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ABSTRACT,

A study has been undertaken of some oxidative coupling
reactions which are catalyzed by coppei' chloride/pyridine catalyst

solutions, gaseous oxygén being the oxidizing agent.

The oxidative coupling of thiophenol has been investigated
in soms detail. It has been discovered that, under certain
conditions, one of the products of this reaction is diphenyl
thiolsulphinate (PhSOSPh), a potentisl commercial antioxidant for
synthetic rubbers, wheresas previously diphenyl disulphide (PhSSPh)
was reported to be the only product. The effect of several reaction
variables upon both the rate of thiophenol oxidation and the relative
yields of products from this reactlon have been investigated. In
particular, detalled study has been made of the effects of varying
mags transfer rates upon the course of this gas~liquid readﬁon.
It was found that both the selecltivity and the rate of the rsaction
was dependent upon the rate of mass transfer of oxygen from the gas
phase to the lliquid phase. OSpecifie regimes of mass transfer with
chemical reaction ha.vel’been characterized for given reaction conditions.
A brief investigation into the compounds present during the course
- of this reaction gave results which support a theory of constant
selectivity for the generation of thiolsulphinate throughout the
course of the oxidation reaction. A kinetic scheme has been given
for this reaction. From this kinetic scheme, an expression for the
chemical reaction rate has been derived. Subsequently a differential
equation representing the phenomenon of mass 'bransi‘er- with chemical
reaction has also been derived. However, this equation was found to

be very complex and was of little value,




A brief study has been made of the oxidative coupling of

aniline,” p-phenylenediamine and toluene-3,4-dithicl.

From knowledge of the oxidative coupling 'reactilons of amines
and thiols,’ the reactlon course of the oxidative polymerization of
p=aminothiophencl has been predicted. The experimental work on the
oxidative polymerization of peaminothiophencl gave good agreement
in most points with the predicted reaction. In this polymerization
reaction, oxygen was incorporated into the polymer chain, a
vhenomenon which has not been previously reported for oxidative
coupling reactions using this catalyst system. Specific regimes of
mass transfer with chemical reaction have aiso been characterized

for given reaction conditions for this polymerization reaction.




HOMENCLATURE

area of gas-liquid interface

aryl group

liquid phase reactant

bulk liquid concentration of liquid phase

concentration of liquid phase reactant at

the interface

absorbing component

bulk liquid concentration of asbsorbing
component

concentration of the absorbing component
at the interface

concentration of component ‘'it

equilibrium concentration of the absorbing
component

diffusivity
activation energy
enhancement factor
kinetic rate constant

kinetic rate constant for the reoxidation
of the Cu(Il) complex

ldinetic rate constant for the recombination of
thiophenoxy radicals to form diphenyl disulphide

Ikkinetic rate constant for the reaction of
oxygen with thiophenoxy radicals

chemical. absorption coefficient
physical absorption coefficient
gas phase mass transfer coefficient

partial pressure of gas

partial pressure of gas at the interface




by

( )thiol/ amine/total  brackets for the thiocl/amine/

pyridine

stolchiometric coefficient

a term used to denote any chemical group;
the chemical group is specified in the
text vhen R is used.

gas constant |

chemieal reaction rate

rate of surface renewal

temperature

time

lifotime of a surface element of liquid
diffusion time

reaction 'l_;ime

average absorption rate in the absence
of a chemical resction

average absorption rate

rate of 'polymerization
distance from the interface
thickness of the diffusion film

selectivity of the thiophenol oxidation reaction
for thiolsulphinate :

volune of liquid per unit interface
cbncentration of the ternm inside the

brackets in grm. moles/litre.

rate of removal of the term inside the
bracket in grm. molesflitre/sec.

the value of the expression in the
total reaction.




1. INTRODUCTION

In recent years, coﬁper—amine catalysts have been used in
selective oxidative coupling processes for the synthesis of many
important compounds. These catalysts are now used in the commercial
production of poly(phenylene oxide) from 2,6-disubstituted phenols.
The chemical kinetics of the oxidative céupling of these phenols
has been studied in considerable detail. However, there are still
many aspects of the reéction system which, as yet, are not fully |
understood. Other polymers which have been synthesized using this
catalyst system are polydisulphides, polyacetylenes and azopolymers.
Although these polymers have useful properties, there has been little
or no investigation into the kinetics of these polymerization
reactions. In addition to the substrate and the copper-amine
catalyst, gaseous oxygen is required to propagate all these oxidative
coupling processes; thus the mass transfer of the oxygen from the
gas phase to the liquid phase needs to be considered. However, to
the author's knowledge, no detalled study of the effects oflmass

transfer on these gas-ligquid systems has been reported.

The pufpose of this project was to develop the kineties of these
important oxidative coupling reactions which use copper-amine catalysts.
This included the study of mass transfer effects, the kinetic study
of known processes and the synthesis of new products including the
kinetic study of their production. Such kinetiec studies are necessary

in order to design process plants for manufacturing the given chemical.




2. REVIEN OF OXIDATIVE COUPLING REACTIONS

2.1 Introductidﬁ

Laidler (1) described oxidation reactions under threé classes:-
(a) Direct interaction between molecular oxygen and a

substrate, e.g. oxidation of iron.

(b) Flimination of hydrogen from a substance, e.g. using a
sultable catalyst, ethyl alcohol will split off hydrogen with the
formation of acetaldehyde.

catalyst
CHBCHQOH — GHBCHO + Hy (2,1.2)

This particular type of oxidation is conveniently referred to

‘as dehydrogenation.

(c) Removal of electrons from a molecule, e.g. oxidation of

ferrous :’Lpns to ferric lons.

24 I3+

This third type of reaction may actually be regarded as the

essential process occurring in any kind of oxidation.

The term Yoxidative coupling" is used inthis thesis to describe
the coupling of two molecules by the removal of hydrogen. The
hydrogen is combined with oxygen to form water. Equation 2.1.4
describes the oxidative coupling of a compound of the general fomula,:

X.Hy.

20
2 XH, __[/__ﬁ__) X=X+ yHO (2.1.4)

(wvhere y ) 1 and X is any chemical group.)




Alternatively, the compound may couple at iwo or more sites in
the molecule, in which case a polymer may be formed {eguation 2.1.5).
Usually a catalyst

nyf2 ©
n HXH 2 ) (&), + 20y HO (2.1.5)

is required to effect the reaction.

In enzyme systems, practically all oxidation processes involve
the removal of two hydrogen atoms from the substrate. Sometimes the
transfer of hydrogen atoms is to molecular oxygen itself. Inthis case,
the enzyme involved is usually referred to é.s the oxidase (1).

In recent years, oxidative coupling as a synthetic technique
has had considerable use particularly in the field of natural products.
The role of oxidative coupling in the blosynthesis of alkaloids and w
lignin, a naturally occurring polymer, has been recognised (2).
Oxidative coupling reactions have been promoted by catalysts such as:
manganese dioxide; l.ead dloddde; alkaline ferricyanide and
chromium trioxide (3). In this present projec'c.- copper-anine catalysts
have been used in the study of oxidative coupling reactions. This
copper-amine system has kinetic and mechanistic similerities with the
copper oxidases {particularly with tryosinase and ascorbic acid
oxidase) used in enzyme oxidation reactions (3). An enzyme system
has been used to oxidize .2,6.dimethylphencl to
3,3%, 5, 5t=tetramethyldiphenoquinone (3). This is one of the products
from the oxidative coupling of '3, 6-dimethylphenol using the copper-
amine catalyst, the catalyst used in this project. Thus the study
of oxidative cotpling reactions using the coppef-amine catalyst may
‘shed further light on the kinetics of complex enzyme reactions and

Viceaversa.
One advantage of oxidative coupling or enzyme reactions is that

3
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they are very selective reactions. Thus in the case of a large

molecule where a number of functional groups could possibly be
oxidized, an enzyme'systam, or one of the catalysts previously
nentioned, may selectively oxidize only one of the functional

groups and leave the remaining groups unaffected.

Recently, oxidative coupling, using a copper-aminé catalyst,
has been widely used as a method of syhthesizing new polymefs. Such
polymers include: poly(phenylene oxide) of which poly(2,6-dim-
ethylphenylene oxide) is produced commercially (4); poly(acetylens)

(5); polydisulphides (6) and polyazoaromaties {2).

In this present project, the copper(I) chloride pyridine
catalyst was used in the study of the oxidative coupling of thiols,
amines, dithiols, diamines and aminothicls. Also studied was the
effect of mass transfer on the reaction rates and on:selectivity

(where more than one product was formed).

2.2 Polymers produced, theif;properties and uses

2.2.1 Poly(phenylene oxide).

In 1959, Hay and co-workers (7) reported that cestain
2,6-disubstituted phenols could be oxidativeiy polymerized to give

aromatic polyethers (equation 2.2.1).

. R C“""/ . R .
" @'OH * ‘ni'oz =5 [‘@—o—j] + nHO0 (221)
R | n

R
(where R = alkyl group.)

3,5,3%,5'=tetramethyldiphenoquinone (Fig. 2.2.1) is formed

as a by=-product.



\
| .

Pige 2.2.1 : 3, 5,3'5'~tetramethyldiphenoquinone

This was the first reported synthesis of a high molecular
welght aromatic polyether, and also represented a new ty‘be of poly-

nerization reaction.

In general, when the substituents, R, are small, such as nethyl,
the polymer is preferentially formed. If one of the substituents is
as large as t-butyl, or if both are as large as iso-propyl, then the

diphenoquinone is preferentially formed.

The polymer obtained by the oxidative coupling of 2,6-dimethyl-
phenol 1s now a commercial materisl and has been given the name PPO
(General Electric Co.,) poly(phenylene oxide). A modified poly(Pheny=
lens oxide) has the trademark Noryl (General Electric Co.,).
Favourable properties of PPO are excellent electrical insulation,
‘ good mechanical properties at elevated temperatures, dimensional
stability under conditions of high humidity and mechanical load, good
‘ chemical resistance and hydrolytic stability. Thus numerous applications

are found for these polymers.

2.2.2 Azopolymers.

Tn 1966, Bach{8) reported the preparation of linear polymers
incorporating the azo linkage from the catalyzed oxidative coupling

of primary aromatic diamines.



+
Cu [amine
n H2N—ArhNH2 +n0p —m———) (-Ar-N=N-)n+ 2n H,0 (2.2.2)
This was _simila.r to the work of Kinoshita (9) where aniline

was oxidized to azobenzene under similsr reaction conditions.

