav (simulated)

101 138 245

6

1.294x10
0

1.201x10 2.438X10"8

0

1.294x10
O

1.201x10 2.A38X10"8

O

1.009x10
0

2.173x10 2.505X10-7

0

1.073x10
Q

1.805X10 i.439xio~7

1.89 1.88 1.83

-1.502 -1.151 -0.280

-1.30 -1.06 -0.30

CD CD

TABLE2.11.2

ComparisonofExperimentalandComputerSimulatedResultsinthe C^Ho/CClBrSystem
Temp. (°c)

RPrBr:RCHCl (̂experimental)
RPrBr:RCHCl5(simulated)

101

1-57

1.97

00

1.23

1.54

245

0.91

1.13
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FIGURE 2,11 Comparison of Experimental and Computer Simulated
Results for the CCIgBr / C3Hg System.
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TABLE 2.12

The Effect of Variation of Ac and Ec on R,.,,r„,5 5 CHC1.

(Reaction Temp. = 1d8°C)

A5
n-1 -11 mol s

T?

5
_ -|

(kcal mol )
log kgj at

182 *C

Simulated

GH0123
i i"1 "1reol 1 s

ID

CHC1

loffn 1 T T"

^RG2G16^^G3H8^ *
2.75x108 4.25 6.4 1.805x10~8 -1.06

2.55x1o8 3.75 6.6 3.089x10~8 CMCO•o1

5.53x10s 4.25 6.7 3.749x1o~8 -0.73

3.36x1o8 3.80 6.7 3.869X10~8 -0.72

—8 —1
R (experimental) = 2.173 x 10 mol 1 soiiO_L -7

3

log,. 1 (expGrimGntal)= -1.15

av



l°9(RC2Cl/2[c3H8W it

10■
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ioyicci3-] 1011[Pr-]
A

1-30 -

1-28

1-26 "

1-12 ■

106-

1-00

Time(s)

FIGURE 2.13 Time Dependence of Radical Concentrations (in mol/l) for
Propane + Bromotrichtoromethane with 0 (top), 5 67 X 10"^
(centre), and 1-70X10"^ mol/l (bottom) hydrogen bromide added.



93

only 1800s. The value of log10 *0^/(^0^)* ^3^ av
would thus "be expected to "be greater than it would for an

1800s run at the sane temperature. This was indeed the case,

as can "be seen in Figure 2.2. The deviations from linearity

at the high temperature end of this graph have "been attributed earlier

in this discussion to over-conversion of the reactants.

This discussion has shown that by suitable selection of

Arrhenius parameters a photolytic reaction of moderate complexity

can be simulated using a computer programme. Factors such as

time dependence, temperature dependence and concentration

dependence can be adjusted and the effects on rates of product

formation observed. By comparison with experimental data the

validity of any kinetic or mechanistic assumptions can be

assessed.

In this section the computer simulation of the CC1jBr/C^Hg/HBr
has provided good agreement with experimental data and has

yielded much useful data about the concentrations of radical

and molecular species as the reaction progressed.



SECTION 3

The Photolysis of Carbon Tetrachloride With Propane

INTRODUCTION
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In sections 1 and 2 of this thesis the photolysis of

bromotrichloromethane in the presence of saturated hydrocarbons

was examined. The major problem encountered in these studies

was attributed to the presence of hydrogen bromide with its

readily abstractable hydrogen atom.

In this section a similar system to that of the previous

section is examined - the photolysis of carbon tetrachloride

in the presence of propane. The results of the previous

sections indicated that the presence of hydrogen cnloride in

the system should have a less dramatic effect than the hydrogen

bromide which appears in the bromotrichloromethane system.

However, as the primary initiation step involves formation

of a chlorine atom, and as this radical will readily react with

one of the large number of hydrocarbon molecules present to

yield HC1, the steady state concentration of HC1 will be

significantly greater than that of HBr in Sections 1 and 2.

23
Kerr and Trotman-Dickensoil report rates of hydrogen

abstraction from alkanes by chlorine atoms as log k(primary H)

. 1000 cal , v 300 cal=
•

2.303 rt ' g * (secondary = 10'3 - 2'505 HT ,

~1 — 1
log k (tertiary H) = 10.2 1 mol s . Only by examining the

experimental data obtained in this system can the effect of the

HG1 present be estimated.

Carbon tetrachloride is a long established source of

trichloromethyl radicals although earlier workers did not

obtain the radicals by fission of the CC1,-C1 bond as the3

initiation step.

123
Smyser and Smallwood studied the reaction between

hydrogen atoms and CCl^. They found that a chlorine atom



95

was readily abstracted to yield trichloromethyl radicals and

KC1; the hydrogen atoms could also abstract a further chlorine

atom to yield dichlorocarbene and a further molecule of KC1.

The carbene then polymerised explosively to yield polytetra-

1 24
chloroethylene. several years later Vance and Baumann

studied the system tinder more controlled conditions and found

that at low carbon tetrachloride concentrations [HCl]>/ 2 [CCl .]
confirming that the second chlorine atom was readily abstracted.

The related system, CI* + CCl^, has also been studied by
125 126

several workers ' . There are no reports of dichlorocarbene

formation in these studies.

1 27
The reaction between CCl^ and alcohols has been studied

using benzoyl peroxide as the radical initiating species, and

55 1 28 *1 29
the reaction between CCl^ and hydrocarbons has been initiated ' '
using a variety of peroxy and azo initiators.

In this section however, the initiating trichloromethyl

radicals are obtained from fission of the CCl^-Cl bond. This has
been used as an initiation step by many workers who used various

techniques to rupture the bond.

CCl^and CCl^Br have both been shown to yield trichloromethyl
1 30

radicals from pyrolysis or electric discharge, the CCl^
o

radicals having been trapped in argon and nitrogen matrices at 14 K.

Gamma radiation has been used to produce CCl^ radicals from
carbon tetrachloride^'^and chloroform^, the radicals being used

as initiators for the telomerisation of ethylene. Katz and

coworkers°^-^ have studied the reactions of n-hexane and

cyclohexane with trichloromethyl radicals produced by

^ -radiation of carbon tetrachloride in solution phase.
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The reaction between ethanol and carbon tetrachloride has

1 131
been studied using both thermal and photolytic fission of

the CC1,-G1 bond.
3

132
Pfordte has studied the photolysis of CCl^ and proposed

a radical mechanism to account for the products. More recently

133
Kebbert and Ausloos studied the photolysis of GCl^ more
thoroughly at several wavelengths and in the presence of IIC1,

HBr and C^Hg. They repo?:'t a quantum yield of CCl^ radicals of
> 0.9 at 213.9 a™* whereas at 163-3 a™ tney detected GCl^ as
the major product of the initiation reaction, the quantum yield

being ca.0.75. The dichlorocarbene participated in insertion

reactions with the hydrogen halides (i.e. GGl^ + HC1 *• CIiCl^)
and in several combination reactions.

Wijnen and coworkers''^ ^ photolysed carbon tetrachloride

in the presence of ethane and ethylene and observed hexachloro-

ethane, 1,1,1-trichloropropane and n-butane among the termination

products. They showed that the rates of combination of pairs of

radicals X and Y are governed by the expression

1 A
k / k 2 k 2 = 2
xy ' xx yy

where X + X ► X0 rate = k2 xx

X + Y » XY rate = k
xy

Y + Y » Y„ rate = k
2 yy

They also measured the disproportionation:combination rate ratios

for the pairs of radicals present in the system. In the present

k /
section the <T/kc ratio is estimated for the combination of
isopropyl and trichloromethyl radicals and the results compared

with those of "vYijnen. The differences in k<*/k, are rationalised

in terms of the number of abstractable hydrogen atoms available
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for disproportionation.

137
Tomkinson and coworkers photolysed carbon tetrachloride,

hexachloroethane and hexachloroacetone in the presence of

saturated hydrocarbons. They observed no reaction when CCl^
was photolysed in the presence of propane at 313»0 nm but at

253.7 run they detected C^Cl^,CHC1^,HC1,CHjCHClCH, and CH^CICH^CH^,
the ratio of isopropyl chloride to n-propyl chloride being ca. 50.

In sections 1 and 2 of this thesis the abstraction of hydrogen

from HBr by GCl^ radicals prevented useful Arrhenius data being
obtained. Tomkinson et al. claim that CC1, radicals will not

5

abstract a hydrogen atom from HC1 at less than 250°C. If this

is the case then the results of the present section should not

be affected in the same way as those from the CCl,Br photolyses.
3

39
Using the rotating sector technique V«hite and Kuntz have

photolysed carbon tetrachloride in the presence of cyclohexane

over the rather narrow temperature range 112-183°C and obtained

Arrhenius parameters for the hydrogen abstraction from

cyclohexane by CCl^. They also estimated the rate of combination
9 -1 -1

of trichloromethyl radicals k = 3*9 x 10 1 mol s . This

99work was followed up by Wampler and Kuntz who examined the

photolysis of CCl^ in the presence of several other saturated
hydrocarbons in the temperature range 89-173°C.

53Recent work in this laboratory by Currie showed that

the rate of photoinitiatin of carbon tetrachloride was temperature

dependent. He also showed that under his photolysis conditions

(250 nm) a secondary initiation reaction yielded dichlorocarbene

which had a significant effect on product ratios. Subsequently

azocyclohexane was used as radical initiator in the cyclohexane/

carbon tetrachloride system.
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The propane/bromotrichloroinethane system was investigated

in the last section and as a continuation of the study this

present section describes the propane/carbon tetrachloride

system and the results are evaluated in the light of those of

previous workers on related systems.



SECTION J

The Photolysis of Carbon Tetrachloride With Propane

EXPERIMENTAL
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3.1 k -tgia.w's

(a) Gartion Tetracnloridewas Fisons spectrograde reagent, and was

tested and found to be chromatographically pure.

(b) Propanewas Rat eson Gas Products research grade as

described in Section 2.

Both the above reagents were used without further purification.

3.2 APPARATUS

The vacuum system has already been extensively described in

Sections 1 and 2. The reaction vessel was cylindrical with planar

ends, and was made of quartz. It was connected to the vacuum line by

a "Pyrex" capillary tube which passed through the top of the oven.

The volume of the reaction vessel was 198 ml, measured by completely

filling it with distilled water and observing the increase in weight.

The light sources used were either the full arc from a Hanovia UVS 220

medium pressure arc lamp as described in the first section, or a 2007/

super high pressure mercury arc coupled to a Bausch and Lomb high intensity

monochromator, yielding a monochromatic source at 250 nm (10 nm bandwidth).

3.3 exprulmeatal procedure

Both reagents were stored on the vacuum line; propane was kept

in a large storage bulb as described in Section 2, and carbon

tetrachloride was stored in a tube on the line. It was not

considered necessary to blacken the outside of this tube as the

Pyrex glass would absorb any radiation necessary for decomposition

of the CCl^. Experimental procedure was similar to that described
in earlier sections. The pressures of propane and carbon tetrachloride

in bulb A were 50 torr and 25 torr respectively before distillation

into the reaction vessel.
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3.4 ANALYSIS

The gas liquid chromatography apparatus was described in Section 1.

The conditions employed for separation were: temperature 80°C., flow

rate 35 mlmin""' and chartspeed 48 inh ^ f°r peaks up to and including

-1
carbon tetrachloride and 24 inh thereafter. Samples were injected

using 4 }f- stainless steel capillary needles. The same column was

used as in the previous sections.

3.5 IDENTIFICATION OP PRODUCTS

A typical chromatogram of the products showed nine peaks, as

shown in Fig.3.1. Most were identified by a comparison of retention

times with authentic samples, and confirmed by gas-liquid chromatography

coupled mass spectrometry. One peak was not well identified by either

method but was deduced from its magnitude and position to be

1, 1 ^l-trichloro-2-methylpropane. The mass spectrograph obtained from

this compound was not decipherable as the peak occurred in the tails

of both carbon tetrachloride and tetrachloroethylene.

3.6 RESULTS

Three separate series of experiments were carried out.

Initially, the medium pressure arc lamp was placed 25 cm from the

nearest window of the reaction vessel. In an attempt to increase

the chain length of the reaction at lower temperatures the lamp was

moved to a position 40 cm from the reaction vessel. In the third

series of experiments a Bausch and Lomb monochromator light source

(as described earlier in this section) was used. The rates of

formation of the different observed products are shown in Table 3»1*

Values for the rates of formation of the termination product 2,3-

dimethylbutane have been included. It was found however that this

peak occurred between the relatively larger chloroform and propyl
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FIGURE3.1GicAnalysisoftheProductsofCarbonTetrachloridePhotolysisinthePresenceofPropane.



TABLE3-1

RatesofProductFormationinthePropane-CarbonTetrachlorideSystem
Temp(°C)
1000/T(°K)
Time(s)

RCHCl5(mol1V1)
RPrCl(moll"1s1)
R(iPr)2(mol11s1)
RiPrCCl_,(mol11s"1)5
RCClgCmoll~1s1)

SeriesA 45 71 90

118 147 153 205 224 277

3-145 2.907 2.755 2.588 2.381 2.347 2.092 2.012 1.818

5400 3900 3600 7380 5400 7200 9000 7500 7200

5.810

X

10

7.438

X

10

6.392

X

10

2.343

X

10

5.062

X

10

3.931

X

10

6.572

X

10

1.041

X

10

2.405

X

10

-10 -10 -10 -10 -10 -10 -10 -9 -9

9.292

X

10

1.681

X

10

1.376

X

10

5.630

X

10

1.418

X

10

1.285

X

10

1.160

X

10

1.151

X

10

2.068

X

10

-10 -10 -9 -9

9

3.502x10 1.543x10'
-10 -10

1.592x10"™ 1.520x10 1.821x10™ 1.529x10"

1.248x10~9 1.763x10_V ~~ —10
1.767X10 2.867x10"™ 1.660x10"':: 1.010x10"™ 6.824X10"™ 8.173X10

5.810

X

10

1.299

X

10

6.933

X

10

1.965

X

10

1.655

X

10

2.615

X

10

5.345

X

10

1.863

X

10

1.169

X

10

~io -9 -10 -10 -10 -10 -11 -10 -11

SeriesB 91 96 98

112 146 154 167 179

2.747 2.710 2.695 2.597 2.387 2.342 2.273 2.212

27900 31800 17400 22500 24600 37800 18900 15000

2.279x 1.452x
10 10

1.387x10 3.068x10' 2.767x10 3-564x10 3.402x10' 1.231x10
-10 ■10 -10 -10 -10 -10 -10 -9

4.719x10™ 3.854x10™ 5-514x10"'U 1.125x10* 8.293x10"™ 1.052x10* 8.987x10"™ 4.713x10"y

7.697x 5.525x 7.470x 3.815x 5.017x 1.992X 1.115X
10 10 10 10' 10 10 10

-11 -11 -11 -11 -11 -11 -11

4.189x10 1.859x10 9.778x10
10 10'

3-192x 2.772x 2.298x10 6.834x10
-10 -10 -11 -10 -10 -10 -10

1.855x10 1.439x10 8.656x10 2.932x10 1.899x10 1.601x10 8.633x 2.231x
10 10

-10 -10 -11 -10 -10 -10 -11 -10

SeriesC 68.5 118 176 223 227

2.928 2.558 2.227 2.016 2.000

55500 51300 56700 55800 47400

2.022x10 2.866x10 9-393X10 2.717x10 2.792x10'
-11 -11 -11 -10

10

5.532 7.747

10 10

1.995x10 3.626x10 4.237x10
-11 -11 -10 -10 -10

1.477 1.666 1.006 8.322 1-951

10 10 10 10 10

-11 -11 -11 -12 -11

1.101x 6.062X 3.960X 4.073X 1.168X
10 10 10' 10 10

-11 -12 r12 r12 -11

2.790X 3.207X 4.083X
10 10 10

3.949x10 5.179x10
-11 -11 -11 -11 -11

[c3H8]i [cci4].

2.851X10"5mol1~1 1.425x10"3mol1~1

Valuesomittedwerenotmeasurabledueto practicalproblemswiththeGLCapparatus
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chloride peaks and measurement was very inaccurate indeed. However,

no other stationary phase was discovered which even showed the presence

of this peak, so the results, as measured, were used in the subsequent

calculations.



SECTION 3

The Photolysis of Carbon Tetrachloride With Propane

DISCUSSION
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The photolysis of ethane-ethylene mixtures with carbon tetrachloride
154—156 59 99

has been studied by Wijnen and coworkers ; Kuntz ' has

studied further alkane-carbon tetrachloride systems and although

bromotrichloromethane has been used primarily, studies have been made

53in this laboratory photolysing cyclohexane with carbon tetrachloride.

The basic mechanism has been shown to be

(1) CCl^+hv * CC1*3 + CI"
(2) CT + RH > HC1 + R-

(3) R- + CC14 » RC1 + CC1'5
(4) CCl-j + RH » CHCl^ + R-
(5) ccr^ + eel-—» c2ci6
(6c) CCl^ + R- » RCCl^
(6d) CG1'5 + R* * CHCl^ + R_h
(7c) R-+ R" * R2
(7d) R- + R- > RH + R TJ

—11

where, in this study, R- represents the isopropyl radical and R
—11

78
represents propylene. It has been shown in a previous study that

CCl^ will not abstract a primary hydrogen if a secondary hydrogen is
available. Consequently the formation of n-propyl radicals will not

be significant.

In the reactions of propane with bromotrichloromethane described

earlier, no trace of the products of reactions (6) and (7) was

observed. In this study however, both 2,3-dimethylbutane and

1,1,1-trichloro-2-methylpropane were observed and measured.
8 o

Edwards and Mayo found that at 100 G the rate of hydrogen abstraction

from cyclohexane by methyl ra.icals was 4.8 times faster than the

rate of chlorine abstraction from carbon tetrachloride. Reaction (3)

would thus be expected to be somewhat slower than reaction (4) in

this system. This contrasts with the bromotrichloromethane-propane

system discussed in the previous chapter where, because of the relative
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_1 95-95
bond strengths D(CC1^- GL) = 72 kcal mol and D(CC1^- Br)

-1 93 138
= 49.5 kcal mol ' the bromine abstraction from CCl^Br is
more facile than the chlorine abstraction from CCl^ is in this
system. Hence the steady state concentration of isopropyl radicals

is greater for this system and the termination products are detectable,

The combination of isopropyl radicals has been studied by several

139
workers. Ivietcalf and Trotman-Dickenson calculated a value of

log k~ = 10.8 l.mol "*s , Huybrechts and coworkers have reported a

-1 -1 140 141
value of log ky = 11.1 l.mol s , and more recently Walker

-1 -1
quotes a value of log k.y = 9-5 l.mol s , where k^ is the rate
of both disoroportionation and combination reactions together.

Hiatt and Benson ^ have calculated that k.-,-, = 10^*^ l.mol-"^ \
I u

The relative rates of the combination and disproportionation
142-146

reactions have been reported as '^/ = 0.66' kc

Using this value, the area of propylene peak arising from reaction

(7d) in the glc analysis can be calculated as

mol.wt C,Hg - mol.wt
Area - ^ x 0.66 x Area peak =

mol.wt mol.wt N_
0.16 x Area peak

The 2,., 3 dimethylbutane peak was the smallest measurable peak

and its area is somewnat difficult to measure accurately.

(The propylene peak will tnus be impossible to measure).

Propylene is also formed from reaction (6d). Using a value of kd/^ =

0.45 (estimated later in this discussion) and applying similar

calculations, the area can be calculated to be only 0.19 of the

area of cross-termination product peak C-,H„CC17. Hence although
5/3

combination/disproportionation reactions (6) and (7) may take place

to an appreciable extent the amount of propylene formed will be

very difficult indeed to measure. LTo propylene peak was observed.
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In the experiments with bromotrichloromethane, the only source

of chloroform was from hydrogen abstraction from the alkane by the

trichloromethyl radical. Reaction (6d), however, constitutes another

possible source of chloroform. No values have been published regarding

the relative disproportionation and combination rates of trichlorometnyl

and isopropyl radicals. Kraus and Calvert''and Sheldon and Kochi*'^
looked at the /kc values for several alkyl radicals and found that

a reasonably consistent normalisation o_ the published values could

be obtained by dividing the ^^kc value by the number of jS-hydro^en
atoms available for disproportionation. This yielded normalised

values of 0.06 for primary radicals, 0.2 for secondary radicals

and 0.8 for tertiary radicals. They explained that deviations from

these mean values represented degrees of steric hindrance or stress.

Gibian and Corley'^ however, quoted more recent values of the ^Atc
ratios and concluded that there was no basis for this purely statistical

generalisation, even for simple alkyl radicals in the gas phase.

As the propylene peak was not measurable and chloroform was

produced from both reactions (4) and (6d) it was not possible to

kd/.
make a thorough study o f the ' k.c , . „ ,,ratios for the cross-comDmation

reaction. Nevertheless an estimate can be made from the lower

temperature runs. As the activation energy for reaction (4) will

be considerably greater than the assumed zero value for reaction

(6d), it can be assumed that at sufficiently low temperatures all

chloroform will have come from the disproportionation step.

Table 5.2 shows values of R~TT„-, /R.,, and these values areCHC1 ' lPrCCl,
2 2

plotted in Fig 3.2.
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TABLE 3.2

Rates of Formation Obtained, by

Photolysis of the - CC1, System

Temperature
(°c) 10°0/t(Ok)

rchci,
(mol .1 s **)

^PrCCl^
(mol.l ^s ^)

rchc1»
r"

PrCCI..
3

45 3.145 5.810x10"10 1.248x10-9 o. 466

71 2.907 7.438x1o-10 1.763x10~9 0.422

118 2.588 2.343x10~10 -10
1.767x10 1.326

147 2.381 5.062x10-10 —10
2.867x10 1.766

153 2.347 5.931x10~10 1.660x10~1° 2.368

205 2.092 6.572x10~10 1.010x10~10 6.507

224 2.012 i.04ixio"9 6.824x10~11 15.255

277 1.818 2.405x10~9 8.173x10~11 29.426
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RCHCt3
FIGURE 3.2 Graph of : versus the reciprocal of temperature

RPr,CCl3
for the propane-carbon tetrachloride system.
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The values calculated are from series A where the light source

was 25 cm from the nearest window of the reaction vessel i.e.

conditions favourable for relatively high rates of formation of

termination products. The experiments in series B and C yield

similar points but the scatter is considerably greater. The shape

of the graph is a curve as expected; at lov/er temperatures the

graph levels off and chloroform production is relatively consistent,

all of it being presumably formed by disproportionation step (6d).

The value of /R. at this sta e is about 0.45 + 0.05.
CRC1j i-PrCCl^ -

This is compared with other related values in Table J. 3 for

termination reactions

R + R ♦
d

^ RH + R - H

TABLE 3.5

Disproportionation and Combination of

Radicals - Relative Rates

»

R R led/ Ref.
* d/itKC

CCl
5̂

CC173

CC1,
5

CCl^
C2K4Cia

G2H5
i-CLHr,

5 I

c-G6H11

G2K4cia
C2H5

0.22,0.24,0.25

0.45

very low

0.14,(0.1l)b
0.22

.135, 136
150

this work

5'3

134,150

150

0.079

0.075

0.070

0.073

(a) The radical was CH^CH^Cl
(b) An approximate calculation
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The last coluirin shov;s the normalised value, where N represents

the number of j3-hydrogen atoms present. These values are in

good agreement with the normalisation proposals of Sheldon and

151 c 152
Kochi. Wijnen and Steacie and M Meshy et al photolysed

I I

cx.'XjfXjtX -tetradeuterodiethyl ketone and confirmed that the

f3 -hydrogen was abstracted. They showed that

CH^CD;, + CH^CD^ » CH^CI^CD^H^
d

^ CH^CDgH + CH2 - CD2

and did not observe any deuterium migration during disproportionation.

Consequently it is not ■unreasonable to suppose that there should be a

statistical relationship governing these cross-combinations within

a particular series of related compounds. The above results show

however that there is not necessarily a direct relationship for

primary, secondary or tertiary radicals, primary ethyl and secondary

isopropyl yielding the same normalised value.

In the bromotrichloromethane studies it was shown that

hydrogen abstraction from hydrogen bromide by trichloromethyl

radicals constituted an important source of cnloroform. It has,

however, been shown in this laboratory ^ that the rate of the

corresponding reaction (s) is

m - Tim w n i, • ^8.68 / -11200 cal N.

CCl^ + HC1 > CnCl^ + CI' k.g = 10 exp( — )

slower than values for abstraction of secondary hydrogen atoms from

59 99
alkanes ' and consequently the greater concentration of alkane

than hydrogen chloride should ensure that reaction (8) would never

occur to a significant extent.

Approximating the value of kd/kc for the cross-termination

reaction (6) as 0.5 we have
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(rchc1 ^4 ~ ^RCHC1 ) total ^ ^rCCl ^
3 3 3

where ). represents the rate of formation of chloroform byUnO±
^ 4

reaction (4).

If the reaction is not permitted to progress beyond 5/0

conversion i.e. [Prd]^ - [PrH] ^ where i and f denote initial

and [CCI^] ^ [CC1 ] final concentrations
1 f

the normal steady state assumptions can be made. We have

= = § la - k2 [Cl] [RH] (where $ is the primary.quantum yield,
la is the light absorbed.

ton = twk2 w ia = 2.303 [0014].l . io
Iq = incident light intensity

1 = path length through ceil )

Also 0 - = $Ia + k4[gcl3] [rh] - [CCl^ - kg [CCl^] [r]
- 2ky [R-]2 (A)

and 0 = ^£^3= §Ia + k? [r] [CCl^ - k^CClj] [rh] - kg [CCl j] [r]
- 2k5 [CGI 2 (B)

Subtraction of B from A yields

0 = k4 [cci^l [rh] - k3 [r] [cci4l - k7 [r]2 + k5 [GCljl 2
k4 [ccijl [rh] + k-5 [cci^l 2 = k-3 [r] [cci41+ k7 [r]2

^rchc13^4 + RG2Glg = rrc1 + + d (c)
r is the isopropyl radical in this series of runs, and (R^ )c + ^

represents the total rate of both reactions (7c) and (7<l)

1,e* ^^c + d = 1,66 (RR2) measured

If the mechanism proposed earlier was correct and complete then

equation (c) should hold through the whole te. .perature range.

The left and right hand sides of this equation have been

calculated and are shown in Table 3«4» It is obvious from

these results that equation (c) is only held at high temperatures

( > 220°C) where the chain length is reasonably long, and (Rpup. ) « r
ojiui^'4 i-PrCl,
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TABLE 3.4

Rates of Formation Obtained by Photolysis

of the CC1 , - C Hg System (in mol.l "*s ^)

Temp
(°c) (RCHC1 ^4 K°2C16 HiPr CI ^^c+d LRS of

Equation C
RH3 of

Equation C

90 6.392x10-10 -10
6.933x10 1.376x10~1° 5.813X10"10 1.333x10"9 7.189x10~10

118 1.460x10-10 1.965x10~10 5.630x10 9 2.561x10~10 3.425x10"10 5.886x10"9
153

-10
3.101x10 2.615x10"10 1.285x10-9 2.643x10~1° 5.716x10~10 1.549x1O"9

205
— 10

6.067x10 5.345x10 11 1.160x10~9 -10
2.523x10

-10
6.602x10 1.412x10"9

224 1.007x1o"9 1.863x10_1° 1.151x10"9 -10
3.023x10 1.193x1o~9 1.455x10~9

277 2.364x10"9 1.169x10~11 2.068x10"9 2.538x10"1l) 2.376x10"9 2.322x10"9

91 1.845X10"11 -10
1.855x10 4.719x10"10 -10

1.278x10 2.040x10"10 5.997x10"10
96 5.225x10~11 1.439x10~10 3.854x10"10 9.172x10"11 -10

1.962x10 4.771x10~10
98 8.981x10~11 8.656x10 ^ 5.514x10"10 -10

1.240x10
-10

1.764x10 6.754x10"10
146 1.381x10~1° -10

1.899x10
-10

8.293x10 6.333x10~11 -10
3.280x10

-10
8.926x10

154 2.415x10~1° 1.601X10-10 1.052x10~9 8.328x10~11 — 10
4.016x10 1.135X10"9

167
-10

3.402x10 8.633x10~11 -10
8.987x10 3.307X10"11 4.265x10"10 -10

9.318x10

179 8.893x10-10 -10
2.231x10 4.713x10"9 1.851x10~11 1.112x10"9 4.732x10~9

68-5 1.472x10~11 2.790x10-11 5.532x10 ^ 2.452x10~11 4.262x10_11 7.984x10"11
118 2.563x10-11 3.207x10-11 7.747X10"11 2.766x10~11 5.770x10~11 -10

1.051x10

176 9.195x10-11 4.083x10"11 -10
1.995x10 lu 1.670x10"11 1.328x10"10 -10

2.162x10

223
-10

2.697x10 3.949x10"11 3.626x1c"'10 1.381x10~11 -10
3.092x10

— 10
3.764x10

227
-10

2.734x10 5.179x10~11 -10
4.237x10 3.239x10"11 3.252x10"1° -10

4.561x10
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The chloroform and 2,3-dimethyl"butane terms have

been suitably corrected and there have been no reports of

153
disproportionation of trichloromethyl radicals to affect the

overall rate of formation of hexacnloroethane. The inference from

the data is therefore that excess isopropyl chloride is formed at

lower temperatures without the associated production of chloroform.