A1l azopolymers are coloured owing to the presence of the strongly
chromophoric azo group. The colour of the polymers ranges from yellow
with isolated azo groups, to black, for polymers with a fully
conjugated chain. They are reasonably stable to temperatures of more
than 300°C in air. The polymer fibres show a fair retention of
tensile properties at temperatures up to about 400°C and also show =
comparatively strong resistance to degradation by light (10). Certain
azopolymers ars useful in the preparation of fibres, filaments, films
and other shaped articles for use in thermally resistant applications
and other textile end uses. They also may be used to prepare semi-

conducting or photochromic materials and related products (11).

2.2.3 Polydisulohides

In 1966, Hay filed a patent (6) describing the oxidative
coupling of dithiols to form poly(disulphides).

nf2 O '
n HS-R-SH —-y (-s-.a_s-)n + n B0 (2.2.3)

+
Cu famine

(R = alkyl or aryl group)

These polymers were fusitle and produced tough , transparent
f1lms. When the monomer contains thrée or more thiol groups, the
product is a threeedimensional cross-linked, insoluble, infusible

polymer.

| | |



2.2.4 Poiy( acetylenes),

In 1960, Hay reported (5) the oxidative coupling of a dia-
cotylene to form poly(acetylene).
@-C:-ECH + 8O, Cull/py, [@—cac—czc—:] + nH,0
s

Hc=C n
(z.2-4)

Light yellow films of the polymer, which were tough . and flexille,

could be cast from nitrobenzene at 160°C. B

2.2. 5 Péij(indigo) Polymers .

In 1966, Bach (12) reported the formation of poly(indigo) polymers,
prepared by an oxidative coupling method. However, these polymers
were prepa.reditmder different conditions, namely by using molecular
oxygen and a. suitable solvent such as dimethylacetamide, hexa:ﬁethyl
phosphortriamide or water. No catadlyst was necessary. All poly(indigo)
polymers are black infusible mate_ri_.als. They show semi-conducting

properties and have a relatively high degree of thermal stability.

2.".'3 A study of the calavsﬁs ﬁsed.

The general method of preparation of the catalyst solution has
been to dissclve the copper sal'l;, ususlly copper (I) chloride in an
inert solvent containing the desired ligand (3). If it is desirable,
the same solvent can be used both as ligand and solvent for the
reaction {10). Hay et al. (7}, in the discovery of the oxidative
polymerization of 2,6~dimethylphenol, dissolved copper (I) chloride
in nitrobenzene containing pyridine as the ligand. The resulting
solution was oxidized by molecular oxygen to give a green copper (IX)

complex, which was the catalyst used in the polymerization reactions.




Terent'ev and Mogilyanskii (13) reported that the two compounds

CuyCly. bpy and Cu,Cl,+6py had been previously isolated by Lang.
They reported the isolation of the second compound after dissolution
of copper (I) chloride in pyridine in a2 sealed ampoule with cooling

of the solution.

Finkbeiner et al. (3) found that § mole of oxygen was consumed
per mole of copper (I)gsalt in the initial oxidation of the copper (I)
complexe. This finding was confirmed by Price and Nakaoka (14) and
Tsuchida et al. (15). Finkbeiner et al. (3) proposed that the
equations shown below represented the oxidation of copper (I) chloride
in pyridine. Eguation 2.3.1 applies when water is absent and equation

24342 applies vhen water is present.

CeHg /by
B CuCl +0p —m—  —— 2 (CuClz). 2 Cul.n py. {(2:3.1)
Celg/ Py
B Cucl + 02 ———— 2 (Cullp)ps 2 Cu(OH)z.n Py {(2+3.2)
H,0
2

Tsuchida et al. (15) reported that the oxidation of the cuprous-
amine complex by oxygen showed that the rate of oxidation was
proportional to the copper (I) chloride concentration. From the

results they calculated the value of the rate constant, Kge

The copper (II) complex is the active catalyét, oxidizing the
monomer whilst being itself reduced to the copper (I) complex. The
function of the oxygen is to reoxidize the copper (I) complex to
the copper (II) complex. A simplified reaction scheme for the

catalytic reaction is shown below.

Xo.
Cu (I) complex + e W (II) complex (2.3.3)



squivalent amount of the copper (II) chloride pyridine catalyst is

Cu(II) complex + substrate -—— Cu(I) complex + "oxidized
(monomer) substrate!

(2.3.4)
Thus 2,6-dimethylphenol can be completely oxidized when an

used in the absence of oxygen (3). Also it was shoum that the use
of an equivalent amount of the copper (II) compound was indistinguish- |
able from the catalytic oxidation in temé of the products obtained.

Kinoshita (9), in studying the oxidative coupling of aniline,

reported that the product of cuprous chloride oxidation in pyridine

would oxidize aniline to azobenzene in the absence of oxygen.

2.3.1 Eff"ect .oug_‘I:igand Ratio

In the polymerization of 2,6-dimethylphencl, the relative yidld
of the two products polyphenylene oxide and diphenoquinone was
dependent upon the lipand (pyridine) to copper ratio, the dipheno-

quinone formation being favoured by a low ligand: Cu ratio,

Endres (16) suggested two possible mechanistic interpretations:-

(2) A single copper pyridine complex was used for both types
of coupling, its concentration increasing with elther copper or
pyridine concentration; the molecularity of the rate determining step
with respect to the complex was greater for C = 0 coupling (polymer

formation) than for C ~ C coupling (diphenoquinone formation).

{b) Several distinct copper pyridine complexes in equilibrium,
their relative concentrations depending on the stoichiometriec

concentrations of copper and pyridine. One of these complexes may




be specific for C-0 coupling while another is specific for C-C

coupling.

In a later paper (17) by the same workers, only the latter
mechanism was proposed. Investigation of the near infrared spectra
of the compounds formed when copper (I) chloride was oxidized in
o-dichlorobenzehe at various pyridine; Cu ratios seemed to confirm

the existence of two different complexes (3).

2.3.2 Copper (I) Chloride Pyridine/Methanol Catalvsts

'When.cOpper (I) chloride was oxidized in a methanol/pyridine
mixture, a deep green crystalline material was precipitated (3);
this compound was found to have the.empirical formula nguOCHBCl
(eqﬁation 2.3+5). Copper (I) chloride oxidized in methanol in the
" absence of pyridine gave a pale-yellow @roduct with the empirical
formula CuOCHBCl (equation 2.3.6).

0
Co(I)CL + ¥EOH + py ——2y BYCUOCH,CL | (2.345)
| 0,

Cu(I)Cl + MeOH ——mZwmsy CuoCH,CL (2.3.6)

3

Both of these materials, pyCuDCH301 and CuOCH3Cl, were reported
{(3) to be at least as active as copper (I) chloride in the oxidation
of 2,6-dimethylphenol when used in equivalent amounts based on the
copper content. lLike the product obtained when copper (I) chloride
was oxidized in pyridine, the compound pyCuOGH301 showed the sams
trend in relative yields of products when the ligand: Cu ratio was
varied. However, no mention was made concerning the selectivity
of the reaction when CuOCH3C1 was used as the catalyst, nor has

any reaction mechanism been reported for oxidative coupling reactions

using this catalyst. These two compounds have been prepared

10




by a number of metathesis reactions in addition to the preparation by
the oxidation of copper (_I) chloride. A schematic representation -
of these metathesis reactions was given by Finkbeiner et a1 (3). All
attempts to determine the molecular weight of - pyCuOCHBCll wvere
unsucessful since the compound was either insoluble or reacted with

the solvent used.

3.3 Stfucture of fhe Cob’pér Cétalysts

On the basis of the means of preparation, Finkbeiner et al.
believed that the structure of the copper chloride pyridine/methanol

catalyst was the one shown in Fig. 2.3.1

OCH

/\/3
/\/\

Fig. 2.3.1. Structure of pyCuOCH301

They postulated that stlow ligand: Cu ratios (about 1:1)
copper (1) chloride is oxidized to pyCuOCHBCl,' which at higher
ligand: Cu ratios reacts with excess pyridine to form a compound

CuC1OCH .
Py, 3
I GuCL + O, + 2CH0H + ¥ py ——) 2(pyCu0CH,AL), + 2 H,0 (2.3.7)

pyCuOCH301 + RO ————— PYCUCLOR ey diphenoquinons (2.3.8)
(where R = 2,6-dimethylphenyl)

High ligand: Cu ratio:-

\/\/3”1):,___“_)2 ~
o Na o, w

(2.3.9)

ClL
Cu/
™~




124 Cl 2 CL .
Cu 4+ ROH — — 3 Poly(phenylene oxide)

N N

j2 3 (2.3.10)

Attempts at replacing the methoxy group in pyCuOCHBCl with
alkoxy groups from ethanol or 2-propanocl gave a brown crystalline
material with the empirical formula pyu_CubCléO; this compound had a

much reduced catalytic activiiy in comparison with pyCuOCHBCl.

Attempts at replacing the methoxy group in PyCuOCH_ CL with aryloxy

, 3
ions led either to no reaction or oxidation of the aryloxy group.
Blanchard et al. (18) were unsuccessful in their attempted preparation

of compounds of the type showm in Fig 2.3.2.

Py I.Cu u,‘__o—@-x [X hqloscn]

Fige 2.3.2 Structure of the compound Elanchard et al.
atiempted to prepare.
Their conclusion was that these compounds were extremely

labile,' unstalble intermediates.

Finkbeiner et al,(3) suggested that when copper (I} chloride is
oxidized in the absence of methanol, the methoxy group would be
replaced by hydroxide or oxide. These structures can be visualized
fér the case of a hydroxide group (A and B in Fig. 2.3.3), but the
substitution of an oxide group must bring about a change in

configuration. |

P.V OH Py Cl
/ \ Cu \Cu/
\ PN . N

A B

Fig. 2.3.3 Possitle structures of the copper (I) chloride pyridine
complex ,

12
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At low ligand: Cu ratios, the structure A could conceivably be

! transformed into a structure such as C (Fig. 2.3.4),

cl
py\c:u/ \Cu == 0
py/ \Cl/

Fig. 2.3.4%. Possible structure of the copper (I)
chloride pyridine complex.

but at higher ligand:' Cu ratios, the structure B must be drastically
altered to incorporate an oxide group whilst still retaining the

same py ¢ Cu : Cl ratio.

Water is a product of all oxidative coupling reactions, and so
after the first few percent of reaction, there would be hydroxyl groups
available for the formation of the structures 4 snd B. However, even
before the start of the reaction, there would probably be an

appreciable concentration of hydroxyl groups present, unless great

care had been taken in drying the reactants to produce anhydrous

conditions.

Price and Nakaoka (14) suggested that the structure shown in
Fig. 2.3.5 was the active catalyst produced from Copper (I) chloride
and pyridine.

b7,
Cu(II) Cu(II)

0 o N

oH

Fige 2.3.5 Structure of the copper (I) chloride
pyridine catalyst, suggested by Price and Nakaoka,

i3




This structure would be formed as follows:-

HO il by HO by
AN AN 2

cu(r) cu(I) + 0y, —— Cu(II),__{Q })lcll(z{ (2.3.11)

Na

pyz HZO pyz HZO
A B
HO ClL Py,
\ / \ / 2
A+ B 3 Cu(II) /Cu(II) + 2H20
Py, c OH

(2.3.12)

The suggestion that the oxidation of Cu(I) to Cu(II) involves
direct interaction of two copper (I) atoms with a molecule of oxygen
is supported by the kinetics of this process ;n nelts (19) where the
reaction rate is equal to K.A [Cu+] 2. [02] (K = kinetic rate constant
and A = surface area). The data were interpreted as indicating a
rate controlling process involving two copper (I) ions and oxygen in
the surface of the melt, producing an intermediate "peroxide™ structure.
Price and Nakaoka (14) state that earlier suggestions of a "monomerich
copper catalyst (evidently py, Cu OH CL or Py, Cu OCH,4 Cl) seemed
difficult to reconcile with a rate determining step involving simult-
aneous oxidation by oxygen of two Cu(I) complexes to Cu(Il) complexes;
this would require a second order dependence on copper concentration
as observed for copper (II) melts. One alternative would be a rate
determining step involving oxygen converting Cu(I) to Cu(II) and 022"
{or Cu(II) and Oy ), but they stated their preference for the idea of
a dimeric catalyst species. Thelr postulated mechanisms concerning
the influence of ligand ratio of relative ylelds of products will be

dealt with in section 2.4.

14



23.4 Effect df Various Lipands

This section describes the use of ligands, other than pyridine

in the catalyst.

White and Klopfler (20), in their study of the polymerization
of 2,6-~diphenylphencl, found that monocamines, whether primary,
secondary or tertiary, when used as catalyst ligands polymerized the
monomer to polymers with moderately high molecular weights. Bio-
tertiary amines did not produce high polymers unless the two nitrogen
atoms were separated by elther two or three carbon atoms. In cases
where the number of carbon atoms linking the nitrogen atoms was only
one or was four or more, very low polymers resulied. They put
forward the possible explanation that amines which cannot form stable
five or sixmembered c_:yclic chalates with the copper tend to form
polymeric compounds which are much less stable than the cyclic species
and that the complexes precipitate from. solution. Ethylene diamine -
and its N,N*'~diethyl derivative were completely unreactive for
polymerization, although the latter produced a relatively large amount:
of the diphenoquinone. A bis-secondary amine, N,N'-dimethyl-l,3-

propane diamine formed a very reé.ctive catalyst.

Hay reported (21) that in the oxidative coupling of acetylenes,.
the 1ligand N,N,N*, N'~tetranethylethylenediamine formed a catalyst

of greater reactivity than did pyridine.

Bach and Hlack (10), in the polymerization of diamines, found
that N,N-disubstituted amides such as dimethylacetamide (DifAc) or
hexamethyl phosphortriamide yielded catalytically active complexes

with copper (I) chloride. The catalytic activity of these compounds
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was less than that of the pyridine complex. They assigned the
structure (])Ivnﬂt.c:)2 Cu(OH)CL to the DMAc complex from similarity to the
copper (I) chloride pyridine structure PY, Cu(CH)CL, postulated by

Finkbeiner st al.(3). |

2.3. 5 Polsoning of the Copper(l) Chloride Pyridine Catalyst.

Endres et al (17) found that at low ligand:’ Cu ratios, water,
which is one of the products of the reaction, has an auto-retardation
effect; this could bs eliminated by using a suitable drying agent such
as nmagnesium sulphate. They observed that the separation of another
liquid phase or solid copper salt accompanied auto-retardation. These
effects were not seen at high ligand: Cu ratios. This autoeretardation

effect by water was also reported by White and Klopfer (20).

Terenttev and Mogilyanskii (13), in the oxidative coupling of
amines, reported that the reaction did not occur in the presence of
anménia or when pyridine was acidifieds Kinoshita (9) found that when
equimelar potassium hydroxide in methanol was added to a copper (I)
chloride pyridine complex, its catalytic activity was lost. Price and
Wakaoka (14) found that the addition of acetic acid, hydrogen bromide
or hydrochloric acid either almost or completely stopped the oxidative
coupling reaction. In the oxidative coupling of benzil using a
copper (I) chloride pyridine complex, Kinoshita (9"') reported that the
" reaction terminated after a certain amount of benzil had been oxidized.

He deduced that the product, benzoic aclid deactivated the catalyst.

Hlanchard et al. (18) reported that when the compound
XCGHL;(CHB)ZOH was polymerized (equation 2.3.13) using a copper (I)

chloride pyridine complex, the reduced complex (or spent catalyst)
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ZCU.CIX and was inactive as a catalyst thus the

had the formula py.

reaction stopped after all the catalyst had been used once.

@ou —%llau-, @ |+ py GulX (2383)
M n

<

A similar effect was reported by Price and Nakaoka (14), who,
when they added bromophencl to thelr reaction mixture, found that the
reaction rate soon decreased. They suggested that this was due to
the release of hydrogen bromide, which they showed to be a strong
inhibitor. The two explanations may be equivalent since the hydrogen

bromide may have formed the inactive complex Py,CuClEr.

2.3.6 Use of Other Salts in the Preparation of Catalysts

Torent'ev and Mogilyanskii (13) reported that the salts: Fe Clz;
Fe C13; Co Clz; Cu Cl,; Cu, Bry and Cu, IZ with pyridine gave no
reaction in the oxidative coupling of amines. Kinoshita (22) found
that a cuprous acetate pyridine complex had no catalytic activity in
the oxidative coupling of aniline. Finkbeiner et 2l (3) found that
the compoundsz- Cu Clz; Py, Cu Cly; Cu(CH), and py Cu(OR) ,(whers
R = 2,4,6~trichlorophenyl or 2,6-dichlorophenyl) with pyridine gave
either no reaction or a very slow reaction in the oxidative coupling
of phenols. White and Klopfler (20) reported that cuprous bromide
as well as cuprous chloride produced high polymers from 2,6-diphenyl.
phenol. Hay (23) reported that other copper (I) salts (Bromide and
acetate) could be used in the polymerization of 2,6-dimethylphenocl

and that cuprous acetate was an active catalyst in the polymerization
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of acetylenes (2L). In their work on the oxidative coupling of

2, 6-dimethylphenol, Price and Nakaoka (14) reported that copper (I)
chloride was much superior as a catalyst to cupric acetate (15F of
the Cu, CL, rate) or cuprous bromide (3% of the Cuy Cl, rate).
Cuprous cyanide, copper powder and cupric chloride, bromide, oxide

and carbonate were ineffective as catalysts.

2.4 Kinetics and Mechanisms of the Oxidative
Coupling of Phenols

Tn the oxidative coupling of 2,6-disubstituted phenols,
n/2 moles of axygen are consumed by n moles of the phenol (equation

2.8.1).
R

o- "+ mH 20
@}‘-zon_ + %01/' [-@}'; ]m (2.4.1)
R \)_(n_,m) 00 + (n-m)l—l o

Thus, the rate and extent of the reaction at any time, t, can
conveniently be calculated from a series of readings, taken during

the course of the reaction, of the total volume of oxygen consumed.

Finkbeiner et al (24) produced the first paper describing the
mechanisms and kineties of the oxidative coupling of 2,6-disubstituted
phenols using a copper (I} chloride pyridine complex as catalyst.

For 2 mixed solvent of 8:@ benzene to 204 pyridine, their graph of
oxygen consunption against time showed an induction period followed
by rapid oxygen uptake to approximately the equivalence point, where-

upon the oxygen consumption essentially ceased. Al constant catalyst
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concentration this induction period became progressively shorter as
the monomer (2,6-dimethylphenocl) concentration was increased, until

it finally disappeared.

A simplified reaction mechanism postulated by some authors

(3,15,25) for the oxidation of 2,6-dimethylphencl is showm in scheme 2.1.

Coordination of monomney K nonomer
Cu(II)complex + 1 iCu(II)---. 1.

the monomer spacies species
Electron transfer _monomer K omplex + monomer

and disssociation Cu(1I) specles —E Cu(L) compl radical 2.
Reoxidation of K

the catalyst Cu{I)complex ————2— Cu(II)complex 3.
polymer growth ——y monomer radicals ———— polymer 4,

Scheme 2.1 General reaction mechanism for the

oxidative coupling of phenols.

To explain some of their results, Tsuchida et a2l (15) separated
step 2 into two steps; these were the electron transfer step, XK,
(reduction of Cu(IT) to Cu(l) and oxidation of the coordinated monomer
species), and the dissociation step, Kq (dissociation into the Cu(I)
complex and monomer radical). Also they proposed that step 1, was a
reversible reaction. They showed that the rate of owgen consumption

was equal to the rate of dissociation.

2.4,1 Effect of Ligand Ratio.

In their work on the kinetics of the oxidative coupling of

2,6-dimethylphencl using a copper(I) chloride pyridine complex,
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Endres ot al (17) studied the effect of varying the ligand (pyridine):
Cu ratio over the range 0.67:1 to 2420:1. They did this by varying

the pyridine concentration at constant copper salt and monomer
concentrations. The lower limit represented the minimum ligand:

Cu raﬁio required for complete oxidation of copper (I) chloride in

an inert solvent (O-dichlorbenzene), whilst the upper limit corresponded

to the copper salt in pure pyridine.
Effect of Ligand : Cu Ratio on Relative Yields of Products.

The effect of the ligand:m Cu ratio on the relative yields of
products (17) was as showm in Fig. 2.4, At the lowest ligand: Cu
ratio (0.67:1), a rather slow reaction led predominantly to C - C
coupling (diphenoguinone). Increasing the lipand:Cu ratio favoured
C - 0 coupling (polyphenylene oxide) formation at the expense of C - C
coupling. Tsuchida et 2l.(15) repeated this work under similar
conditions and found the same type of behaviour. Endres et al. (17)
found that as the 1igand:‘ Cu ratio was incréaséd,, the intrinsie |

viscosity (and thus the molecular weight) of the polymer increased.
BEffect of Ligand:' Cu Ratio on the Reactlon Rates.