53
Currie, Sidebottom and Tedder also observed this excess of

alkyl chloride at lower temperatures in the CCl^-cyclohexane system,
and proposed a carbene mechanism to account for it. To study this

mechanism, more reactions (9) - (11), must be considered -

CC14 + hM !> CC12: + CI2 (9)
R- + CI » RC1 + CT (10)

CI- + RH HC1 + R- (2)

CC12:+ CCl2:-> C2C14 (11)

119
Using the values of Benson we have

Ah" S° Ah" S°
— 1 —1 — 1 —1

( kcal mol ) (cal mol ) ( k cal mol ) (cal inol )

CC14 -24.0 74.2 C\J
1—1O 0 53.3

CC173 18.5 70.8 CI 28.9 59.5

/ v~n
^

2 45 63.7

AsAG = AH - lAs we have Ah values for reaction (1) and (9) of 71.4
-j

and 69 kcal mol- respectively and AC values of 54.2 and 50.8

kcal mol ^ respectively at 100°C. Although the presence of a small

activation energy in reverse reaction (-9) (compared with zero

activation energy for reaction (-l))will reduce the tendency for

reaction (9) to occur by increasing Eg , it can be seen from the

similarity in energy requirements from each initiation reaction

that both are limely under the conditions employed.
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Tetrachloroetnylene was observed in Fig 3«1 and was also reported

in the results of Currie and coworkers. Reaction (11) is the only

reasonable explanation for its presence, unless further reactions of

hexachloroethane are studied. In studies of the pyrolysis of

hexachloroethane ^over the temperature range 340-400°C, Y/hite and

Kuntz proposed

CCl^ + C2C16 * CC14 + C2C1^ (12)
c2ci^ * c2ci4 + CI' (13)

CI- + C2C16 > C2C15 + CI 2 (14)
As the steady state concentrations of trichlorornethyl radicals and

chlorine atoms "would be low in these propane studies and final

concentrations of hexachloroethane were always low it is unlikely

that reactions (12) and (14) would lead to detectable concentrations

of tetrachloroethylene.

It should have been possible to calculate the relative extents

of reactions (l) and (9) by considering

1 C2ci6 + (RGC1^Pr)c+d + (RR2)c+a.
R9 = RRC1 ~ ^RRC:l^eq(c)

where (Rwr, ) / \ is the rate of formation of isopropyl chloridextU L ©Q. ^ C J

calculated from equation (C). Unfortunately, an experimental error

of only a few percent in the measurement of the chloroform or

isopropyl chloride rates leads to a very significant error in the

final ratio R^/R^ and no general trends could be deduced regarding
the axtent or the possible temperature dependence of the initiation

reactions, nevertheless this mechanism offered a satisfactory

explanation of the deviations from equation (c) at lower te peratures.

From the mechanism proposed in reactions (1) to (7) a reaction chain is

obtained, reaction (1) bein,- the only initiation step, reactions

(2)-(4) being the propagation steps and (5)-(7) the termination stages.
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As the temperature of reaction is increased the rates of the propagation
t

steps will also increase but the termination reactions, having no

activation energy will have unchanged rate constants. This will not

affect equation (c) but it will increase the quantum yields of

isopropyl chloride and chloroform, (i.e the number of molecules

produced per quantum of light absorbed by CCl^). However, from the
additional reaction steps resulting from photolysis to dichlorocarbene

the result is different. Wo reaction chain is present and each

quantum of light absorbed will yield one molecule of dichlorocarbene

and one molecule of chlorine. This molecule of chlorine will yield

one molecule of isopropyl chloride and one of hydrogen chloride by

reactions (10) and (2) or it can photolyse as in reaction (15) to give

CI + h\) * 2CT (15)

two chlorine atoms which will, by reactions (2) and (10), yield a

further one molecule of isopropyl chloride. The isopropyl radicals

from reaction (2) could also participate in termination reactions (6)

and (7).

Thus the overall effect of this secondary initiation step would

be to increase the value of the right hand side of equation (C) but

not to affect the left hand side. As temperature of reaction increases,

this equation tends to equate chloroform and isopropyl chloride,

the termination products being relatively unimportant. As the

chain length (i.e. number of propagation cycles per initiation

(or termination) step) increases, the quantum yield of CHC1^ and
i-C^H^Cl by initiation reaction (1) increases, whereas the quantum
yield of i-C^H^Cl from initiation reaction (9) cannot exceed 1
Hence the effect of this secondary initiation step on equation (C)

diminishes as temperature is increased; this is borne out by

experimental results.
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Another pro"ble . can arise from tnis carbene mechanism. It has

been assumed that all the dichlorocarbene terminated by reaction (11)

to yield tetrachloroethylene. One of the most common reactions of

carbenes is the "insertion" type whereby the carbene inserts itself

39
in another molecule. White and Xuntz report dichloromethylcyclohexane

from their studies of the reaction between carbon tetrachloride and

cyclohexane.

. 0 , Q"'"
The analogous reaction with propane would yield 1 ,1-dichloro-2-

methylpropane.(reaction (1?)) which was not identified among the

reaction products.

CC12 + C^Hq * CHj - CH - GH^ (17)
chci2

Another insertion reaction could result from the reaction with

CCl^ (reaction (18)). This would not be detectable, as hexachloro-
CC12 + CC14 -—* C2C16 (18)

ethane is also produced by reaction (5). If this occurred to any

significant extent the calculations involving the rate of formation

of would be invalidated.

A suitable check, to discover whether hexachloroethane was

produced by reaction (5) alone or by both reactions (5) and (18)
1

would be to measure the ratio k g/(k ^y)2• ^as ^een often shown
"142 *1 5 A

by many workers ' that this ratio yields a value of about 2

1 55
in all but a minority of cases (e.g. CH^ + CH,COCH2; ratio =1.0 ).
Although the specific case of isopropyl and trichloromethyl radicals

has hitherto not been reported, the combination of isopropyl radicals

with metnyl, ethyl''^4 and t-butyl'^ radicals and the combination

of trichloromethyl radicals with both ethyl''^ and chloroethyl"' ^
radicals have been studied and in each case the value of the ratio

was about 2. The rates of formation of the three termination products
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in this reaction system however were not great enough for accurate gas-

chromatograph areas to be measured, and as a consequence the spread of

values for the ratio is too great to draw any useful conclusions.
70 7 Q

Early work 'carried out to measure absolute rate constants

and Arrhenius parameters for the abstraction of a hydrogen atom by

the trichloromethyl radical as in reaction (4) used trichlorobromo-

methane as the source of CCl^ radicals. It has since been shown
that these calculations were not valid as the rate of initiation by

photolysis of CCl^Br, which had been assumed to be constant over the
temperature range employed, in fact increased with rising temperature.

Recalculation of the same experimental results^^ has aligned the rate

99constants with those obtained by Sampler and Kuntz for alkanes in

the to Cg range. As the Arrhenius factors can be calculated
without reference to the initiation rate $Ia, any temperature

dependence of this value should not affect the calculated values.

(RCHCl3b = k4
HC2C16 = k5 tCC13]2

where (echci >4 = bchcu " 4 "rooi,5 5 9

explained earlier, the rate of formation of chloroform by reaction

(4) alone. Combination of these two equations yields

(HCHC1 -*4 k4[RK]
V = —

CHp pi / ^ , "g"k5

log„
(RCHCl-^4
<hc2d/ m

= loge A.-£ log. Ac +< 2ic
e 5

'gVE4
RT

or, since E^=0



11f

<ECHC15>4 . E

los10 I 7 I = log1n A log Ac -

(RC2CI6)4 M / 2"3°3 HT
Hence a graph plotting the left hand side against the reciprocal of

temperature should yield a gradient of ( 4/2.3O3R) and an intercept

on the y-axis of (log^ A^ - -g- A^). These values are shown
in Table 3*5 and illustrated in Fig 3«3«

This graph has a gradient of -1.88 + 0.55 and a y-axis intercept
-1 -1

of 2.23 + O.23. Assuming that log-jQ A^ = 9.7 1 mol s this givest¬
s' = 8.60+2.53 kcal mol **

log A^ = 7.1 + 0.2 1 mol^s""1
99

Sampler and Kuntz have studied the hydrogen abstraction from alkanes

by the trichloronethy1 radical. They obtained activation energies

_1
between 8.2 kcal mol (tertiary hydrogen abstraction from 2,3-dimethylbutane)

— 1
and 10.8 kcal mol (hydrogen abstraction from n-hexane) and

-1 —1
pre-exponential terms between 7.88 1 mol s ( 2,3-dimethylbutane) and

— 1 —1
9.11 1 mol s (cyclooctane).

The activation energy calculated above is slightly lower than would

be expected from Kurtz's values. The A-factor however is also lower

so the overall rate k^ is in reasonable agreement with the previous
results. We have k^=10 "^e ®* 6/RT^ ^ 150°C and setting A^=10^*^,
we obtain E.=11.2 kcal mol~\ consistent with results obtained by

other workers on related systems.

A similar calculation to the above can be made to measure A, and E2.
3 5

<W3 = k5[R] [CC14]
= k7[E]2

where (R_^) is the rate of formation of isopropylchloride from
reaction (3) alone and (R^ )c+(j combined rate of combination
and disproportionation. (Lm), is calculated from equation (c),nol j

discussed earlier, and (R^ )c+(j = 1.66 (R^ ) as measured. Combination
of the two equations above yields.
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TA-DLE 5.5

Rates of Formation Obtained "by Photolysis

of the Systemfin mol 1 "^s ^)

Temp(°C) (RCHC1 ^4
5

(RC CI
2 6 1°0°/t(ok)

(RCEC1^4
Iog10 (R )-5[RH]

2 6
118 1.460x10 'w 1.402x10"^ 2.556 -2.437

155
-10

3.101x10 1.617x10~5 2.346 -2.172

205 6.067x10 7.311x10"6 2.091 -1.536

224 1.007x10-9 1.365x10~5 2.011 -1.587

277 2.364x10"9 3.419x10~6 1.818 -0.615

91 1.845x10~11 1.362x10~5 2.746 -3.323

96 5.225x10~11 1.200x10~3 2.709 -2.816

98 8.981x10~11 9.304x1o"6 2.694 -2.470

146 1.381x10"10 1.378x1o"3 2.385 -2.454

154
-10

2.415x10 1.265x10"3 2.341 -2.174

167 3.402x10~10 9.291x10~6 2.272 -

179 8.893x10~10 1.494x10"5 2.211 -1.680

68.5 1.472x10~11 5.282x10~6 2.927 -3.010

118 2.563x10~11 5.663x10 ^ 2.556 -2.799

176 9.195x10"11 6.390x10~6 2.226 -2.297

223 2.697x10"10 6.284x10~6 2.015 -1.822

227 2.734x10"10 7.197x10"6 1.999 -1.875

[HHJjs 2.851 x 10"3 mol l-1
[cci^]. = 1.425 X 10"3 mol l"1
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'Wj k3 [°C14]
X. -*>
2 2

^g^c+d k7
(B ), \ E34E7RCl 3 \lOg10

(\hj
log A^-4 log krj -

2.303RT

As E~= 0, a plot of the left hand side against the inverse of temperature
E

should yield a gradient of 1 2.303R and an intercept on the y-axis of

(log A,-i=r log Ay). The points are listed in Table 3*6 and plotted on
Fig. 3.4. This graph has a gradient of 1.38+0.39 and an intercept on

the y-axis of 1.43+0.16. This gives:-

E, = 6.30 + 1.78 kcal raol ^
3

lOg A^ = (1.43 + 0.16) + £ lOg Ay
I 7Q -If) O _-J _i _ 1 _ -|

Using the value of ky = 10 * l.mol s we have log A^ = 6.8 +1.6 l.mol s
The Arrhenius parameters for chlorine abstraction from carbon tetrachloride

by methyl, ethyl and cyclohexyl radicals have recently been determined

in this laboratory"^, k^(R=Iv!e) = 108*8 exp(-9100 cal/RT), k^(R = Et) =
108,4 exp(-8900 cal/RT) and k^ (R= c-CgH^) = 108*6 exp(-11800 cal/RT).
Although the A-factor obtained in this work is somewhat lower than

these values, the activation energy, E^4 is correspondingly lower
and the overall reaction rate, k^ is comparable at the temperatures
employed.

We have k^ = 108'8 exp( 8300cal/^p^ ^ q and setting
Q E _-J

k-. - 10 * , we obtain E~ = 9«7 kcal mol - in good agreement with3 3

values for ethyl radicals etc. quoted above.

These Arrhenius parameters calculated for reactions (3) and (4) can

be confirmed by considering also reaction (6).
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TABLE 3. 6

Rates of Formation Obtained by Photolysis

of the CCl^-CJi^ System( mol.l 1s 1)

Temperature
(°G)

^01^3 (^R^c+d 1000/T(°K) (BRCI^
108ioVidtoci4

90
-10

1.972x10 5.778x10~10 2.755 -2.239

118 8.790xio"11 2.546x10"10 2.588 -2.413

155
-10

3.089x10 2.627x10"1° 2.347 -1.874

205 4.094xio"10 2.508x10"1° 2.092 -1.741

224 9.608x10"10 3.005x10"1° 2.012 -1.410

277 2.123X10"9 -10
2.523x10 1.818 -1.028

91 7.695X10"11 1.270x10"10 2.747 -2.320

96
-10

1.050x10 9.116x10~11 2.710 -2.113

98 5.311x10~11 -10
1.233x10 2.695 -2.474

146 2.651x10~10 6.295x10"11 2.387 -1.630

154 3.188x10~1° 8.278x10"11 2.342 -1.609

167
-10

3.642x10 3.287x10~11 2.273 -1.351

179
-10

9.284x10 1.840x10"10 2.212 -1.318

68.5 1.825x10*11 2.437X1C"11 2.928 -2.586

118 3.021x10"11 2.749x10~11 2.558 -2.393

176 1.029x1C"1° 2.987x10~11 2.227 -1.879

223 2.955x10"1° 1.373x10_11 2.016 -1.252

227
-10

2.930x10 3.219x1o"11 2.000 -1.441

[CC14]± = 1.425 x 10"3 mol.l."1
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U, = k, [Rl [caj^RRCCl5yc+d ~ "6 L""3J
^01^3
*>RCKC1 U

3

= k3 [R] [CCI4J
[ccij] [RH]= k

where ^c+d aS "kRe cora^ine^ ra"te of combination and disproportionation
and (^q]_^3 ^RCrCl ^4 are aS described earlier.