The offect of the ligand: Cu ratio on the overall rate as measured
by oxygen consumption, was as shown in Fig. 2.4.2. The overall rate
rose to a maximum in the region of ligand:“ Cu ratio of 100:1, and
then decreased as pyridine became the major part of the reaction mixture.
Tsuchida et al. (15) again found the same type of behaviour in their
work with 2 maximum rate et a ligand:Cu ratio of 100:1. In a similar
study of the effect of the ligand:Cu ratio using copper(I) chloride,
2,6=dimethylphenol and nitrobenzene as the inert solvent, Price and

Nakaoka (14) reported a maximum rate of oxygen absorption over the ligand:
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Cu ratio range 15:1 to 30:1. They made no mention of the relative

yields of the two products.

At a constant 1igand§ Cu ratio of 1:1 or 2:1 and a constant
monomer concentration, Endres et al. (17) reported that higher catalyst
concentrations increased the overall rates and favoured C - 0 coupling.
Varying the initial monomer cbncentration,' at a constant catalyst
concentration and a constant ligand: Cu ratio of 3:1 had 1ittle effect
on elther the rate of oxygen consumption or the relative yields of

products.

Tsuchida et al (15) reported that for the oxidation of the copper{I)
chloride complex alone, the value of K (the kinetic rate constant)
roached a maximum at a ligand:Cu ratio of 3:1. They suggested that

this was the result of twe opposing efi‘ects:“-

(a) pyridine ligands promoting the rate of the oxidation reaction
by reising the oxidation potential of the copper ion, and

(b) excess pyridine interfering with the attack of the oxygen
molecule on the copper{I) ion by filling up the coordination sites on
the copper(I) ton and thus lowering the oxidation rate,

Effect of Temperature.

Endres et al. (17) found that increasing the reaction temperature
favoured C - C coupling at the expense of C - O coupling. This is in
contrast to the work by Hay (26) who used the ligand N,N,N',N*'-
tetramethylethylenediamine together with copper(I) chloride as a catalyst
at a ligand: Cu ratio of 2:1 in the oxidative coupling of '2,6~diphenyl-
phenol. He reported that increasing the reaction temperature favoured
polymer formation (C-0 coupling)s MNo explanation was given in either

paper for these effects.



Endres et al (17) gave no explmaﬁon for the observed effeéts
of ligand: Cu ratios upon the kinetics. The explanations given by
Tsuchida et al (15) and Price and Nakaoka (14) are glven in section
2.4.7.

Unless otherwise stated, the kinetic studies considered in the
rest of this section 2.4 apply to regions of high ligand: Cu ratio,

vhere the amount of diphenoquinone formed is negligible.

2.@.2 'Effec't ‘61‘ the iioﬁo}nef on 'Ehe Kiﬂetics.
Effect of Monomer Concentration.

Brooks (25) studied the heterogeneous polymerization of
2,6-dimethylphenol using a copper(I) chloride pyridine complex, where
the polymer was precipitated out of solution during the course of the
reaction. He reported that both in pumpyridine and in a mixed
solvent (207 pyridine to 80% methancl), .the reaction was apparently
zero order with reépact to the monomer. Price and Nakaoka (14)
established conditions within which oxygen diffusion was not the rate
controlling step for their study of the kinetics of the oxidative
coupling of 2,6-~dimethylphenol. They found ﬁhat the kinetics were
independent of monomer concentration. However, both Brooks and Price
and Nakaoka appear to have reached this conclusion because for any
one particular monomer concentration the graph of oxygen consumption
vs time was virtually a straight line for over 90% of the reaction.
Tsuchida et al. (15) also obtained thig straight line relationship
for any one particular reaction, but for a series of reactions at
varying initial monomer concentrations, their fot of reaction rate

against initiel monomer concentration was as shown in Fig. 2.4.3.
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Fige 2.4.3+ 15 a typical graph for enzyme reactions. This result

is discussed further in section 2.4.7.

Effect of Monomer Structure.

Hay (23) reported that no appreciable reaction occurred in the
attempted oxidation of 2,6wdichlorophenol or 2,6-dinitrophenol, using
a copper (I) chloride pyridine catalyst. This, he reiaorted’;. was not . |
suri:rising since the redox potential of these phenols was considerably
higher because of electronegative substituents. White and Kio;:f.'ler (20) !
found that 2,6~diphenylphenol had a lower reactivity than 2, 5-dimethyl-
phenol in cxidative coupling reactions. They suggested that this
was due to two reasons, (a) the increased steric hindrance of the
phenyl. groups adjacent to the hydroxyl groups and (b) the higher
oxidation potential existing when there are no electron-donating
o-methyl groups. Price and Nakaoka (14) reported on the oxidative
coupling of a number of analogues of 2,6~-dimethylphencl. These results
again indicated the importance of electron-donor groups increasing
the rates of oxygen consumption and of eleciron.withdrawing groups |
in retarding‘ the rate. A substituent in the 2 position was found to

have more effect on the rate than one in the 4 position.
Oxidation of Phencl.

Hay (23) reported that the oxidation of phenol itself by a copper
chloride pyridine catalyst produced only a complex tarry residue. He

stated that the phenoxy radical was a resonance hybrid of the following

structures:=

@@—Oe(——i -@20 3 @:O —) @—oa (1.4.1)

25




C = C coupling of the radicals could occur at the 0~ and p- positions
as well as C - O coupling. Therefore if{ is not surprising that the

oxidation of phenol yielded only a complex mixture.

2.4.3 Effecﬁ .of the Catalyst on the Kineties,

Finkbeiner et al (24) reported an order of dependence of 2.67
‘upon the catalyst concentration. This was a somewhat unususl value
and is contrary to the valﬁ.e of 1.0 reported by both Bréoks' (25) é.nd
Price and Nakaoka (14). Brooks found the reaction to be first order:
with respect to the copper (I) chloride concentration up to a certain
catalyst concentration. Above this concentration, the rate of
polymerization was virtually independent of catalyst concentration in
fhe pyridine solvent system and in the mixed solvent system the rate
éf polymerization tailed off above a certain concentration. In these
regions, he suggested that the reaction rates were probably controlled
or modified by mass transfer of oxygen from the gas phase to the liquid

phase.
Effect of Catalyst Ligands.

Endres et al (17) found that a copper (I) chloride complex with
ligands of increased steric hindrance decreased the rate of oxygen
absorption both at high and low ligand: Cu ratios; at low ligand:

Cu ratios,' the fractional yield of the C - .C coupled product was

increased.

From thelr reaction mechanism, Tsuchida et al (15) derived the

following expression:-




v (%) KxX (2e443)

(rate of polymerization)

vwhere KJ = K1/K 1» the complex formation constant between Cu(II)
amine and monomer.

K, = kinetic rate constant for the electron transfer step.

Thus ligands such as pyridine; which have low steric hindrance
{i.e. high K{) and promote electron transfer i.e. high I{e,(because
of the conjugated system giving good electroneaccepting properties)
are more effective as ligands than those,l such as BuzNH, which have
a high degree of steric hindrance (1owK._"_) and do not promote electron
transfer (low Ke). For further information concerning other ligands

which have been used, refer back to section 2e3elts

2.11-.‘4. Effect of Solferif on the K:Lne'b:l.cs.

Endres et al.(17) conducted a series of experiments at a constant
ligand: Cu ratioc of 3:1 using the solvents benzene, chlorobenzene and
o=dichlorobenzene, which has a range of dlelectric constants 2.3 to
7+5. The results indicated that the dielectric conitant of the
solvent had very little or ﬁo effect on either the rate of reactioﬁ
or the relative ylelds of producis. However, the variation in the
properties of the solvents was not very great. Price and Hakaoka (14)
studied the effect of a number of sclvents on the rates of oxidative
coupling. The relative reasctivities of the solvents were as shown

below:=
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methanol = 2-propancl ) dimethylformamide = bromobenzene )
1, b-dioxane = nitrobenzene ) chloroform = benzyl alcochol )

dimethyl sulphoxide ) pyridine.

A though the solvents methanol and Z-iaropanol gave the highest
oxidative coupling rates, the resultant polymer was not very soluble
in these media and precipitated out of sclution before a very high
nolecular welght polymer was completed. Brooks (25) found that the
rate of polymerization increased as the methanol fraction of the
mixed solvent (pyridine/methancl) incressed. Finkbeiner et al (24)
also reported that the use of a pyridinefbenzene solvent gave faster

reaction rates than pure pyridine.

Tsuchida et al (15) proposed a theory to explain the solvent
effect. During the electron transfer step, the extent of charge
separation decreaées, and thus a solvent such as pyridine which is
more polar than an inert solvent such as osdichlorobenzene would tend
to stabilize the complex A& (Fige 2.4.4) and thus would decrease the

value of Is'.‘e .

py Cu (T} 0—@ e | yCu@- »é—@

Fig. 2.4.4, Hlectron transfer step in oxidative
coupling reactions.

2.4.5 Effect df Oxyegen Pressui-e on the XKineties,

Finkbeiner et a2l (24) reported that a plot of log (reaction rate)
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vs log (oxygen pressure) gave a straight line of. slope 1.33 over a
variation of oxygen partial pressure 300-760 mm. Hg. Price and
Nakaoka (L4) found that the reaction was first order with respect

to the oxygen pressure over the range 0.5 to 1.5 atmospheres.

Tsuchida et al (15) found that a copper (I) chloride aliphatic
amine catalyst gave no polymerization reaction in the absence of
oxygen, whereas a copper (I) chloride pyridine catalyst did give a
reaction. They also found that their experimentally determined X,
values were larger than what would be. expected from their k'o values
(see scheme 2.1). Their explanation of these effects are given in

section 2.4.7.

2.45.6 Other Kinetic Effects.

From a study of the effect of reaction temperature, Finkbeiner
et al, (24) suggested that the reaction had a very low activation energy
aﬁpro:d.ma‘bely 3-5 keals/mole. They also reported that experimental
work with 2,6~dimethyl-l=deuterophenol indicated that the loss of

hydrogen in the 4 position was an easy reaction and not rate determining.

A phenomenon of the oxidative coupling of 2,6-dimethylphencl,
which was reported only by Brooks (25), was the evolution of small
amounts of gas at the initial mixing of the monomer and catalyst
solutions. However, the method used by Brooks for measuring oxygen
consumption ("frictionless piston" ; also upon mixing the reactants,
there was no change in the closed volume of the apparatus) would be
more sensitive for detecting this initial evolution of gas than the
more conventional Uwtube manometer used by other workers (14, 17).

There seemed to be no direct relationship between the amounts of gas
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svolved and the concentration of the reactants.

In experiments using a mixed solvent system, Brooks (25) reported
that the precipitation of polymer from solution afier about 10% reaction

had no effect on the rate of oxygen absorption.

Endres! Mechanism (17).

The mechanism proposed by Endres et al. has previously been

described in section 2.3.1., and is shoun schematically in Scheme 2.2.

Cu(II)‘Ln + Lm";._:—_-‘ Cu(TI) L

n+n
1 ArCH Jl ArOH
C = C coupling C -« O coupling

L = amine ligand, Ar = 2,6-disubstituted aryl group

m and n are integers > 1
Scheme 2.2. Reactlon mechanism proposed by Endres.

The other ligands involved in the complexes are omitted for the
sake of clarity. This scheme accounts quantitatively for the observed
effocts of ligand ratio, catalyst concentration and steric hindrance

in the ligand.
Finkbeinert's Mechanism,

Finkbeiner et al (3) postulated that in a copper(I) chloride
pyridine/methancl system, the structure A (Fig. 2.4.5) led predominantly

to C = C coupling and the structure B led predominantly to C - 0

coupling. . (see section -2.3.2).




H

ocH

Py cl OCH., Py 3
\ cu / \ Cu / \ Cu /
py/ \Cl/ \ 0033 ' by / \ CL
A B

Fige 2e4¢5. Structure of the copper(l) chloride

pyridine complexes.

'However, he did not explain why each structure should favour

the specific type of coupling.
Brook's Mechanism (25).

The reaction mechanism proposed by Brooks was for high pyridine:
Cu ratios (the ‘region in which his experiments Wergoonducted) ‘where
the polymerization rates were simultaneously first order with respect
to copper(I) chloride concentration and zero order with réspect to

monomer concentration. The following scheme was postulatedﬁ-

Cuf{I) species + oxygen ——-—L Cu(IL) species 1.
(4) (B) ()
Cu(II) species + polymerizahle —————— complex 2.
species : ¥
' 3
(c) : (D) (E)
X
complex —_— polymer + Cu(I) species 3
(E) | (F) (4)

Scheme 2.3 - Reaction mechanism proposed by Brooks.,

The equilibrium of step 2 favoured E, thus making equation 3 the

rate dotermining step. Thus the rate of polymerization is given by
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equation 2.4.4.
- d [p]
Rate of polymerization it = K, [A] £ =0 (2.4 4t)

where [A]t =g 1S the initial concentration of copper (I) chloride.

This scheme accounts for the kinetiecs being first order with
respect to the catalyst and zero order with respect to the monomer.
A so from equation 2.4.4., one would expect the rate of polymerization
to be zero order with respect to oxygen pressure,’ assuming condi.tions
vhere the reaction rate was not mass transfer controlled. This,
however, is not as was found by Finkbeiner et al.(24) and Price and
Nakaoka (14), who,' as previocusly reported {section 2.4.5) found the
reaction rate to be of the order 1l.33 and 1.0 respectively with
respect to the oxygen pressure. Brooks did not study the effect of
oxygen pressure on the kinetics. However, if it was assumed that step
1 (scheme 2.2} was the rate determining step and step 3 was a fast
reaction, then most of the copper would be in the form of the Cu(I)
species and would have a steady state concentration. This would give

the following expression for the reaction ratez;-

rate of polymerization = K’.L fA] 8] = Kl [Cu(I)] [02] (2.4.5)

This would account for kinetics of first order with respect to
both catalyst concentration and oxygen pressure and zero order with
respect to monomer concentration. Price and Nakaoka (14) showed that
although the rate of polymerization was independent of monomer
concentration, the rate did depend on the structure of the monomer.
Thus in the above reaction mechanism, a monomer species needs to be

coordinated to the copper (I) species, 4, to be .consistent with the
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above experimental resultis.

Brooks (25) also reported the analogy between his oxidative

coupling mechanism and enzyme reaction mechanisns.
Price and Nakaoka's Mechanism (14).

Price and Nakaoka suggested that the rate controlling step for
oxidative coupling' was the reaction of oxygen with a copper-phenol
complex. This they deduced from their kinetics which showed that the
rate of oxygen absorption was first order with respect to the oxygen
pressure and catalyst concentration and independent of monomer
concentration but dependent upon the structure of the monomer. For
high ligand: Cu ratios they proposed the reaction mechanism given in
Scheme 2.4. The slow step from C to D (also the rate controlling
step), involving electron donation or iransfer from Cu(l) to molecular
oxygen, would be facilitated by enhanced electron availability at the
Cua(I) in C. This would account for the favourakle effect of electron-
don_or groups in the phenol. The increase in reactlon rate arising
from ortho substitution, they stated, may be due to steric hindrancel
vhich blocks excess coordination of bulkly solvent molecules at the
Cu(I) in C,' permitting more readily access for the small oxygen
molecule. This scheme required that a1l the Cu(l) was rapidly and
quantitatively converted to a form coordinated with pimnol,i C, so
that the concentration of this species was dependent upon the concen-
tration of the catalyst but not on the concentration of the phencl,
provided that the concentration of phenol was largse compared to the

catalyst concentration.

Price and Nakaoka postulated that the phenomenon of a high ligand:
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e C1 p[y M S Me /Cl\ Ify | VMe )
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H H
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(0) H €)
Scheme 2.4

Reaction mechanism at high ligand : Cu ratios
(Price and Nakaoka)

Scheme 2.5

Reaction mechanism at low ligand : Cu ratios
(Price and Nakaoka).
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Cu ratio promoting C -~ O coupling rather than C- C coupling may be
dueto the decreased bond strength of the aryloxy radical to copper
containing more ligands.’ Thus with two pyridines per copper the
aryloxy radicel would more readily dissociate as a "free" aryloxy
radical to give the C - 0 coupling product,‘ poly(phenylene oxide).

They reported that with only one pyridine per copper, the aryloxy
radical may not be so readily released. By remaining coordinated to
Cu(I) it could then undergo C - C coupling to give C' (see Scheme 2. 5).h
This would then react with oxygen to give D', which would give the

diphenoguinone and regenerate the catalyst, Af.
Tsuchida et al. Mechanism (15).

The reaction mechanism proposed by Tsuchida et al. was very
similar to the well-known enzyme reaction mechanism (27). Their

mechanism can be represented Schematicaliy as follows (equation 2.4.6).

E + 8 i‘ES o y ES? Kd‘E'+ 2.4.6)
— ? 7 - P ( asre
< !
Where:

E = copper (II) catalyst

5 = monomer

ES = copper (II)-monomer species
ES* = copper (I)-monomer species
E = copper (I) catalyst
P = monomer radical from which the polymer is formed.

The complex ES' could, however, be oxidized directly as in equation

2.4.7., in vhich case the reoxidation step would not be an independent
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reaction.
ES'——3E + P ' (2elhe?)

Assuming steady states for the complexes E3 and E3', the

resulting rate equation from the reaction scheme was:-

» Vo 81
| vy = Kd [ES'] = Jhax . - |
| (rate of - K+ [s] (2.4.8) |
| polymerization) n _
| . " E
Ko +K X
| where K = ( =L e) { S S (2.4.9)
: n K'Il. Ke * Kd
Kg . Ky
and \/;nax = K,. [E] o = m . [E]o (2.4.10)

(vhere [E] o 1s the initisl catelyst concentration).

Equation 2.4.7 is of the same form as the Michaelis-Menten
equation for enzyme réactions. Plots of 1/v q Vs 1/ [T
(Lineweaver-Burk plots) give linear relationships. Tsuchida et al.
plotted the Lineweaver-Burk graphs for all thelr experimental results
and obtained linear relationships from which they calculated the

values Vmax" Km and Kz (Kz being the combination of steps K*3 and X d).
Effect o.f ligand Ratio,

Tsuchida et 2l. explained the results of the effect of varying
ligand:Cu ratios on the reaction rate (see Sec;tion 2.4.1) in terms of

the rate constant K,, and the equilibrium constant Kf (where Kf = lle).

2
However, they did not explain why these constants should vary the way
they did, except for reactions at very high ligand: Cu ratios. At
very high ligand: Cu ratios, pyridine acls as a solvent and thus

decreases the rate,’ as previously described in section 2.4.5.

36




The same authors suggested that it was the electronic state of
the coordinated radicals which determined the type of coupling, C ~ O
or C = Co They considered that ¢ = 0 coupling occurred according to
a coordinated radical mechanism. The carbon at the 4uposition of the
coordinated phenyl radical has a. S+ property and is attacked by a |
coordinated phenoxy radical, giving C - O couplinge This theory is
in contrast to other postulated theories (see section 2.5) of a free
radical mechanism for C - O coupling. A suggested correlation
between the coupling selectivity and Kle. was the main evidence for the
theory postulated by Tsuchida et al. The value of Ki was considered
to be a measure of the affinity between the catalyst and the monomer.
Consideration of their data for coupling selectivity and Kf shows that

this correlation is questionable.
Effect of Oxygen Pressure.

Tsuchida et al.(28) suggested that the oxyge:"l would participate
in the azctivation of the monomer by forming a .complex with the copper(II)
catalyst and by acting as an electron acceptor. The coordiﬁated oxygen,
they reported, could promote either electron transfer (Ke) or the
dissociation of the activated monomer (K d) or bothe In pyridine
complexes, the coordinated pyridine could act as an electron acceptor
giving high Ke' values, and possibly also promote the K 4 step, whereas
aliphatic amines have no electron-acceptor properties. Hence the
aliphatic amine complex catalyzed polymerization can only occur if
oxygen, which acts as an electron acceptor, is coordinated to the

compl ex.

Tsuchida et al.(28) suggested that oxygen could form a ternary

complex (ES0,') with any of the complexes, E, ES or ES'. The three
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possible mechanisms are shown in equations 2.4.11 to 2.4.13.