3
Combination of these three equations yields

^01^3 ^RCrICl^^4
(RRCC1^ _3 c+d

I ^RRC1^3 ^RCHC1 ^4 \3

k k
3 4 [cci4] [rh]

Hence log10
Srcci >c+d M feci ]

3

= log Aj+ log A^-logAg -

E3+E4-E6
2.303 RT

As Eg=0, a plot of the left hand side against the inverse of temperature
should yield a straight line of gradient (-(E^+E^)/^. 303R) an(i a y-axis
intercept of (log A^ + log A^ - log Ag). The coordinates are shown in
Table 3*7 and the graph is plotted on figure 3*5. The graph has a

gradient of 3«56+0.68 and a y-axis intercept of 4-48+0.29- This gives:-

-1

E^+E^ = 16.28+ 3-11 kcal mol
-1 -1

log A^+ log A^ = (4-48+ 0.29)+ log Ag 1.mol- s"
Using a value of log A^ = 9-7 1.mol ^ and log Ay = 10.8 l.mol ^s ^ ^29
the value of the preexponential term for the cross-combination, log A^
can be assumed to be between these values. Using the approximation

log Ag = (log A^ log Ay)2 we obtain log A^ = 10.2 l.mol- s-
Substituting this value in the above equation we get:-

log A^+ log A^ = 14-7 + 0-3 l.mol "'s ^



125

TABLE 5.7

Rates of Formation Obtained by Photolysis

of the CC1 .-C_H~ System
4—3~8—

Temperature
(°c) (RCHC1^4 ^^FrCl^ 3 RPr1CCl, 10°0/T(°K)

^RCHCl5^4^RPr.C1^3
l0g

LCCl4][Fr^H] [PriCClJ
118 1.460x10~10 8.790x10"11 1.767x10"'° 2.588 -4.749

153 3.101x10""'° -10
3.089x10 1.660x10"10 2.347 -3.849

205 6.067x10~10 -10
4.094x10

-10
1.010x10 2.092 -3.219

224 1.007x10-9 9.608x10~10 6.824x10~11 2.012 -2.458

277 2.364x10~9 2.123x10-9 8.173x10"11 1.818 -1.822

91 1.845X10-11 7.695x10-11 -10
4.189x10 2.747 -6.080

96 5.225x10-11 1.050x10"10 -10
1.859x10 2.710 -5.140

98 8.981x10~11 5.311X10"11 9.778X10"11 2.695 -4.922

146 1.381x10~1° 2.651x10~10 -10
2.772x10 2.387 -4.489

154 2.415x10~10 3.188x10~1° -10
2.298x10 2.342 -4.085

179 8.893x10-10 9.284x10"1° 6.834x10~1° 2.212 -3.528

68.5 1.472x10"11 1.825x10~11 1.101x10"11 2.928 -5.223

118 2.563x10"11 3.021x10~11 6.062x10~12 2.558 -4.504

176 9.195x10~11 -10
1.029x10 3.960x10~12 2.227 -3.232

223 2.697x10-10 2.955x10 ^° 4.073x10"12 2.016 -2.319

227 2.734x10~10 2.930x10"10 1.168x10_11 2.000 -2.774
u_ i

[cci4]i = 1.425x10 5:.iol/l Gradient = 3.56 + 0.68
[RH]. = 2.851x10~5mol/l Intercept = 4.48 + 0.29

(R ) = Formation rate of CHC1Z from reaction 4.
UHU_L^ 4 J

)-2 = Formation rate of P^Cl from reaction 3.rCl' 3
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The combination values of (E^+E^) and (log + log A^) are in
good agreement with the rate constants calculied earlier for reactions

(7) and (4).

We have:-

_ TP —

k3k4 = A5 exp^ 3/R'P A4 exp^ 4/rt)
log (k^) = (log Aj+ log A4) -( E5+£,4/2>505 rt) (d)

At 150°C the values of log A^ and log A4 were set at 8.5 and 8.4 l.mol
respectively in the calculations earlier in this discussion, and

activation energies E, and E. were calculated as 9*7 anh 11.2 kcal mol
5 4

respectively (i.e. E^+E4 = 20.9 kcal mol )
Using the results of figure 5.5 we obtain (at 150°C):-

log (k3k4) = 14.7 - —p2 = 6.3

Substituting log(k3k4) = 6.3 a^d (log A^ + log A4) = 16.9 in
-1

equation D we obtain = 20.5 kcal.mol , very similar to the value

of 20.9 kcal mol ^ calculated from Figures 3•3 and 3-4.

The kinetic data obtained from this study of the photolysis of

propane-carbon tetrachloride mixtures is therefore in very good

agreement with the work of other workers in the centre of the

temperature range examined i.e. around 150°C. It would appear that

the discrepancy with the results of previous workers lies in the

low temperature data causing the gradients of Figures 3•3» 3*4

and 3.5 to be too low. In this temperature range the carbene mechanism

will assume a more significant role, the chain lengtn of the systems

under study will be very short and the products of disproportionation

reactions can be expected to make up a more significant proportion of

the reaction products.

Tables 3*8 3«9 snow a comparison of the results of this

study with those of other workers.
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TABLE 3.8

Arrhenius Parameters for the Reaction

cci; + RE *■ CHC13 5 + a-

RH log10A(l.mol~1s 1) E(kcal mol ^) Reference

Methane 9-8 17.9 189

Ethane 9.0 14.1 190

Propane 8.4(estimate) 11.2 This work

Hexane 8.8 10.8 99

Cyclohexane 8.8 10.7 40

2,3-dimethyBhutane 7.9 8.2 99

TABLE 5.9

Arrhenius Parameters for the Reaction

R'+ CC1. >EC1 + CCi;4 3

R
—1 —1

log 0A(l.mol s )
— 1

E(kcal mol ) Reference

Methyl 8.6 9.1 33

Metnyl 10.2 13.4 137

Ethyl 8.4 8.9 53

Isopropyl 8.5(estimate) 9.7 This work

Cyclohexyl 8.6(estimate) 11.8 53
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In section 3 "the reactions present in the photolysis of

carbon tetrachloride in the presence of propane were described.

Unlike the systems described in section 1 and 2, the reaction:-

cc1* + hx > chc1-, + X'
3 3

did not appear to affect this system. However there was evidence to

suggest that a secondary initiation process was taking place

yielding dichlorocarbene and chlorine which had a significant

effect on the balance of products. The presence of this

secondary initiation process in the photolysis of carbon

157tetrachloride was shown by .Davis and coworkers to play an

important role at wavelengths snorter tnan 253.7 nm. In this

53
laboratory Currie detected tetrachloroethylene among the

products in the photolysis of carbon tetrachloride in the presence

of cyclohexane, and deduced that this was the termination product

of two dichlorocarbene molecules (diradicals).
158

Rebbert and Ausloos studied the analogous photodecomposition

of CF2Cl2 an(^ suggested two patnways leading to the carbene.

cf2012 cf2ci- + or) (1)
n\ CF2 + 2CI* )
hV

cf0c1q * cf9 + cl9)2 2
h» 2 2) (2)

■* cf9 + 2c1*)

In the photolysis of carbon tetrachloride the low concentration

of GCl^ radicals would render the first pathway unlikely. In the
second pair of reactions the Gl^ formed from the first stage
could undergo either photolysis or chlorine transfer to another

radical in the system, GCl^ or r. It is most probable that the
CC12 radicals present originated from direct photolysis of GCl^
as in the first reaction of (2).
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The thermolysis of perhalomethanes to yield radical or carbene
159

products has also been examined but would not occur in the

temperature range of the present investigation.

A recent study of radical combination/disproportionation
•j

reactions in solution by Griller and Ingold suggests that

the combination rates of both isopropyl and cyclopentyl radicals

are very similar. The paper also compares liquid and gas phase

combination rates and indicates that the trends in gas phase should

be very similar.

It might therefore be expected that the cyclopentane/CCl^
system should yield similar results on photolysis to the propane/

CGI. system, the alkyl radicals having similar reactivities.
4 '

In this section the system is examined and the results compared

with those obtained in section 3»
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4.1 REACTA .'IS

(a) Carbon tetrachloride was Fisons "spectrograde" reagent as

used in the last section.

(b) Cyclopentane was Fisons "Laboratory Reagent" graae and was

used without further purification.

4.2 APPARATUS

The vacuum system has been described earlier. The reaction

vessel used was a quartz cylindrical vessel as described in

Section 3» -he light source was a Hanovia JVS 200 medium

pressure arc lamp as described in Section 1. The lamp was

situated 40 cm from the nearest face of the reaction vessel.

4.3 PROCEDURE

The procedure was identical to that described for the

propane-carbon tetrachloride system. The pressures of

cyclopentane and carbon tetrachloride in bulb A were 60t

and 25 f respectively before distillation into the reaction

vessel.

4.4 ANALYSIS

The gas liquid chromatography apparatus was described

in Section 1. The more volatile products were separated

at 25°C with a nitrogen carrier gas flow rate of 35 mlmin ^
and a chart speed of 48 inhr . The less volatile termination

products were separated on tne same column at 100°C with a

carrier gas flow rate of 30 mlmin ^ ana a chart speed of

24 inhr . The samples were injected using a 10 ^1 Hamilton

syringe ana 10 Hi aliquots were used for eacn chromatogram.

The column used was a 6ft x ^8in column with 20% by weight

silicone oil supported on 60-100 mesh "Embacel".
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4.5 I^S TLFICATIUN 0? PR0JJCT5

A typical chromatogram of the lighter products showed five

peaks as illustrated in Fig. 4.1. Three furtner products were

observed on separation at higher temperature; these are shown

in ig. 4.2. Other trace products were detected at the higher

temperature but their concentration was too low for any positive

identification. Lost of the peaks were identified by a comparison

of retention times with autnentic samples, and confirmed by gas

liquid chromatography coupled mass spectroscopy. Residual

chlorine from the hexachloroethane peak was noticed in the

bicyclopentyl peak and in the 1,1,1-trichloromethylcyclopentane

peak. A sample of bicyclopentyl was prepared in the laboratory

(See Appendix 2) and the retention time measured and compared with

the chromatogram (Fig. 4«2). The last peak observed was thus

identified as bicyclopentyl. The cross-combination product

1,1,1-trichloromethylcyclopentane would be expected to occur

between hexachloroethane and bicyclopentyl. Measurement of the

area of the peak between these two yielded values which indicated

that i

The peak identified as tetrachloroethylene was too snail

for mass spectroscopic analysis but the retention time was the

same as that of an authentic sample and, in the light of the

conclusions of the previous chapter, some tetrachloroethylene

would be expected.

0.5

^HCCl
5

which was in good agreement with many similar systems^^'
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FIGURE A.1 Low Temperature GLC Analysis of Products of CCl^ - Cyclopentane Photolysis.

TIME (mini

FIGURE U.2 High Temperature GLC Analysis of Products of CCl^ -Cyclcpentane Photolysis.
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4.6 RSSUL TS

Two series of experiments were carried out. In calculation

of Arrhenius parameters it is assumed that the percentage

conversion of reactants is low and does not change significantly

throughout the reaction. It is therefore required that reactions

are restricted to less than about 5A conversion.

In the first series of experiments the quantity of

termination products obtained was very small and bicyclopentyl

and 1,1,1-trichloromethylcyclopentane, probably due to their

long retention times, were not detectable. The only termination

product present to a measurable extent was hexachloroethane.

Consequently, a farther series of reactions was carried

out to conversions in excess of 5/o. both additional termination

products were observed and measured in this series and rates of

formation calculated. As the peaks were small and very broad

the accuracy of measurement was not good. However, since it is

most unlikely that the mechanism had completely changed on

increasing the conversion, this suggested that the peaks were

present but undetectable in the low conversion runs.

The rates of formation of the different products observed

are shown in Table 4*1.
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TAILS 4.1

Rates of Product Formation in the Carbon

Tetrachloride-Cyclopentane System

(i) Low Conversion Runs

Temp
(°c)

time

(s)

RCHC1

(mol 1 ' s ^)
RCpCl

(mol 1 ^ s ^)
Rc CI82016

(mol 1 ^ s ^)
59 16.200 1.125x10"8 1.105x1o"8 6.215x10-1°

91.5 ocm 5.710x10-9 8'.301x10~9 ,2. 949x10~9
150 5,400 2.038x10~8 4.008x1O-8 7.564x1O-9
168.5 3,780 3.329X10~S 5.544x10 8 9.899x10-9
205 3,c6o 8.976x10~8 i.235x10-7 8.754x10~9
220 1» 500 9.952x1o"8 9.879x10~8 1.246x1o"8
255 1, 260 1.418x10~7 1.264x10-7 8. 515x10~'/

(ii) High Conversion Runs

Temp
(°c)

time

(s)

RCHC1

(mol 1 ^s ^)
RCpCl

(mol 1 ^ s ^)
Hc2cl6

(mol 1 "'s "*)
Rp

2

(mol 1 ^ s ')
Ecp015

(mol 1 ^s ^)
24.5 39,000 5.699x10~9 5.229x10-9 -10

4.733x10 8.776x10""'° 2.722x10"9
37 25, 320 3.462x10~9 5.290x1o"9 6.668x10"1° 1.334x10~9 4.833x10~9
37.5 39,600 5.955x10-9 6.764x10~9 5.688x10"1° 1.396x10"9 2.991x10-9
39 16, 560 6.802x10~9 5.992X10-9 10.062x10"'° 1.656x10"9 3.972x10~9
52 37,020 4.98ox10~9 7.545x10-9 -10

7.978x10 1.358x10"9 3.420x10"9
78 37, 020 4.865x10~9 10.398x10~9 5.506x10~10 -10

6.253x10 1.460x10~9
104 29, 700 4.418x10~9 11.345X10-9 -10

7.643x10
-10

7.271x10 2.005x10"9
161 22, 620 9.383x10~9 14.738x10~9 -10

13.685x10 5.588x10"1° -10
8.665x10

202 42, 060 10.348x10~9 12.652x10"9 5.338xlo"10 -10
8.133x10 1.075x10~9

[c-C5H10]i = 5.421 x 10 5 mol 1 1

[CCI^ = 1.140 x 10-3 mol l"1
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Prom product analysis it is apparent that the basic

scheme of reactions is similar to that obtained in the carbon

tetrachloride-propane system. We have (Cp=cyclopentyl,

Cp „ = cyclopentene).
—Il

(1) CC1, +M > GC1* + CI*4 b

(2) cr + CpH * HC1 + Cp*

(3) Cp + CC14 > CpCl + CC1*
(4) CC1*5 + CpH —> CHC1 ^ + Op"
(5) cci* + cci*3 c2ci6
(6c) CC1*5 + Cp —* CpCCl^
(6d) CC1'5 + Cp —> CHC1 ^ + Cp_B
(7c) Cp+Cp * (Cp) 2

(7d) Cp+Cp f CpH + Cp_H

All the products expected from this reaction scheme were

detected. The glc resolution was insufficient to obtain an

accurate measurement of the concentration of cyclopentene

present.
kcj

The ratio kd of the combination and disproportionation

rate constants for reactions (7c) and (7d) has been previously
161

measured by Gunning and Stock as 1.0. This contrasts with
1 62

an earlier result of iseck et al who produced cyclopentyl

radicals by reaction between cyclopentane and Hg-6(^P<|) atoms.
K.C /

They reported kd = 5»3» In Section 5 work is described in

kc/which azocyclopentane was photolysed and a value of kd =

■j_ j /
0.7(i.e. " kc = 1.40) was obtained for cyclopentyl radicals.

no values have been published reporting the ratio of the

combination and disproportionation rates for trichloromethyl

and cyclopentyl radicals (reaction (6)). Some indication of
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the order of magnitude of this ratio can be obtained by direct

comparison with the results in Section 3 where a disproportionati

to combination ratio of 0.45 'was calculated for the reaction

between trichlorometnyl and isopropyl radicals. 3y examining

the bond angles within the two radicals and the combination

k cLj
and disproportionation products it could be deduced that 'kc

would be lower for this system than in the trichloromethyl-

isopropyl system. In the cyclopentyl radical the carbon atom
2

at the radical site will have three electrons in sp hybrid

orbitals and an unpaired electron in a p orbital. In an

unstrained system such as the isopropyl radical the bond

2 o
angle at an sp hybridised atom is 120 . The constraints of the

5 member ring will introduce some configurational strain.

Although the internal angle of a planar pentagon is 120°
*

the other four carbon atoms (sp hybridised) will distort the

planar molecule to attain as near a tetrahedral configuration

as possible, thus introducing strain at the radical site

(not present in isopropyl radicals). On reaction with a

trichloromethyl radical the cyclopentyl radical can either

combine to form trichloromethylcyclopentane or disproportionate

to form cyclopentene and chloroform. In the former case the

2 3
sp hybridised carbon site will become an sp hybridised site

and, with five sp^ hybridised carbon atoms in the cyclopentane

ring, the ring can distort to minimise strain in the

trichloromethylcyclopentane molecule such that all bond

angles will be more or less equal to the tetrahedral bond
Q

angle (109 )• In "the disproportionation step a second carbon
2

in the ring is sp hybridised to form cyclopentene. because

of the inflexibility of the double bond, additional strain
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will be placed on the system, causing the bond angle at the

sp^ sites to be less than the strain-free 120°, and the angle

at the sp^ sites to be greater than the strain free 109°.
These steric considerations therefore will favour formation

of the combination product (relative to the strain-free

conditions prevalent in the isopropyl system).

Assuming a ^Aficc value of 0.075 (See table 3»3) one can

kd/
calculate kc = 0.3 for this system. The steric conditions

outlined above will probably reduce this value still further.
ID

CHC1
A graph of ~ 3Al> m versus the reciprocal of temperature°P01 j
as in figure 3*2 does not show the lo?/ temperature levelling off

sufficiently accurately to obtain a reliable value of ^ kc.

In addition id reactions (4) and (bd) chloroform iiiay be

produced from hydrogen chloride and trichloromethyl radicals.

(8) CCl^ + KG1 5" CKC1 ^ + Gl
In Sections 1 and 2 it was seen that the analogous system

with hydrogen bromide and trichloromethyl radicals constituted

an important source of chloroform. As the H - CI bond is

stronger than the H - Br bond, and as the Br* radical is more

stable than the CI" radical, reaction (8) above will be

considerably less significant than the analogous HBr system

and should not affect kinetic calculations so much.

Because of the difficulty in measuring the concentration

kd/
of 1,1,1-trichloromethylcyclopentane and, as kc has not

been accurately determined for reaction (6), no quantitative

estimate of the quantity of GHGl^ arising from reaction (6d)
can be made. In the previous section this quantity was

calculated using the expression

jcncij] 6d = ff [acci3]
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and the value of [cHCl^] ^ was subtracted from the total final
chloroform concentration to calculate the amount of chloroform

produced from reaction (4). However, as the final concentration

of 1,1,1-trichloromethylcyclopentane was too low to measure and

as we have

[cHCi3]6d £ 0.5[cpCCl_]
then the value of [jCHClS] should be very small.

At the lower temperature runs (i.e. 24.5 to 39°C) the

contribution to the final chloroform concentration from reaction

(4) will be very small due to the activation energy required to

abstract the hydrogen atom from cyclohexane. The maximum

chloroform concentration arising- from reaction (6d) can be

calculated from the above equation as 0.3 ^CpCCl. As can be
seen from the following table, there is obviously an additional

source of chloroform in the system.

TABLE 4.2

Chloroform Production in Low Temperature Runs

Temp
(°C)

RCHC1t
(mol 1 s

CHC1 _. .

3 final
(mol l-"')

max jcHCl,Jg ,

(mol 1 )
AdditionaliCHC17

(mol 1 _1) 5

24.5 5.70x10~9 2.22x10~4 3.18x10~5 1.90x10-4

37 3.46x10"9 8.75x10-5 3.67x10~5 5.08x10~5

37.5 5.96x10-9 2.36x10~4 3.55x10 9 2.00x10~4

39 6.80x10~9 1.13x10~4 1.97x10"5 9.33x10~4
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In the previous section it was seen that the runs carried

out at low temperatures yielded i'inal alkyl chloride

concentrations significantly in excess of the chloroform

concentration (See Table 3.1.). This additional isopropyl

chloride was believed to have been produced by the reactions

(9) CGI CC1 ^: + Cl2
(10) R" + 01 RC1 + 01"

waich would assume more significant proportions at lower

temperatures.

however, an examination of the results in Table 4.1

shows that the rates of formation of chloroform and cyclopentyl

chloride are of similar magnitude. Reaction (9) will be equally

important in both the propane and the cyclopentane systems and

it would therefore appear to confirm that the quantity of

chloroform present in the products is greater than would be

expected from this system. It seems likely that the chloroform

had arisen as an impurity in one of the starting materials,

most probably the carbon tetrachloride. Unfortunately,

quality checxs were not carried out each time the CCl^ tube
on the vacuum line was refilled and retrospective analysis

is impossible. These results cannot therefore be used to

calculate Arrhenius parameters for the system.

At higher temperatures (greater than 150°C) the errors will

be less significant and some rate data can be estimated.

V/e have

k4
(4) GC1" + GpH • CHC1 ^ + Cp* ■

k5
(5) ccr5 + CC1'3 C2C16

I
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Neglecting other sources of chloroform and assuming that there

is no significant change in the cyclopentane concentration

during reaction, v;e obtain

RCHCI K52

Rc ci t J
2 b

As log kc = 9.7 (See Section 1) and HnLtll. . , . - = 3.421 x 10 ^mol5 *- -'initial

we can calculate the value of k^ at different temperatures,
fable 4.3 shows the values obtained which are plotted on a graph

in Figure 4«3»

The graph has a gradient of -1.90+ 0.74 and a y-axis intercept
_ A

of 8.13+ 0.35 (corresponding to E^ = 4.574 x 1.9 = 8.63 kcal mol
— 1 — 1

and log = 8.13 1 mol- s- ).

At the higest temperature employed in the present series,

253 C, we nave log k^ = 4.5* Substituting a value of log A^ =
— 1 —1

8.8 1 mol s (as estimated for hydrogen abstraction from
39

cyclohexane by White and Kuntz and by Currie, Sidebottom and
53 —1

Tedder ), this rate constant yields a value of E^ = 10.3 kcal mol
This value is in excellent agreement with the results obtained in

the aforementioned two papers where values of = 10.0 and

10.7 kcal mol are quoted for the analogous cyclohexane

99
system. Wampler and kuntz have examined hydrogen abstraction

reactions from several alkanes by trichlorometnyl radicals.

They obtained log A^ = 9*0 a^d E^ = 10.7 kcal mol ^ for the
cyclopentane system. A rate constant log k^ = 4.5 at 253°C,
as obtained above yields E^ = 10.8 kcal mol ^ when a value of
log A^ = 9.0 is substituted.

As in previous sections, this high temperature rate constant

confirms that at elevated temperatures the reaction mechanism is

essentially similar to that encountered by other workers on
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TAJLB 4. 3

o
Calculated Value of lor, k^ At Temperatures > 1 ^0 C

Temperature 1°G°/t (Oa) log k4

161°C 2.303 3.72

168.5°G 2.264 3-84

202°C 2.104 3.97

203°C 2.100 4.30

220°C 2.02S 4.27

253°G 1.900 4.50

RQ.KC1^
RC2Cl6tR}^ init.

9.7

5.421 x 10"5 mol l-1

where k, =4

log ik^

Min-iinit.
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similar systems. At lower temperatures, however, minor reactions

such as photolysis of carbon tetrach1oride to yield

dichlorocarbene and disproportionation of trichloromethyl

and cyclopentyl radicals assume sufficient importance to prevent

calculation of absolute Arrhenius parameters.

As other sources of error are introduced at high temperature

(e.g. decomposition of cyclopentyl chloride, overconversion of

reactants) it is not feasible to carry out a full series of

high temperature photolyses to obtain satisfactory kinetic data.

The following section describes further work carried out

on the cyclopentane-carbon tetrachloride system but using

azocyclopentane as the radical source; this eliminates the

formation of CCl^ species and makes calculation of Arrhenius
parameters considerably simpler.



SECTION 5

The Photolysis of Azocyclopentane alone and

With Carbon Tetrachloride and Cyclopentane

INTRODUCTION
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The results reported in the previous two sections have shown

that, under the conditions employed in tnis work, the photolysis

of carbon tetrachloride in the presence of alkanes is a complex

process. The presence of two different initiation reactions (caused

by the high energy radiation required to decompose carbon tetrachloride)

makes calculation of Arrhenius parameters very difficult indeed.

Similar problems have been encountered recently in this laboratory

53
in a study of the cyclohexane-carbon tetrachloride system . The

problem has been tackled by using an initiator to provide the radicals

necessary to initiate the chain reaction; this system is analogous

to the use of peroxides and azo compounds to initiate polymerisation

of monomers such as styrene and vinyl chloride in industry. By using

a species which yields radicals more readily than carbon tetrachloride

the system can be initiated at too low an energy for the formation of

dichlorocarbene, the offending species in the previous section.

Azocyclopentane was used as initiator yielding cyclopentyl radicals

and molecular nitrogen on photolysis at 365 nm.

Azoalkanes have been used as a source of alkyl radicals by many

previous workers, the most commonly used being azomethane. In 1933

it was snown that decomposition products of azomethane would remove

16 5
lead from cold mirrors indicating that radicals were being formed

in the decomposition. Sight years later Cannon and Rice"'^ snowed

that the quantum yield of nitrogen formed on irradiation with uv

light at 366 nm was equal to 1 at pressures up to 63O torr.

1 65
Jones and Steacie measured the effect of azomethane pressure on

the formation rates of K^, CH^ and and proposed a mechanism
for the photolysis.

They also proposed that a reaction took place between methyl

166
radicals and azomethane; Sleppy and Calvert showed that the

active methyl radicals would abstract hydro en atoms unless
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collisionally deactivated by addition of inert gas.

1 G1
Pilling and coworkers studied the flash photolysis of

azomethane and the higher energy irradiation yielded ethylene and

acetylene among the products. The vapour phase X - radiolysis of
1G8

azomethane has been examined by Stief and Ausloos

The quantity of work carried out to date to examine higher

azoalkanes has not been very great. The Kinetics of photolytic

169 • 170 , . 171
decomposition of azo-n-propane , azoisopropane , azo-n-butane ,

172175 55
azoisobutane and azocyclohexane have been reported. Although

in this section the azocyclopentane is used only as an initiator for

the cyclopentane/carbon tetrachloride, several preliminary runs were

carried out to examine the decomposition of azocyclopentane alone and

with cyclopentane diluent.

The detailed mecnanism of the primary processes in the photolysis

174
of the azoalkanes has been studied by Collier, Slater and Calvert .

They deduced that the excited state Ek^o formed when the azoalkane

molecule Eki^ accepted a quantum of energy could decompose to yield
R + RiJg from either

(a) The singlet ground state. S0 at a very high level of

vibrational excitation.

(b) The excited singlet state at a low vibrational energy level.

(c) The triplet state T^ at a rather higher vibrational energy level.
Stabilisation of the triplet state T^ produced by intersystem

crossing (S^ •* T^) involves a 90° bond twist. This is not possible
175in complex cyclic azo compounds as studied by Turro and coworkers

so decomposition in such systems always takes place from the excited

singlet state.

In this section trie activation energy for decomposition of the
* V

excited state 11^2 ^ = cycl0Pen"tyl) is calculated and showri to be
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similar to the values calculated for other related azoalxanes.

By analysis of the combination and disproportionation products of the
led/

reactions betv/een two cyclopentyl radicals the value of kc is

calculated and shown to be temperature independent. The Arrhenius

parameters for H-abstraction from cyclopentane by trichloroinethyl

radicals and for Ql -abstraction from carbon tetrachloride by

cyclopentyl radicals are estimated and maximum values for the

combination rates of cyclopentyl radicals with themselves and with

trichloromethyl radicals are obtained. These results are shown to

correlate well with results obtained by other workers from

analogous systems.



SECTION 5

The Photolysis of Azocyclopentane alone and

With Carbon Tetrachloride and Cyclopentane

EXPERDSEHm
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5.1 . REACTA.-TS

(a) Carbon Tetrachloride:- was Fisons Spectrograde reagent,

as used in Sections 3 and 4« before use it was shown to be

chromatographically pure so no further purification was necessary.

(b) Cyclopentanewas Fisons Laboratory Reagent and was used

without further purification.

(c) Azocyclopentanewas prepared in the laboratory by the

method described in Appendix J.

5.2 APPARATUS

Because of the involatility of the azocyclopentane it was found

necessary to reduce the distance between the reaction flask and the

product collection tube. Consequently, a side-arm was fitted to the

capillary tube directly above the reaction flask with a connection

on to which the product collection tube could be fitted (See Figure 5-1).

The vacuum system was similar to that used in the previous section.

A cylindrical quartz reaction vessel of total volume 209ml (determined

by completely filling with H„0 and weighing before and after) was used.

The light scarce was a 200W super high pressure mercury arc

coupled to a Bausch and Lomb high intensity monochromator yielding

a monochromatic source at 365 nm with a 10 nm bandwidth. A few runs

(azocyclopentane + cyclopentane) were carried out with a medium

pressure lamp as described in Section 1. A Pyrex light filter was

employed in all but a few of these experiments where two Pyrex

filters were used.

5.3* rRUOhi) Jx'lF

The procedure was varied several tines in an atte.pt to

overcome the many problems encountered in the series of experiments.