Kox X Ke Kd
(a) B+0, fa— E.Op; EOp + S — E30p' — ESO,' —
K-o:ec; K-l
E.0,' + 3% ——3 coupling. _ (2.4,11)
E
Ky Koy K - . Ky
() E+s —~———-—=K ES; ES + 0, —-—-—*K ESO, —» ES0,' ———>
‘ -1 -0X .
E.0," + 5'-——3 coupling. : (2.4.12)
E
. ol Ke Kox Ky
{¢) E+8 ————— ES ——— ES'; E3' 0, /=== B30, —
K X
: -1 -ox
T,.Oz' + S — 3coupling ‘ (2.4.13)
E

They derived equations giving the rate of polymerization for
e;ach of the above cases. These equations were derived on the
assumption that only the oxygen complexes were active for the reaction.
From these equations, the following expression was derived:-

1 . B

i o . 4+ £
X, Lo i (2.4.14)

(where A, B and C are constants and [02] = the partial pressure
of oxygen)

" From their experimental results, they plotted graphs of 1/X,
against 1/ [05]. These gave linear relationships and thus supported
equation 2.4.1%. A mechanism in which the role of the oxygen was

merely to oxidize the copper (I) complex, would show that Ko was
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proportionsal to the oxygen pressure and thus would not be consistent

with eguation 2.4.1k.

2.5 Mechanism of Polymer Growth in
the Oxidative Coupling of Phenols.

The experimental work of this present project was concerned with
the oxidative coupling of thiols, amines and aminothiols, but not
phenols. Thus the mechanism of polymer groﬁth for the oxidative
coupling of phenols has 1little or no direct relevance to this project
and therefore will be dealt with only very briefly. The majority of
proposed mechanisms (23, 29, 30, 31, 32 and 33) for polymer growth
of the phenols were formulated from the assumption that the dissoclation

of the copper (I)~-monomer complex produced a phenoxy radical, A.

o)
Ma@rm
=)

Various reaciion schemes were considered whereby the radicals

of structure A react with each other to form poly(phenylene oxide).

Upon experimental evidence, Finkbeiner et al.(24) discounted a
simple aromatic substituiion mechanism and suggested the following
two mechanisms t=

(a) an "uncoupled" eolectron mechanism,

(b) a quinoleether rearrangement.

The uncoupled electron mechanism involved transmission of the
odd electron through the etherts oxygen to the end of the polymer-

chain radical. The quinol-sther mechanism is described later.

Hlanchard et al.(33) and Butte and Price (29) gave evidence to
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suggest that the uncouvpled electron mechanism was used in polymer "
growth. However, Price in a later paper rejected this mechanism.
The majority of authors (30, 32 and 14) investigating this: ' -

mechanism gave conclusive evidence for the quinol ether mechanism.

Endres and Kwiatek (34), in their work on the oxidative
coupling of 2,6-dimethylphenol found that the degree of polmerization
rose sharply near the end of the reaction. This .showed that .the
poiymer growth was a stepwise mechanism, similar to condensation
polymerization, whereby the growing polyﬁer molecules .reaot with

each other as well as with the monomer.

‘Papers by Cooper et al (35) and Bolon (36) gave support to a
quinol ether equilibration whereby two chain radicals of unit lengths
x and y combine to form a quinol ether and then dissociate to form
two aryloxy chain radicals of different lengths. This is shown by

equatnion 2. 501.

I{B; + M

y.._.._)Mx_l + Myﬂ (2.5.1)

The basis of the quincl ether mechanism is given in Fig.

2.5.1. This mechanism is ghown more fully in reference 24.
EH

® - G-y —
. X,

Fig. 2.5.1 Basis of the quinol-ether mechanisn




2.6 Oxidative Coupling of Thiols.

In 1966 Hay (6) filed a patent describing the synthesis of
disulphides from thiocls and polydisulphides from dithiols. This
was an oxidative coupling process using a copper (I) chloride
pyridine complex as catalyst. No other product other than the
disulphide or the polydisulphide was reported to have been formed.
To the author's knowledge, no other paper concerning the development

(mechanisms and kinetic studies) of this work has been published.

. Thiols, however, can be oxidized to disulphides in aqueous
solutions by gaseous oxXygen using metal ions as catalysts. Tarbell(37)
reviews the mechanisms and kinetics of the oxidation of thiols
using various oxidizing agents. He reported that the contradictory
nature of the reporis concerning the mode of oxidation of wvarious
thiols did not allow an interpretation of the experimental data
in terms of a unique mechanism. However any attempt to advance such
a mechaniém must take into account the following generalizations which
emerge from a consideration of the past studies of the oxidation of

thiols by oxygen:

(2) The rates of oxygen uptake by aqueous thiocl solutions
appear to be independent of the thiol concentration.

(b) The rates of oxidation are proportional to the oxyéen
content of the reaction mixtures.

(e} The rates of oxygen uptake are accelerated by several
metallic ions (e.g. re?™ and Cu2+) and it appears that the formation

of a metal ion~-thiol complex is indispenssble for the oxidation process.

Vigorous oxidizing conditions can convert the thiol or disulphide

into more highly oxidized products, the most oxidized product being
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products are listed by Savige and Maclaren (38).

the sulphonic acid R SO3 H (where R = aryl or alkyl group). These
\
\
|

2.7 Oxidative -CQupling of Amineé. ,

Pfeparation and Properties,

- The oxidative coupling of aromatic amines to azo compounds in

practically quantitative yield using a copper (I) chloride pyridine

complex was first reported by Terent'ev and Mogilyanskii (13).

cu(I) Cl/py
2 ArNH y Ar N = NAr + 2H.0 (2.7.1)
2 0 2
2

{where Ar = aryl)

They reported that the oxidation of aniline using other catalyst
systems had produced certain amounts of azo compounds in the product.
However, because of side reactions, the ylelds of azo compounds were
not very high and so these reactions did not find practical

application for the preparation of azo compounds.

Bach and BElack (8) discovered that ‘azopolymers could be prepared
by the oxidative coupling of aromatic diamines using the same catalyst.

cu(I) Cl/py
n HoNeAraNH, ————3 (Ar-N=N-) + 2n H,0 (2.7.2)
2 2 5 n 2

2
This reaction was also reported by Kotlya.revskii et al.(39).
Bach and Elack (2) reported that polymers containing the azo
linkage have been prepared by other methods, e.g. coupling of |

bisdiazonium salts with polyphenols, decomposition of bisdiazonium

salis, hydrogen abstraction from aromatic diamines by free radicals
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and polycondensation of azobenzene derivatives. However, these

methods impose limitations on the polymer struclture because of one

" or more of the following reasons:-

(a) specific substituents are required. |

(b) a rendom incorporation of a;zo linkages is produced in
the polymer. .

(c} very specific monomers are required.

By contrast, the catalyzed oxidative polymerization metho.d is
generally applicable to primary aromatic diamines, an easily
accessible class of monomers.

From a study of the infrared specira of azopolymers, Kotlyarewskil
ot 2l (39) concluded that azoxy bonds (-.N = E_ )} were present in the
polymers. Bach and Hlack (2), however, from their infrared spectra

of azopolymers, concluded that azo links were formed exclusively.

In an experiment where p-phenylene diamine was "oxidized" under
an atmosphere of oxygen but with no catalyst, Bach and Hack (2)
reported that the solution discoloured quickly but only a minimal
amount of oxygen was absorbed and no polymer was formed. The same
authors reported that the use of dimethylacetamide as solvent together
with pyridine, rather than pure pyridine, gave polﬁmers of increased
molecular weight. This was because the polymers were m@re soluble

in dimethylacetamide than in pyridine.

Effeéﬁ -of 'Stfﬁct;ﬁre,

Terent'ev and Mogilyanskii (13) reported that, in the oxidative
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coupling of arcmatic amines, the presence of negative grmips
(electron-withdrawing groups, such as -Noz) decreased the yleld

of the azo compound. In a later paper (40), the same authors
investigated the effsct on the reaction rate of each of the substituents:
methyl; chloro; bromo and iodo in sach of the positions: ortho;
meta and para of aniline. They found that for each of the substituent
atoms, a substd tuent in the ortho position produced the least

active aniline derivative. They claimed that this was because of the
formation of hydrogen bonds between 't.hé amino group and the
substituent atom in the ortho position. This could possibly be

true for the o-chloro., o=bromo- and o-iocdoanilines, but it is

certainly not the case for o-methylaniline.

Bach and Hlack (2) reported that the reactiviiy of a given amine
in oxidative coupling can be expected to be strongly deendent on the
a‘_va:ilability of the lone eléctron Iﬁair on the amino nitrogen atom
for complex formation and electron transfer. The relative basicity
of the amins involved would also be related to this property, thus
poséibl;y providing as easy way of predicting the suitabllity of a
given amine for oxidative coupling. They reported a fairly good
correlation between basicity, relative to pyridine, and reactivity

towards oxidative coupling. Bach and Hinderer (4l) reported that

-an unsyrmetrical diamine, NHwAr-Ar-iH,! (where Ar = aryl group),

vwhere the basicity of the I\IH2 group was appreciahly greater than that
of the NH," group, would, under certain conditions, selectively

dimerize as shown below.

CuCl/py
NH,,~Ar-Ar-lH," —3  NH,*-Ar-Av-Nel-Ar-Ar-NH,* - (2.7.3)
2
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Increasing the temperature of the reaction mixture in situ at
the end of the dimerization, would give a highly ordered block
copolymer. A similar effect was reported by Kinoshita (22) who
found that in the oxidative coupling of a.n equimoclar mixture of
aniline and p~anisidine, 4,4'~azoanisol was selectively obtained

in the early stages of the resaction.

Oiidatidri of ._H'\}cl'z;ﬁév::vazo Compéﬁridé.

Kinoshita (22) reported that hydroxyazobénzene could be
catalytically oxidized by a copper (I) chloride pyridine complex
to azobenzene,

CuCl/py

5 5 (2.7.4)

0,

A similer reaction was reported by Terent'ev and Mogilyansldi k(i!O),
who demonstrated that N,H'-diaryhydrazines are dehydrogenated by the
copper (I) chloride pyridine complex at a rate substantislly faster

than are the corresponding amines.

Readtion i-lécﬁani amb .

(a) Kinoshita (22) proposed the following scheme for the

oxidative coupling of amines:=

Cig, + CulTD)CL ————s CgH i, Cu(iD) oL” 1
+ =
06H5NH20u(II) . + cu(ITcL —).Cu(II)NH06H5 2
2 061{ SNH Cuw(II) ——m 061{51\1}11\3}106115 3 ‘
|
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CgH SNHI\'!HC6H

5 —— 06}1 *=-‘I“3C6H5 L

Schene 2.6 Reaction scheme for the oxidative coupling
_ of aniline (Kinoshita}.