In the first series of experiments the azocyclopentane was photolysed
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FIGURE 5-1 Reaction Vessel Used for Photolysis of Azocyclopentane.
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in the presence of cyclopentane with no added carbon tetrachloride.

The azoalkane was added by Hamilton syringe to the tube on the

side-arm of the reaction flask. The contents of the tube were

cooled in liquid nitrogen then the air removed by opening the

siiearm to the vacuum pumps. The sidearm was then sealed off and

the azoalKane allowed to melt and heated with a hot air blower.

The liquid nitrogen flask was replaced about the side-arm and the

space evacuated again. This degassing procedure was repeated

several times before the azocyclopentane was finally distilled into

the reaction flask. The cyclopentane was added in a similar manner to

the reactants used in Sections 1-4. A pressure of 60 torr was charged

to bulb A prior to transfer to the reaction flask.

It proved very difficult to analyse the products from the run

because of the very small volumes of reactants employed. To increase

the volume of products available for analysis, a measured quantity

of cyclohexane was added after photolysis had ceased. The quantity

employed was initially 20 pi but it was later found to be more

convenient to add 60 torr of cyclohexane from bulb A when products

were being distilled into the collection tube. To calculate

absolute rates of formation it was hoped to measure product

concentrations relative to the known quantity of cyclohexane.

This proved a difficult operation as the cyclohexane/cyclopentane/

azocyclopentane/ product mixture had a relatively high melting point,

and when the mixture was melted to obtain a liquid sample for glc

analysis small quantities of the volatile cyclopentane and cyclopentane

were lost by evaporation. In later runs the absolute rates of

formation were calculated by assuming that the cyclopentane

concentration was uncnanged throughout the reaction i.e. that

conversions were small. The final product concentrations
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(bicyclopentyl and cyclopentene) were then calculated relative to

cyclopentane.

The second series of azocyclopentane photolyses were carried

out in the presence of carbon tetrachloride. In Section 4 it was

shown that the kinetic data obtained by photolysis of carbon

tetrachloride and cyclopentane were complicated by many side

reactions such as the production and subsequent reactions of

dichlorocarbene species. Ey using azocyclopentane as the initiating

species a less energetic radical initiation step was introduced

and the use of a Pyrex glass filter should have ensured that

photolysis of CCl^ would not be a significant step.
The azocyclopentane was added as described above, 20 jil

being added in some runs and 10 pi in the remainder. When 20 pi
was employed it was noticed that small qualities of liquid

condensed in the capillary tube of the reaction vessel outwith

the oven. This would lead to errors in kinetic calculations so

the volume used was reduced to 10 pi.
The cyclopentane and carbon tetrachloride were added from

bulb A in the same way as in previous sections. The pressures

used were 60 torr and 25 torr respectively.

In the final series of experiments 15 pi azocyclopentane
were photolysed alone and 60 torr of cyclohexane from bulb A

added after photolysis had ceased. As in the above series of

experiments, all products were distilled into the collection

tube on the side-arm on the reaction flask assembly and analysed

by glc.

In all azocyclopentane photolyses there was considerable

blackening of the face of the reaction vessel. This was cleaned

as described in Section 2.3.
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5.4 ANALYSIS CP PRODUCTS

The apparatus and column for the gas liquid chromatographic

analyses were as described in Section 1. Because of the high

retention times of bicyclopentyl, trichloromethylcyclopentane,

hexachloroethane and azocyclopentane and the much lower retention

times of cyclopentene, cyclopentane and cyclohexanej two series

of analysis were carried out. The more volatile products were

separated at room temperature with a carrier gas flow rate of
-1 -1

35 mlmin and a chart speed of 48 ihh . The less volatile

products were separated on the same column at 100°C with a carrier

-1 -1
flow rate of 30 mlmin and a chart speed of 24 inh. The samples

were injected using a 10 jil Hamilton syringe and 4 pi aliquots
were used for each analysis.

5.5 ID&.TIPICATIOU OF PRODUCTS

With the exception of azocyclopentane, all products had been

detected in Section 4 and the peaks were similarly identified.

The azocyclopentane retention time was approximately 2.3 times

that of bicyclopentyl. It was therefore possible to inject a

second sample for analysis at 100 C as soon as the termination

products from the first injection had been detected. All the

peaks required could then be obtained before the large azocyclopentane

peak from the first injection was seen.

5.6 RESULTS

Mixtures of cyclopentane and azocyclopentane were photolysed

over the temperature range 129-209 C. The results are shown in

Table 5.1. The rates of formation of the run at 153°8 were

calculated by comparison of peak areas of products with the area of

a peak obtained from added cyclohexane. In the other runs cyclohexane

was still added to increase the product volume but rates of formation



TABLE5.1

PHOTOLYSISOFAZOCYCLOPENTANEINTHEPRESENCEOFCYCLOPENTANE
Temp.

(c)

Reaction Time (s)

Pyrex Filter

Added* Cyclohexane
c-C5Hg

(c-C5Hg)2

kd/kc

Rc-CcHo
50

(mol11s

R(c-C5Hg)2 (mol1̂s

C"C5H10

c"C5Hio

129-5

18000

Double

60torr

2.29x1O-2

1.56X10-2

1.47

4.13x10~9

2.81X10"9

153

7500

Single

20pl

1.28x10-2+
9.29x10"3+
1.38

3.I6x10-10
2.80x10~10

185

13200

Double

30pl

1.23x10~2

8.67x10~5

1.42

3.02x10-9

2.13x10"9

209

23400

Double

60torr

1.08x10~2

8.17x10~3

1.32

1.50x10~9

1.13x10-9

*1Ul=9-27x10~6moll"1

~51

1torr=pressureof1torrinBulbA=1.13x10moll
+concentrationsmeasuredrelativetocyclohexane,notcyclopentane [c-CJ]=3.244x10~3moll"1 i

[(c-C5H9)2N2]>5.851x10-if moll-1
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were calculated by comparison of peak areas with the area of the

cyclopentane peak. As conversion was very low the increase in

cyclopentane concentration from disproportionation of cyclopentyl

radicals will be small relative to the total initial cyclopentane

concentration. The total initial value was used to calculate

rates of formation.

Azocyclopentane was photolysed alone over the temperature
o

range 57-150 C. The results are shown in Table 5.2. Rates of

formation were calculated by comparison of concentrations of products

with the concentration of cyclohexane added to increase product

volume. The problems listed earlier in this section (i.e. condensation

of azocyclopentane outside the reaction flask during photolysis

and evaporation of cyclopentene and cyclopentane when products were

warmed to melt cyclohexane) cause the experimental errors to be

very high indeed; the formation rates of cyclopentene, the most

volatile and least plentiful product, are shown to be insufficiently

accurate for Arrhenius calculations.

In the third series of experiments, azocyclopentane was

photolysed in the presence of carbon tetrachloride and cyclopentane

in the temperature range 97-186°C. The early runs in the series

were carried out with 20 jil azocyclopentane but the later runs

were carried out with 10 yH azocyclopentane. The rates of
formation of products are shown in Table 5.3.



TABLE3.2:PHOTOLYSISOFAZOCYCLOPENTANE
Temp (°c)

103/T (°K)

Reaction Time (s)

(molIs)
(mol1\

(moll"1s"1)
l0Ŝ2,„(mol1~1s")

^RH~^^RH^7d
loSinT7-
V[%]

57

3.028

216000

7.321x10"11
3.674xlO-12

2.624x10"12

-10.39

0.098

-1.010

126

2.505

64800

-10

1.70^X10

2.224x10"11
1.589x10"11

-9-95

0.085

-1.072

150

2.363

129600

-10

3-552x10

1.984x10"''1
1.417x10

-9.70

0.203

-0.692

R_H=cyclopentene RH=cyclopentane (RH)=cyclopentaneexreaction7d =bicyclopentyl
R^N^=azocyclopentane [R2N2]i=4.388x10"^ moll"1



TABLE5.3:PHOTOLYSISOFAZOCYCLOPENTANEINTHEPRESENCE OFCARBONTETRACHLORIDEANDCYCLOPENTANE
SeriesA [R2N2]

i

=5.851x10"̂ mol1̂ SeriesB [R2N2]
i

=2.926x10 mol1̂

Temp (°C)

1000 tT°a)

Time (s)

rchci (moll"1s"1)
%C1

(mol1^s

RC2C16 (mol1^ŝ)
RCpCCl3 (mol1\

RP

Cp2 (mol1\

101

2.674

65100

-10

1.90x10

-10

2.97x10

6.06x10^

3.38xio~'n

n.a.

105

2.644

89100

-10

A.09x10

-10

2.40x10

6.30X10~'11

~11

5-77x10.

n.a

122

2.332

50400

-10

6.50x10

■̂ 10

A.75x10

8.45x10"

1.18X10-10

n.a.

134

2.457

50400

-10

5.99x10

1.20x10~9

6.64xio"11

-10

3.51x10

n.a.

140

2.420

50A00

-10

5.57x10

-10

7-01x10

6.36x10"11

-10

6.03x10

n.a.

160

2.309

50760

2.26x10~9

8.65X10~10

8.65X10~11

i.20xio-9

n.a.

178

2.217

50A00

1.95x10~9

i.33xio"9

9.86X10-11

-10

6.59x10

n.a.

97

116

2.701 2.569

129600 93600

—in

1.5^x10
-10

1.53x10

-10

2.55x10
—10

4.91x10

-11

3-33x10
-11

1.75x10

-10

2.177x10 n.a.

-10

2.10x10
-10

2.72x10

136

2.444

86400

-10

2.11x10

6.47X10"10

-11

2.29x10

8.943xio~'n

-10

1.30x10

142

2.408

100800

n.a.

7.28X10"10

3.66xio"'n

n.a.

6.04X10"11

159

2.31^

66600

7.9^x10"10
1.05X10~9

4.77xio"11

—10

1.433x10

2.08x10"10

164

2.287

86400

n.a.

-10

9.01x10

-11

3-39x10

5.575X10"1'1

§.o8xio~11

186

2.178

86400

1.08x10_9

2.33x1O-9

-11

2.01x10

4.326x10"

7.88xio"11
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5.7.1 Photolysis of Azocyclopentane + Cyclopentane
1

The ultraviolet spectrum of azocyclopentane, illustrated

in Figure A3.1, shows an absorption band at 353 + 3 nm • The

shape of the spectrum in the range of wavelengths 200 -440 nm

174
is very similar to those reported by Collier, Slater and Calvert

176
(azomethane, azoethane) and, in this laboratory, by Currie

(azocyclohexane). It is therefore reasonable to assume that the

electronic and/or vibrational excitations of azocyclopentane in

this energy range are similar to those of the related azoalkanes

and that the process of photolytic decomposition is likely to be

very similar.

As long ago as 1933 Leermakers^ predicted that radicals were

formed when he decomposed azomethane. Twenty five years later

Cerfontaine and Kutschke^Showed that the quantum yield of nitrogen

in the photolysis of azoethane was dependent on both temperature and

concentration of the azo compound. They deduced that an important

factor in the decomposition was collisional deactivation of light-

excited molecules.

R2N2 + h\> > R2H2* (1)
R2N2* + M * R2N2 + M« (2)

The lifetime of azoethane excited states has been studied by
178

Worsham and Rice .

Almost all the azoalkane which escapes collisional deactivation

will decompose to yield molecular nitrogen and two alkyl radicals.

R2N2* * (R* + liN2^ * 2R* + N2 ^
There is no evidence to suggest that the HN2 radical is formed

as a transient intermediate or whether both C - N bonds break

simultaneously. Several workers have shown that autoejection of a
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nitrogen molecule is an insignificant process (< 1%)

i.e. H2N2 ^ R2 + N2 ^
179,180,181 T , 171

This has been confirmed for azornethane , azo-n-butane
172 182

azoisobutane , and azocyclohexane

The alkyl radicals formed by reaction (5) can undergo

propagation reactions by abstraction of a hydrogen atom from Rp-^2
to yield the rad-ical«

R* + RpNp RH + (R2N2)'_k (5)
171

Ivlorganroth and Calvert proposed that this radical will react

further to yield nitrogen, an alkene and an alkyl radical.

(h2W2)'_h —> R_h + N2 + R* (6)
183

However, Riem and Kutschke prepared the large radical

i-C^H^-K=N-iCjHg* in the dark through thermal decomposition of
di-t-butylperoxide in the presence of azoisopropane. This large

radical is the species (^2^2^-H above wilh. R=isopropyl. On
decomposition of this radical, no nitrogen was obtained so Riem

and Kutschke deduced that reaction (6) did not occur. Slater,
Iccl

Collier and Calvert measured the value of r- for isobutyl
ICC

radicals in photolysis of azoisobutane and found that the ratio

was constant till about 168°C, but increased at higher

temperatures'^ They attributed this to the increasing importance

of reactions (5) and (6).

2R* ♦ R2 (7C)
2R* » R_h + RH (7d)

In table 5.2 it can be seen that in the photolysis of azocyclopentane

alone the rate of formation of cyclo^entane is considerably greater

than the rate of formation of cyclopentene. As reaction (7d) will

yield equimolar quantities of both products the additional cyclopentane

must have been produced by hydrogen abstraction from azocyclopentane,
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the only compound present in a sufficiently high quantity. This

confirms the importance of reaction (5) and the relative unimportance

of reaction (6) since, if both occurred to a similar extent,

i.e. all (H0N0)' radicals decomposed to yield R „, the ratio of
c. <L —ii —il

formation of RK and R TI would be equal. It must be assumed therefore
—n

that the fate of the azocyclopentyl radicals will be in radical-

radical reactions yielding involatile products not detected in the

product analysis. In his study of the photolysis of azoisopentane,
176

Currie detected a product which he tentatively identified as the

combination product of two azoisopentyl radicals.

In the first series of runs, the results of which are shown

in Table 5.1, azocyclopentane was photolysed in the presence of

cyclopentane to increase the product volume and permit analysis

of products at both low and high glc oven temperatures so that

concentrations of cyclopentene and bicyclopentyl could be determined.

The relative rates of disproportionation reaction (7h) to combination

reaction (7c) can be determined by measuring the ratio of cyclopentene
k cl

to bicyclopentyl. A value of — = 1.40 +- 0.06 is obtained and no

temperature dependence was detectable over the temperature range

studied viz. 129.5 to 209°C. Previous values quoted for ~ for

162
cyclopentyl radicals are 0.2 by Gunning, Beck and -uiiebes

and a later value of 1.0 by Gunning and StocI61. In the present

work the most pro cable source of experimental error would be

evaporation of cyclopentene; this would result in a still higher
kcL

value of —. However, in view of the consistency of the results.
KC

it is felt that the error will be small.