Kinoshita was at a distinct disadvantage becauses at the time

very little was known about the structure of the catalyst.

{b) Bach and Black (2) postulated the following reaction

nechanism:i=
Complex ArI'IHz + Cu(II)OHCl ———y AriﬁHZCu(II)OHCl 1.
formation

o+
Flectron ArNHZCu(II)OHCI —— ArNH, Cu(I)OHC1 2.
transfer 2

Coupling 2 Arif, T Cw(I)OHCL —— ArNHNHA® + 2 Ca{I)CL 3.

20 2u"
APNHNHAY sy ARN=NAR 4,
Cu(IT)/py/0,
Catalyst 4 Cu(1)Cl + 02 + 2H20 ——— 4 Cu{IT)CHCL 5,
recoxidation

(the pyridine ligands have been omitted for the sake of clarity)

Scheme 2.7 Reaction scheme for the oxidative coupling
of amines (Bach and Rlack)




2.8 HMass Transfer Effects.

The study of mass transfer effects upon oxidative coupling
reactions has been limited to brief comments in a few papers which
describe the chemical ldnetics of these reactions. The transfer of
oxygen from the gaseous phase to the liquid phase is a necessary
step of the reaction sequenée where the catalyst is used in less
than equivalent amounts. Thus ﬁnder certain conditions, the reaction
rate will be controlled by the mass transfer rate of the oxygen

between the two phases.

Hay (21) reported that in the oxidative coupling of acetylene
compounds using copper (I) chloride amine complexes as catalysts,
the reactions were rapid enough at room temperature to be essentially

diffusion controlled.

As stated previously (section 2.4.3), Brooks (25) reported
experimental data which suggested ‘I:hat,; under certain conditions, the
reaction rate for the oxidative coupling of 2,6-dimsthylphenol was
controlled by. the mass ‘transfer of oxygen from the gas phase to the

liquid phase.

Before studying the chemical kineticﬁ of the oxidative coupling
of 2,6-dimethylphencl, Price and Nakaoka (14) established conditions
within which oxygen diffusion was not the rate controlling step. By
varying the volume of reaction mixture at a fixed concentration of
reactants, they found that below a certain volume of reaction mixture,
the rate of oxygsn absorption became independent of the rate of

oxygen diffusion. When the partial pressure was reduced to 0.21
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atmospheres, the results suggested that the diffusion of oxygen from
the gas phase to the liquid phase had an appreciable effect on the

reaction rate.

The data of Brooks (25) and Price and Nakaoka (14) cannot be
effectively compared because they used different volumes of reaction
mixture and the vessel dimensions and stirring characteristics were

not reported.



3, MASS TRANSFER EFFECTS IN GAS-LIQUID REACTTONS.

Ll I«iaéé Transfer Theory of Gés-Liquid S:gsfems.

A number of models have been suggesied to represent the conditions

in the region of the gas-liquid interface. These are now considered.

The earliest model was the "Two-Film" theory propounded by
Whitman in 1923 (42).

(a) Two-Film Theory.

The basis of this theory is the assumption that the zones in
which resistance to transfer lies can be represented by two hypothetical
laminar layers, the gas film and the liquid film, in which the transfer
is entirely by molecular diffusion (Fig. 3.1.1). Outside the laminar
layers, turbulent eddies supplement the action caused by random
movement of the moleciles, and the resistance to transfer becomes
negligible. Thermodynamic equilibrium is assumed to exist at the
interface and therefore the relative positions of the points B and C
are determined by the phase equilibrium relationship. Although this
theory does not closely reproduce the conditions in most practical
equipment, the mathemailics of many gas~liquid systems can only be
solved by using this model, and this is the reason why it is still

extensively useds The average absorption rate per unit surface areas,

\7 o is given byi~

_ oey
VO = - D(—S;- . (3-1-1)

Where:"-
D = diffusivity of the dissolved pas (cmzl SeCe )
X= distance from the interface (cm). -




. : Gas Liquid
S, £ilm, £ilm,

P
&

]‘Jain bulk . ) Mﬁzin bulk
' of gas, ST ' of liquid.

Fig, 3 ,1.1. Concentration profile of the
- film theory.

Film ?enetration theory
Transfer
rates,

" Film theory,

Penetration theory.

Time function

Fig. 3.1.2. Comparison of the film, the penetration
and the film penetration theorles,
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concentration of component i

]
A

average absorption rate with no chemical reaction.

(b) The Penstration Theory.
Highiets Model (43).

The penetration theory was propounded in 1935 by Higbie. He
suggested that the eddies in a fluid bring an element of the ﬂﬁid
from the bulk of .the liquid to the interface where it is exposed to
the second phase for a definite interval of time, after which the
surface element is remixed with the bulk fluid. The initial composition
of the surface element correSpoﬁds with that of the bulk liquid. It
is assumed that équilibriwn is immediately attained at the interface
and a process of unsteady state difftusion then occurs until the element
is remixed after a fixed interval of time. The differential equation

representing the unsteady state molecular diffusion is given by (44):w

2% d '
[+]
Do = g B E L)

where t = time elapsed since surface renewal.

The boundary conditions associated with equation 3.1.2 are:=

t=0,¢=c¢ » (3:1.3)

X=0,c=c (3.1.4)

R—io0y, ¢ =0 (3.1.5)
The average absorption rate is glven by:

T{) = (6,0 = ¢ ). 2 :t* (3.1.6)
where

éo' = concentration of ¢ at the interface

€y = concentration of ¢ in the bulk liquid
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life-time of the element

v

0;
il

absorbent gas
Danckwerts' Model (45),

Higbie's model was modified by Danckwertis, who suggested that
each element of surfacé would not be exposed for the same leng'bﬁ
of time, but a random distribution of ages would exist. Thus th_e
rate of diseppearance of surface elements of any given age is prop-
ortional to the number of surface elements of that age which are
present.  Equations 3.1.2 to 3.1.5 still apply, but the average

absorption rate is given by:

\/ = L B ede
V= s (o ¢y | (3.1.7) %
wvhere s = rate of surface renewal (sec"l) |

or 1/s = average life of a surface element.

(¢} The Film Penetration Theory (46).

Toor and Marchellq proposed a "Film-Penetration" theory which
incorperated some of the principles of both the two-£ilm thelory and
the penetration theory. The whole of the resistance to transfer is
regarded as lying within a laminar film at the interface as in the
film theory. It is assumed that fresh surface is formed at intervals,
from fluid which is brought from the bulk of the liquid to the interface
by the action of eddy currents. Mass transfer then takes place as
in the penetration theory, with the exception that the résistance is
conﬁned to the finite film, and the material which crosses the film
is immediately completely mixed with the bulk of the fluid. For short

times of e;qiosure, when none of the material has reached the far side




of the laminar layer, the process is identical to that postulated

in the penstration theory. For prolonged periods of exposure when
a steady state concentration has developed, conditions are similar
to those consgidered in the film theory. The equations 3.1.2, 3.1.3
and 3.1l.% still apply, but the boundary condition of equation 3.1.5

is replaced by that in 3.1.8.

X =l.(_:=co (3-1-8)
(where A = depth of penetration, or thickness of region in which

molecular transfer is controlling).

It is assumed that at some distance below the surface, A , the

concentration remains constant at ¢

ot 2vd that a freshly formed

surface has this concentration. From solution of the equations, 3.1.2,
3¢le3, 3e1.4 and 3.1.8 , Toor and Marchello derived equations for the
average rate of absorption for short times and long times of surface
element exposure; these equations corresponded to those applying to
the penetration theory and the {ilm theory respectively. Fig. 3.1.2

represents the comparison of the three theories.
(3) Dobbins' Model (47).

The model proposed by Dobbins was similar to the film-penetration
theory. A film of liquid at the interface is assumed to be present,
as for the film theory. The liquid of which this film is composed is
considered to be continucusly exchanged for liquid from layers
beneath the surface. The modal combines the concepis of a random
exchange function with the boundary conditions of é ligquid film of
finite thickness, A . Using the same boundary conditions as for the

filmepenetration theory (equations 3.1.3, 3.1l.4 and 3.1.8, together
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with the differential equation 3.1.2, Dobbins produced the expfession

shown below for the physical absorption coefficient, }&‘0.

°L s EF) -
k= s cotn } > (3.1.9)
' o + o=
(Where coth(y) = T"’Ty)
‘ & = @

The following relationship can be derived from equation 3.1.9:-

k® ¢ D" (3.1.10)

The value of n varies with varying values of A and s. It was

shovm by Astarita, that for the film theory:-

kLooc D (3.1.11)
i.,e. n=1.0

and for the penetration theory:...

kLooc ) (3.1.12)

iece n= 0-5

Toor and Marchello did not report any expression for kLo.

In equation 3.1.10 :~

- 0
(a) as s—0, kL ---)%, i.ee n=1.0
this corresponds to the film theory.

(b) as s ) 3.0, L:.Lo-—-—-—)ﬁ; s lees n= 0.5
this corresjaonds to the penetration theory.

By means of experimental work, Dobbins (47) showed that as the
value of s increased, the value of n decreased. For a gas-liquid
system where kLo and D are fixed, he showed that as the value of s

inecressed (by increased mixing of the liquid), the value of A
decresased. This is as would be expected.
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It is difficult to conceive a sudden change from the laminar
conditions within the film to the turbulent conditions immediately
below ite There is undoubtedly a gradual change from conditions at
the interface where the molecules have the same general orientation,

to conditions within the liquid mass, where they are completely random.

Other postulated models have been discussed by Danckwerts,
however, in practice, the mathematics of many gas-liquid systems can

only be solved for the much simplified, but less realistic model.s.

3.2 Theory of Mass Transfer with Chemical
Reaction of Gas~Liquid Systenms,

The differential esquation which represents the phenomenon of
simultaneous diffusion and chemical reaction in a liquid phase may

be written as =

p ey _ By, (3.2.1)
Ox 2 ot

(vhere r = chemical reaction rate) ‘ |

This neg].ec£s velocity gradients in the ligquid film, which
means that during its life, the surface element behaves as a rigid
body, but it does not imply that its position in space does not
vary. The general equation 3.2.1 cannot be solved, nevertheless a
number of asymptotic solutions can be found when simple expressions
for r are considered. The above equation has only been applied to
the film and the peneotration theories.. These theories generally
give results that are of sufficient accuracy for practical application.
The'use; of the more realistic, but more complex, theories, leads
to é}qaressions, the mathematics of which are, in most cases, impossible

to solve.