The second series of results proved considerably more difficult

to obtain. Azocyclopentane was photolysed alone and the products

distilled into a collection tube containing a measured quantity of
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cyclohexarie which had been previously condensed from bulb A of the

vacuum line. The rates of formation of cyclopentane and cyclopentene

were measured by comparison of their respective peak sizes with

cyclohexane in the glc trace. The relatively large cyclopentane

peak could be determined much more accurately than that of the

smaller peak of the more volatile cyclopentene. The rates of

formation of bicyclopentyl quoted in Table 5.2 were calculated

by dividing the rate of cyclopentene formation by 1.4.

These results can be used to calculate the activation energy

for the decomposition of the excited azocyclopentane molecule

Y.e have: iyjg + ^ Rr>N2* (1)
R2N* + Id > R2N2 + M' (2)
R2K2* 2R* + W2 (3)

If the rate of formation of R2N2* is la (the absorbed light intensity,
independent of temperature), we have, by steady state approximation,

the equation

d-| [r2N2*] = 0 = la - k2M [R2N2*] - [R2N2*]

[h2N2*] = Ia

We have Rj = k? [R^*]
k la

Hence R,T - (A)
12 k3+k2[k]

The value of R,T will be equal to the sum of the rates of reaction
u2

of pairs of cyclopentyl radicals in reactions (5), (7c) and (7d).

We have therefore

k3+k2D'-]

\ = \E + \ + * (RRH}5 (B)
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As cjdopentane is formed in reactions (5) and (7d) we have

= ^RH^total ~ ^RH^d
and as (R^)^ = R.^

^^RH^ = total " ^R ^
—n

Equations (B) and (C) have been used to calculate R,, and the values

obtained are shown in Table 5.2.
2

To obtain a value of the activation energy we must make an

approximation to the value of k^Iti] in equation (a). If it is assumed that
each collision with another molecule will result in deactivation the value

11 —1—1of assumes a maximum of J.2 x 10 1 mol s , the collision number.

At low concentrations we have [m] = ^2^2] = 4.388 x 10~4 mol 1~1
k2 [m] = 3.2 x 1011 x 4.388 x 10"4s~1

+R —1
= 1.40 x 10 s

Values of tne Arrhenius parameters for reaction (3) have been
171 n 9

determined by Morganroth and Calvert ' for R = Bu (A = 2.5 x 10

1 mol ^s \ E = 3.8 kcal mol ^) and by Slater, Collier and Calvert'^
for R = Ru4 (A = 4.85 x 10^ 1 mol ^s \ E = 4.8 kcal mol ^).
These yield an average value of k = 3*675 x 10y exp 4^GG/ s ^

5 Ri

At the highest temperature used in 'fable 5.2 (150 C)we can

obtain kT = 2.2 x 10^s ^. The value calculated for k, at 57°G3 5

and 126°G will be still lower. As these values are low compared
8 ""1

with the estimated value of k^ [h] = 1.40 x 10 s calculated
earlier, we can write equation (a) as

k,Ia k7Ia
\ = 2 ~"2 k3+k2 [m] _ "k2 [a]

10S1°\ = 1OKl0(4lT])+ losk3
= losj0 f Ia \ + log A, - ^3UoM * 2.303RT
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la
Hence, assuming to "be temperature independent, a

"2 Cl'J
plot of log against the reciprocal of temperature should have

i u INJ
2

a gradient of ~ "^5 . This Arrhenius plot is shown in Figure 5.2
2.303R

and has a gradient of-0.98+ 0.14 yielding a value of E^ = 4.5 kcal mol
This is in very good agreement with the other quoted literature values

as shown in Table 5.4.

Table 5.4

Activation Energies for Decomposition

of Excited Species ^^2*

R E^(in kcal mol ) Reference

n-butyl 3-8 171

isobutyl 4.8 172

isopentyl 4.5 176

cyclopentyl 4.5 this work

cyclohexyl 3-1 182

because the value of is much greater than the value of R.,
—E

in Table 5.2 it can be established that the value of log' R,_ will not10 jU

be very dependent on the accuracy of the difficult-to-measure Ru
-H

In studies of analogous systems previous workers have obtained

estimates of the Arrhenius parameters for reaction (5) by considering

the equation k^ (R-^t) ^

k7o*
rt.ere (1^)5 = (Vtotal -



T(K)

FIGURE5-2Graphoflog^R^versustheReciprocalofTemperatureforthePhotolysisofAzocyclopentane.
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An Arrhenius plot of the right hand side versus the reciprocal

of temperature should yield a line with gradient - ~^5 ^c arid
2.303R

intercept log^A^ - 1°o^q ^^0* however, as can be seen from the
final two columns of fable 5.2 the experimental error in measurement

of R. was too great to obtain a meaningful Arrhenius plot.
A_h
In the final set of experiments azocyclopentane was photolysed

in the presence of cyclopentane and carbon tetrachloride. This

system was introduced to study the reactions between alkane(cyclopentane)

and carbon tetrachloride in the absence of the complicating side

reactions identified in the previous sections of this thesis.

Bromotrichloromethane had yielded interesting results when

photolysed at 250 nm in the presence of cyclohexane (Section 1)

and propane (Section 2). These systems were complicated by the

formation of HBr from which a hydrogen atom was readily abstracted

by trichloromethyl radicals. This secondary source of chloroform

caused problems in the study of hydrogen abstraction from the alkane

by trichloromethyl radicals, a reaction which also produces chloroform.

To overcome this complication carbon tetrachloride was used as a

source of trichloromethyl radicals. Although HC1 was formed in an

analogous reaction to the HBr formation from bromotrichloromethane

photolysis, the hydrogen atom was considerably less readily

abstracted from HC1. Alkanes photolysed v/ith CCl^ were propane
(Section 5) and cyclopentane (Section 4). Complications arose in

these systems due to the secondary photolytic initiation reaction

of CCl^ which yielded dichlorocarbene and chlorine molecules.
In the present system the initiating reaction did not produce

trichloromethyl radicals at all. The photolysis of azocyclopentane

has been discussed in some detail earlier in this section. The
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wavelength of ultraviolet light required to carry out this photolysis

(366 nm) is at too low an energy to cause any significant photolysis

of the carton tetrachloride present. We have

ho

C"P2K2 366 nm
(CP2^* (D

(<j2H2)* + >£ > CP2N2 +K' (2)

(GF2H2 )* * 2 CP + N2

In the earlier part of this discussion the abstraction of a hydrogen

atom from azocyclopentane to yield cyclopentane ana an azocyclopentyl

radical (reaction (5)) was a very significant step. In the presence

of cyclopentane and carbon tetrachloride at concentrations

considerably in excess of that of azocyclopentane, reaction (5) will

cease to assume significant proportions. The reaction (8) with

cyclopentane will yield products indistinguishable from the reactants

unless labelled species are employed but the reaction (9 ) with carbon

tetrachloride will abstract chlorine as in the carbon tetrachloride-

cyclopentane photolysis to yield cyclopentyl chloride and

trichloromethyl radicals.

Gp* + CpH > CpH + Cp (8)

Currie^^has studied the reaction between trichloromethyl radicals

and azocyclohexane by photolysing bromotrichloromethane in the

presence of azocyclohexane. The main product was hexachloromethane

but a small amount of chloroform was produced by abstraction of

a hydrogen atom from azocyclohexane. The analogous reaction must

take place to a small extent in the present system.

CClj + Cpph2 ^ ChCl^ + (CppKp) h ("'G)

Cp* + CC14 » CpCl + CClj (9)
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However, as the concentration of cyclopentane is an order of magnitude

greater than the concentration ofazocyclopentane the main source of

the chloroform observed in the present system will be from hydrogen

abstraction from cyclopentane.

CC1*5 + CpH * CHC1 ^ + Gp (H)
No evidence was found for replacement of a cyclopentyl group in

azocyclopentane by trichloromethyl radicals analogous to the

replacement of a trifluoromethyl group by a methyl group described
184

by Satt and Pearson

CHI + CP N = NOP, > CP: + CH,N = NOP,3 3 3 3 3 3

The retention time of CCl^N = HCp would be expected to lie between
that of bicyclopentyl ana azocyclopentane. At such a long retention

time trace products would not be detectable.

In the study of the bromotrichloromethane-azocyclohexane system
176

by Currie , referred to earlier, it was shown that the elimination

of nitrogen by reaction between trichloromethyl radicals and

azocyclohexane does not take place.

CC1*5 + c - C^H11 N=N - c - CgH^ —» c - CgH^CClj + c-CgH*., +
Although trichloromethylcyclopentane was observed among the products

in the present study it is assumed that the source of this compound

was the combination reaction of cyclopentyl and trichloromethyl

radicals. The termination reactions in this system will be the same

as those in the carbon tetrachloride-cyclopentane photolysis described

in the previous section, viz:-

Gp* + V y % (7c)

cp- + V * CrH + Gp (7d)
—H

V + PP1'UU1 -y

3
—

GpCCl^ (12c)

V + CC1*
3

y G_, + CIIC1,
-H 3

(1 2d)

CC1*
3

+ GC1'
3

> °2C16 (13)
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Two different initial concentrations of azocyclopentane were

employed in the photolysis, 5.851 x 10 ^ and 2.926 x 10 ^ mol 1 ^.
The higher concentration was too great because on each occasion

liquid was condensed inside the glass capillary tube at the entrance

to the oven. Because of this observation, caused by the very low

vapour pressure of azocyclopentane, the initial concentration was

halved and reaction times extended for the second series of results.

As the glc retention times increase in the order C^Cl^ < CpCCl^< Cp
the chrornatogram peaxs become increasingly broad and difficult to

measure quantitatively. In the first series of experiments

hexachloroethane was the only termination product for which reliable

data was obtained.. In the second series of experiments all these

termination products were measured. Table 5.5 shows the rates of

formation of all products obtained in the glc analysis. (The rate

of formation of cyclofjentene was not measured). The results marked

"n.a." were not available either due to instrument malfunction or due

to the saT.ple size being too small for consistent data to be

obtained by successive curomatograms.
A A

Evaluation of R
nrn /P2,, m K2n yields values of 1.1 to 2.6.

P 5 2 6 P

Rocquitte and Wi jnen"' ^fiave studied this ratio for many radical

termination systems and, in association with many other workers, it is

agreed that the value of this ratio is 2 for almost all systems
1 ss

(CHj + CH^COCHp ; ratio =1.0 ). The results of the present
study are therefore in good agreement with those of other workers

but the presence of significant experimental error is confirmed by

the scatter of results.

The rates of formation of the products can be used to calculate

Arrhenius parameters for the propagation steps (9) and. (11).
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As in previous sections we can calculate the rate of reaction

(11) relative to that of reaction (1J).

We have: CCl^ + CpH ► CHCl^ + Cp (11)
ccr + cci*5 —» c2ci6 (13)

BCKCI, = ki1 rccl3] M5 2
c CI -13 "-—3.12 6

1 1

r„ = k [ccr]
z o

R
CHC1, k_ A^exp ( HT ) ^ ^ ^

— |
_ — a C±-VT\[ ■3 _ _li
1 - X exP( m )

13RC^C1, M ki3 (AuexP( -fij))2 A2
RT

Hence a plot of the logarithm of the left hand side versus the
1

reciprocal of temperature yields a straight line of gradient ^z. 503*1

(-gE^-E^ ) and intercept log - -g- log A^. The points are shown
in Table 5.4 and the results are plotted on Figures 5.3 ( i ~

5.851 x 10~4 mol 1~1) and 5.4 ( [cp „ ] = 2.926 x 10~4mol l"1).
2 2 i

The assumptions must be made in this argument that all chloroform has

come from reaction (11) and the concentration of cyclopentane has not

altered to a significant extent throughout the reaction.

The gradients of the slopes in Figures 5.3 and 5.4 are -1.87+ 0.33

and -1.86+ 0.26 respectively yielding values of E^-gE^ = 8.54 and
8.52 kcal mol-''. As E^ = we have values for E^ ^ = 8.54+ 1.50

-1 -1
kcal mol and 8.52+ 1.19 kcal mol . The y-axis intercepts of the

graph, as calculated by the least squares method are 2.97+ 0.81

(Figure 5.3) and 2.83+ O.63 (Figure 5.4). As log A^ = 4.8544
-1 -1

we obtain values of log A^ = 7.82 and 7*68 1 mol s . These values
confirm the self-consistency of the two series of runs. However, as

stated earlier, this calculation is based on the assumptions that

(i) the concentration of cyclopentane does not significantly alter

during the course of the reaction and (ii) all chloroform was

produced via reaction (11).
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TABLE 9.4

Arrhenius Parameter Calculation in Azocyclopentane/

Cyclopentans/Qarbon Tetrachloride System

Temp
(°C)

1000
RCHC1_ Rcpci

t(°k) -Log -t

RG2Cl6fCP^
lug 1

%
2

101 2.674 -2.15 n.a.

105 2.644 -1.82 n.a.

122 2.532 -1.68 n.a.

134 2.457 -1.67 n.a.

140 2.420 -1.69 n.a.

160 2.309 -1.15 n.a.

178 2.217 -1.24 n.a.

97 2.701 -2.11 -1.91

116 2.569 -1.97 -1.68

136 2.444 -1.89 -1.40

142 2.408 n.a. -1.18

159 2.314 -1.47 -1.29

164 2.287 n.a. -1.15

186 2.178 -1.15 -0.73

[cpH] = 3.420 x 10 5 mol 1~1
[CC14]= 1.425 x 10~3 raol 1~1
n.a. = not available
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FIGURE5-3Graphoflog
RCHCl3\1000 versusjfortheazocyclopentane-cyclopentane-carbontetrachloridesystem.

^rC2CI6)Ic-c5hi0]y[Cp2N21j=5-851X10~4 molf1
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FIGURE5-4Graphofloafix:versus———fortheazocyclopentane-cyclopentane-carbontetrachloridesystem.T iCp2N2l=2926XTO"'moU"1
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ledJ
In Section 4 of this thesis the value of 'kc for combination

of trichloromethyl and cyclopentyl radicals is estimated as 0.3•

As the quantity of chloroform produced by the disproportionation

of trichloromethyl and cyclopentyl radicals will thus be equal to

0.3 times the quantity of trichloromet^ylcyclopentane formed we nave

(RCHC1 ^11 = ^RCHG1 ^total " °*5 fiCpCCl ^3 3 P 5

where (R .. ). = rate of forriation of CHC1, from reaction (11)uxiui
^ n j

In the series of runs carried out with an initial azocyclopentane

concentration of 2.926 x 10 ^ mol 1 ^, the calculated formation rates

of the termination products were reasonably accurate (as Rn /
i i 1- 3

Rn ,n — 2). The value of (R _ can therefore be
Cp^ 2 6 3 11

estimated from equation (D). This value can be used to recalculate the

value of log1Q RqKC1 /RG mtCPH^ * The results are shown in\ " 3 2 6 /
Table 5.5.

TAbhB p.5

Arrher.ius beta osinm Corrected CHOI Formation Rate

1000

T(°K) (RCHC1^11
^CHCl^H

logi° Hj [C/J
2 6

2.701 8.90x10-11 -2.35

2.444 1.84x10"l0 -1.95

2.314
-10

7.51x10 -1.50

2.178 1.07X10"9 -1.16
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Using this corrected value of , the graph shown in figure 5.4-

can "be redrawn to yield more accurate values of and • i'he

figures in Table 5.5 are plotted on figure 5.5 and yield a straight

line of gradient-2.29+0.29 and intercept 3.78+ 0.64. These

results yield Arrhenius para eters = 10.47+1.33 kcal mol
-1 -1

and log A^ = 8.63+ 0.64 1 mol s . These figures are in
excellent agreement with rates of nydrogen abstraction calculated

by other workers as s-.own in Table 5.6.

TABLE 5.6

Arrhenius Parameters for the Reaction

GC1 + RH > GHG1+ R

RH log1QA(l mol 1s 1) E(kcal mol ^) Reference

Gyclopentane 8.63 1047 This work

Cyclopentane 9.00 10.70 99

Gyclohexane 8.79 10.70 40

Cyclohexane 8.86 10.00 53

Cyclopentane 9.07 9.90 99

Cyclooctane 9.11 9.60 99

By a similar calculation to that employed to determine E.^ we
can write

k9 A, 4E7o - E
t—~—; = "a = -r-~ exP ( — )
% Cocl4] k7c A% aT

2



/(RCHCI3'11\1000T(°K)
FIGURE5-5GraphoflogI(RjfycpH]Jversus~T~fortheCP2N21CPH1CCI4system.
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Hence a plot of the .logarithm of the left hand side versus the
1

reciprocal of temperature yields a straight line of gradient ^ 30 3R

(|E^c-E^) and intercept log - -g log A^c« The values of
log^_(H, m/R^ {"cel.] ) are calculated in Tale 5.4 and are1U ^p^l 4

2

plotted against 10^/T(°K) on Figure 5.6. This graph has a gradient

of 2.07+ 0.24 and intercept 3.67+ 0.59.

As E„^ will be equal to or almost equal to zero we obtain

E^ = 9«47+ 1.10 kcal mol ^ and log A^ - -g log A^^ = 3«67j; 0.59.
In the absence of the reaction producing bicyclopentyl by autoejection

of IT^ from azocyclopentane (as discussed earlier), there should be no
other source of significant quantities of either bicyclopentyl or

cyclopentyl chloride to introduce errors into this calculation.

The bicyclopentyl peak was however the least accurately measured

in the gas chromatograph because of its increased breadth resulting

from its longer retention time. The value of En can be calculated

by an alternative route involving the rate of formation of

tricnloromethyl cyclopentane, the cross combination product.

Considering the reactions: CCl"^ + CpH * CHC1 ^ + Cp (11)
Cp + cci4 » CpCl + ccij (9)
CC1'5 + Cj * CpCCl^ (12c)

we can obtain the relationship

(RCHC1 ^11 "C^Cl kH „ k0 An A,, E10 -J3--ER,
3 ' '

_ "11 "9 _ "9 "11 , "12c ""9 "11

HCpCCl5 ^ tC?« = k12= = A12o eXP ( ST }
Hence a plot of the logarithm of the left hand side versus the

1
reciprocal of temperature yields a straight line of gradient

2.3U3H

(E 1) in'tercePl' A^+log A^-log A^^. .vaAues of



IRCpCI-\ °9l0\IRCp FIGURE5-6Graphoflog^—j/2[cci]jversus~j~^or^P2^2'̂P'̂sys^em-T(
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1°S,10((RGHC1 )llRC C1/RC GC1 ^Od^] [cph] ) are calculated in Table 5.7
3 P 3

7 o
and are plotted against 10 /p (a) on Figure 5.7* ^raph has a

gradient of -5.09+ 0.49 and intercept of 8.99+ 0.68.

TAhLE 5.7

Arrhenius Data Calculations

1000 lOK (E°HCl,)l1 ^P01
T(°K) ECPCC1, CC014] [CPE]F 3

2.701 -4.67

2.444 -3.56

2.314 -2.95

2.178 -1.93

Hence we obtain
^ = -23.28 kcal. As reaction (12c) is a

radical combination reaction, the activation energy „ will be

approximately zero, and as has been calculated earlier in this

discussion as 10.47 kcal rnol we obtain

E9 = (23.28+ 2.24 )~(10. 47+1.33 )
= 12.81+3.57 kcal mol ^

_1
This value is significantly greater than the value 9*47+ 1.10 kcal mol

calculated earlier in this discussion.

From the y-axis intercepts on Figures 5.5, 5.6 and 5.7 we have

-1 -1
log A^ = 8.63+O.64 1 mol s

log Aq-g- log A„ = 3.67+ 0.59 1 mol ^s7 (C —

log A^+log A^-log A12c = 8.99+0.68 1 mol^s-1
— 1 -1

i.e. log A^ - log A12C= O.36 1 mol s



FIGURE5-7Graphoflog((RCHCl3)11RCpCl1RCpCCl3-[CCIJ[CPH1)versus—fortheCp2N2/CpH/CCl^system.
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Values of En and log AQ have been estimated by other workers9 7

in tnis laboratory a d the results obtained are shown in Table 5.8.

TAFLE 9.8

Arrhenius Parameters for the Reaction

R' + GGl^ » HG1 + CClk

R
lo^10A

(l mol~^s ^)
E

(kcal mol"*'')
Reference

Methyl 8.6 9.1 53

Methyl 10.2 13.4 137

Ethyl 8.4 8.9 53

Cyclopentyl See Text 9.5-12.8 This work

Cyclohexyl 8.6estimate 11.8 53

It can be seen that the range calculated for E^ (R = Cp) is
in good agreement with previous work. The value of log A^ = 8.6

-1 -1
1 mol s was estimated by considering that cyclohexyl radicals

will have probably more stringent steric require.i.ents than methyl

and ethyl groups and the value of 8.6 was inserted as an upper

limit. A similar argument can be raised for cyclopentyl radicals.

If log A^4 8.6 we have from the intercept of Figure 5.6,
log A~ < 9.86, and from the intercept of Figure 5.7, log A.j2c 6 8.24.
As log = 9*7 we can calculate values of log Afrom Figure 5.6

and log from Figure 5.7 6y using the relationship

12c = 1.6. (This value should equal 2.0 but the value 1.6
\r 2

7c 13

is obtained by averaging all formation rates in Table 5.3). be
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obtain values oi log and log of 10.0 and 6.4 respectively.

The above calculations yield estimates for the maximum value

of the rate constants for the two combination rates involving

cyclopentyl radicals. We have:

C- + C * » Gp (7c)
2

-1 -1
max k^c = 1q8.13 + 1.73 1 m°l s

Cj + GC1*5 > CpCCl^ (12c)
-1 -1

max = -|q9»12 + ^ mo-'- s

55
Calculations by Currie yielded a value of the combination rate of

cyclohexyl radicals as k^io'''*^ 1 mol ^s ^ which because of the

greater steric requirements for cyclohexyl radical combination

relative to cyclopentyl is in very good agreement with the result

of the present study.
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APPELDIX 1

Stiff Systems

Let y'(x) = f (x,y) be a system of n first order differential
A/

equations. The Jacobian of f (x.y), evaluated at (x ,y ) is the'Xi'' o X/O

n x n matrix

J(x ,y ) =o o

5fi
(it\ , 1,0

If the matrix has eigenvalues with large negative real parts then

the equations are stiff and are characterised by the fact that the

solution y usually changes quite rapidly with x over a "small" range

before settling down to some "smoother" behaviour. In attempting to

follow this behaviour, conventional numerical methods which involve

a step length h are usually forced to take very s all values for h.

e.g. y'(t) = A(y-F(t)) + F'(t) with \«0

has solution y(t) = F(t) + ce ^
Using the numerical scheme,

y(t + h) * y(t) + h y' (t)
- y(t) + h X(y-F(t)) + hp' (t)

We see that the error en defined by y(t)-y(t) behaves as
e „ = (1 +Xh)e + local truncation errorn+1 v ' n

Consequently, if Ah < -2 the error grows in magnitude at each step.

The reactions simulated in Section 2.7.3 constitute a stiff system

as the rates of change of species' concentrations will change very

rapidly in a short period of time before settling down to smoother

behaviour.
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r.'ulti-Step methods

The idea behind multi-step methods is to express the value of the

solution y linearly in terms of past values of y -and its derivatives.

Formally, we write:-

(1) «kyn + Kk-1yn-1 +""+ Vn-k + h ( iV'n + <Wn-1 +"'''+ <Vn-k)=0
where the values k, (X., 8. define the method.' 1'

If /§, =0 formula (l) is "explicit", i.e. we may obtain y■K. n

directly from (1) without any trouble. If /S^ 4= 0 then (1) is
"implicit" since y'n= f(x>yn) we have to derive some iterative
scheme to obtain yn from (1). Implicit formulae have better numerical
properties than their explicit counterparts and so we invariably have to

solve the non-linear equation (1). A metnod commonly employed uses two

formulae of type (l). The first is explicit and is called the "predictor",

the second is implicit and called the "corrector". The predictor is used

to give a value yn^^ which is then used to evaluate f(x,y and
so start an iterative procedure for yn in "the corrector. This
defines the standard predictor-corrector methods.

Gear's fethod

Gear's method is an implementation of a set of multi-step

methods of order 1 up to 6. It uses implicit corrector formulae

which make it suitable for stiff systems since these allow a larger

step size h. The order and step size are controlled by estimating

the local error at each step. Since it is designed for stiff systems

the predictor, corrector, corrector,.... system is not used as

the convergence would only be guaranteed for h | XI < 1. Instead a

Newton iteration is used to solve the corrector, starting from a

value obtained from the predictor. The Jacobian is estimated by

differencing methods and is not usually reevaluated after every step
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"but only when the iteration "fails". Finally, easy cnange of step,

a feature not found in conventional multi-step methods is facilitated

by storing not the past values yn ^ but approximations to the
"reduced derivatives" of y ,n'

2 3
h , h „ h ... etc.V1 " V,! " V"*

n, 21 * n' 3« J n

which are obtained by differencing. Using these, past values yn ^

can in effect be obtained from the Taylor expansions, although this

process is masked within any implementation.
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APPENDIX 2

Preparation of Eicyclopentyl

10g of sodium were added to 50 ml of toluene and the mixture

heated in an oil bath "until the sodium melted. The mixture was

stirred vigorously and allowed to cool while still being stirred.

A fine sodium sand was obtained. This was washed with dry ether

and the sodium added to a further 70 ml of dry ether. While the

mixture was being gently stirred, 10 ml of cyclopentyl chloride was

slowly added and the reaction left stirring for 24 hours.

Distilled water was added to remove the unreacted sodium

and the precipitated sodium chloride. The aqueous layer was

discarded and the organic layer fractionally distilled.

Bicyclopentyl boils at 190°C so the distillate obtained between

175 and 200°C was collected. A mass spectrograph of this product

confirmed that it 'was almost pure bicyclopentyl. This sample was

used to identify bicyclopentyl as a termination product in Sections

4 and 5.
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APPENDIX 5

Preparation of Azocyclopentane

Two methods were employed in an attempt to produce azocyclo¬

pentane CpNsNCp. The first method used a cyclopentanone precurer

and proved unsuccessful, whereas the latter method employing

cyclopentylamine yielded sufficient azocyclopentane for all

subsequent experimental studies,

a. Cyclopentanone Precursor

The cyclopentanone was reacted with hydrazine hydrate to

yield cyclopentyl hydrazine.

0

2 5 + (H2N.NH2)H20 > >= N-N=<f + 3H90

185
Harkins and Lochte used cyclohexyl hydrazine to produce azocyclohexane

by reduction with bromine water and a parallel reaction was attempted

with the cyclopentyl hydrazine. It was hoped to produce azocyclopentane

via the reactions

+ bromine water

The process was repeated twice but no azocyclopentane was

detected.
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b. Cyclopentylamine Precursor

This method was described by R. Sowada^wko prepared

Njii'dialkylsulphairddes and by Ohme et al"^' ^ ^irho subsequently

prepared the azoalkanes, and previous experiments in this
5^

laboratory J have succeeded in producing azocyclohexane from

cyclohexylamine. The first step of the preparation was the

preparation of the N,N'-disubstituted sulphuric acid diamide.

25g of cyclopentylamine and 20 ml of pyridine were added to 90 ml

40-60°C petroleum spirit. 9*5 ml of SO2CI2 dissolved in JO ml of
petroleum spirit (40-60°C) were added dropwise, the temperature

being kept below -20°C throughout the reaction. White HC1 fumes

were evolved and a creamy precipitate was obtained. After

addition (ca. 90 min.) the mixture was stirred at < -20°C for

20 min. The liquid was decanted. It was noticed that on

attaining room temperature more precipitate was obtained, but this

rapidly turned dark brown and was discarded.

The white precipitate was treated with conc. HCl(27 ml) in

150 ml H2O, cooled and filtered. The precipitate was then heated
under reflux for 2 hours with conc. HCl(45 nil), BiOH(45 ml) and

K20(45 ml). It was cooled andfiltered as a flaky white solid
which was then recrystallised from EtOH/lUO. The reaction was

N.N- dicyclopentylsulphamide



187

The melting point of the product (probably present as hydrochloride)

was 145.5-147°C. The total yield was 9«9g (57% based on SO^Cl^).
3.143g (77.6 mlvl) NaOH was added to 51.7 ml of 1.5 M NaOCl solution

(77.6 mlvl) and to this mixture 9g (56.8 mil) K,N• -dicyclopentylsulphamide

was added. The sulphamide was found to be only sparingly soluble in

the aqueous solution. Despite literature reports of the sulphamide

dissolving in several hours to form the required azo compound as an

oil, none was observed after stirring for 60 hours. A further 10 ml

of 1.5 M llaOCl was added and the mixture stirred for 48 hours. The

unreacted sulphamide and about 1 ml of oil separated from the filtrate.

This was identified as azocyclopentane by mass spectrometry and an

ultraviolet spectrum showed a maximum absorption at 355 11111

(See Fig. A3.1), similar to that observed for azoisopentane and

azocyclohexane prepared in this laboratory.

The unreacted sulphamide was added to the aqueous layer and

stirred overnight with 0.5 g KaOH and 10 ml of 1.5 M NaOCl added.

All the sulphamide dissolved and a further 3*75 ml of yellowish

sweet-smelling azocyclopentane oil obtained which was purified

by distillation at reduced pressure.

The azocyclopentane was used without further purification as

glc analysis did not reveal the presence of impurities.
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FIGUREA.1UltravioletSpectrumofAzocyclopentane.
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