54




The film theory model assumes that the phenomenon considered is

in steady state conditions so that equation 3.2.2 applies.

dc; _
\ -0 (3.2.2)

Thus equation 3.2.1. becomes:-

D¢y -~ | | (3.2.3)

o x*
Boundary Conditions.

The following boundary conditions need to be specified in order

to solve equations 3.2.1. and 3.2.3 for given expressions of r.

(2) TFilm Thsory.

vhere bo = bulk liquid concentration of the liquid phase reactant.

S = film thickness.

(b) Penetration Theory.

t=0, b boandc=d

0

(3.2.5)

X=0 c=uqgf

o

22 =0, b=b, Bb=o
9%

X—00 9 c=c )
o" Ax

o’
The above conditions for the vpenetration theory apply both to

Higbie's and Danckwerts' models.

Astarita (4%) and Danckwerts (48) have pubilished works giving
8 comprehensive treatment of the theory of mass transfer with chemical

reaction. Both these works are now considered.

\
1
\
\
\
\
\
\
\
\
\
l
; \
x=§, c¢=c amdb=b (3.2.4)
l
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3.2.2. Astarita's Treatment,

Astarita made use of the following two concepts:-
(a) Diffusion Time. Diffusion time, ty, was difined by equation
3426,

5 .
= (302-6)
1"D ( 0)2

The physical meaning of diffusion time was the average life of

surface elements.

(b) Reaction Time, Reaction time, t_, was defined by equation

3. 20 ?-

(3.2.7)
where c' = equilibrium concentration of absorbent gas.

Astarita described the physical meaning of the reaction time as
the amount of time which is required in order that the reaction may

proceed to an appreciable extent.

The theory of mass transfer with chemical reaction was deécribed

under the following regimes:-
(A) Slow Reaction Regime (vhere 1y K« tr)o

There is negligikle reaction occuring during the life of a

surface glement of liquid. This means that :-

_ .0
ki = kL (3.2.8)

(where k; = chemical absorption coefficient.)




This regime was further subedivided into:-

(1) The diffusional regime, where the rate controlling phenomenon

is diffusion. The effect of the chemical reaction is to keep the

bulk 1liquid concentration of gas, ¢,, dowmn to its equilibrium value,
et

(2) The kinetic regime, where the liquid is completely saturated with
rgas and the rate controlling phenomenon is the chemical reaction.

(B) Fast Reaction Regime (where tD» ).

The reaction is fast enough Yo take place appreciably during
the 1life of the surface elements.

(C) Transition from Slow to Fast Reaction.

This is a consideration of the general case, where the concentration
of the liquid phase reactant is assumed constant throughout the liquid.
(D) Instantaneous Reaction.

This is where the absorbing component and the liquid phase
reactant, b, cannot coexist. A concéntration profile is shown in
Fige 3.2.1. The position of the reaction plane,A, changes with time.
The average absorpiion rate is proportional to the physical absorption
rate. The effect of the chemical reaction is to enhance the absorption
rate by a factor which is independent of the reaction kinetics.

{(E) Transiti&n from Fast to Instantaneous Reaction,

This was a consideration of the most general case in which the
concentrations of both the absorbing component and the liquid phase
reactant were variable. This situation leads to very complex differential

equations for which rigorous solutions are not known.

In general, for a chemical dsorption process, the total absorption
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rate is given by:=-

—_ e
Va & ae'.(c}o-)s". k,_E"'.rE“. T (3.2.9)

where & = interfacial area.

The four regimes of chemical absorption (diffusional, kinetic,

il

volume of liguid per unit interface.

fagt and instantaneons reaction regimes) are identified by their
dependence upon the variab]..es:. a; §a; %; r and c'o, and by a set

of values of the five parameters € to €g.  These are summarized in
table 3.1. Thus by comparing experimentsl results with the above table,

the applicable regime(s) can be identified.

3.2.3.7 Dénckﬁeﬁts Tfeafment,

Danckwerts considered the subject of mass transfer with chemieal
reaction in a similar mammer to that of Astarita's. The relevant

differences and additions are now considered.

Use was made of the concept of the "enhancement factor,™ E'.
This was defined as follows:w

amount of gas absorbed in a given

gy = lime into a reacting liquid. (3.2.10}
amount of gas absorbed in the same
time in the absence of a reaction.

Danckwerts derived general equations for 1lst, 2nd and mth order
reactions which were applicable to all ragimes, except the instantaneous
reaction regime. The instantaneocus reaction regiﬁe was considered as
a special case. The complex general equations could be simplified

by considering limiting cases. For each of these limiting cases, a




Regime €, €, €y €, E5
Kinetic 0 1 o 1 n
Diffusional | 1 0 1 0 1
Fast reaction 1 0 0 ! _n%]_._
Instantaneous 1l 0 1 o o
reaction

n = order of reaction with respect to c'o

Table 3.1.
Values of the parameters El to 85 for
the various regimes of mass transfer

with chemical reaction.
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specific regime was identified, similar to those identified by

Astarita.

An important phenomenon considered by Danckwerts was the gas=

side resistance.
Gas-5ide Resistance.

When a soluble or reacting gas is mixed with an insoluble or non-
.reacting gas, it must diffuse through the latter to reach the surfacé.
As a result, the partial pressure of the soluble gas at the interface
is generally less than that in the bulk. This phenomenon is termed
Wgas-side resistance". This can be considered as a stagnant film of
gas of finite thickness across which the soluble gas is transferred
by molecular diffusion alone, while the bulk of the gas has uniform
composition (see Fig. 3.2.2). This is exactly analogous to the film
model of the processes occurring on the liquid side of the interface.

The interfacizl concentration, ¢ is in equilibrium with the inter=

'O'
facial partial pressure, p,.

Concentration profiles are shown in Fig. 3.2.3 for instantaneous

reactions with varying concentrations of liquid phase'reactant, b.

. Fig. 3.2.3(2)s This corresponds to the general case where there
are finite concentrations of both reacting gas and liquid phass reactant

in the liquid phase at the interface.

Fige 3.2.3(b). This describes the special case where the liquid
phase reactant diffuses to the interface at exactly the same rate (in

chemical equivalents) as the reacting gas diffuses to the interface.
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Fige 3.2.3(c). In this case, the absorption process is entirely

controlled by the transport of the reacting gas across the gas film.

It is thought that when a pure gas is used, there would be no gas
side resistance, i.e. there would be no concentration gradient in the
layers of gas immediately adjacent to the interface. Because of the-
high diffusivities of gases, the gas-side resistance becomes important

only for instantaneous or very fast reactions.

Danckwerts also considered the following:;
() Consecutive reactions, where the initial product of a gas-liquid
reaction reacts further with the liquid reactant.

a + b—— P '
(3.2.11)

P+ b ——P
1 2
vhere Py = initial product
P, = secondary product.

(b) The rise in temperature at the surface of the liquid arising from
fhe heat of absorption and the heat of reaction (if exothermic).

(c) Selectivity, both in the absorption of two gases or when the initial
product reacts further with the gas, as shown below.

Pl+ & *——)Pz

Certain sections of the work of Astarita and Danckwerts, which

are relevant to the experimental work of this present project are

discussed more fully in section 6.




3.3 Industrial Absorbers.

Treybal (49) gave a comprehensive description of equipment used

for gas-liquid operations. The main features are discussed below.
(a) The Packed Tower.

The nost common £ype of absorptioﬁ equipment is the packed tower.
It consists of a verticel cylindrical shell filled with one of
numerous types of inert packing material. Flg. 3.3.1 shows a typical
packed tower. The operation is usually countercurrent, the solvent
being distributed over the packing at the top of the tower and passing
down over the packing in thin liquid films, giving a large interi‘acial-
area, while the gas passes up through the free space be_twéen the wetited
particles of packing. Speclal care must be taken to ensure proper
initial distribution of gas and liquid flow through the pac_king. In
a tall tower it may be necessary to divide the packing into several
sections, with a device above each which will collect fiunid from
the wall and redistribute it to the packing. The Various types of
packing used in such towers are described in the Encyclopedia of

Chemical Process Equipment (50).
(b) The Plate Tower.

Fige 3+3+2. shows a diagram of a typlcal plate column., The gas
to be treated enters at the bottom, passing up the tower and bubbling
through the liquid on each plate. The solvent is fed at the top and
overflows from plate to plate. Usually each plate has a number of
small (3 - 6 inches) caps on each plate. The gas from below enters the
caps, depressing the liquid level insid;a the caps and escapes into the

liquid on the plate through the noiches or slots in the periphery
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of each cap. The gas passes through these notches or slots at high
speed and passés into and up through the liquid pool in the form of
irregular bubbles of all shapes and sizes. When the gas velocitj'

is high, the resultant violent agitation of the liquid and the escape

of pas from its surface causes considerable foam and splashing so that

the space between the plates may opera.té as a spray chamber.

In addition to bubble caps, various types of sieves, and porous

plates may be used to obtain a similar bubbling action.
(¢} The Spray Tower.

Fig. 3.3.3 shows a diagram of a typlcal spray tower. Sprays are
usually produced by foreing the liquid stream through a nozzle or
ﬁozz&.as under pressure. The gas stream usually flows up from the
bottom of the tower, whereas the liquid m.ay be sprayed either up or
down the tower. The problem of designing an efficient spray tower
reduces to that of broviding sufficiént interfacial area in the spray
chamber in the form of liquid drop sizes suitable for easy handling

in the gas stream.
{d) OStirred Vessdls.

A diagram of a typical stirred vessel is showm in Fig. 3.3.4.
The degree of dispersion and consequenitly the rate of absorption of
the gas is optimized by introducing the gas from the open end of
tubes located just below a spinning impeller. The hooded ring
surrounding the impeller éids in projecting the stream downwards and

therefore provides a longer time of contact between the gas and the liquid.
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Equipment of this type usually operates batchwise. Packed towers and .

plate columns are normally capable of promoting greater rates of
absorption than stirred vessels. However, stirred vessels are
especially uséful when a slurry or enulsion must be treated with a
gas or when, as in several cases in l‘l'.hi_s project, the product (e.g. a
polymer) may precipitate out of solution. In such cases, the use of
packed or plate towers would present numerous difficulties in the

handling of materials.
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4. VETHOD OF APPROACH TO THE PROJECT

As stated in the introduction, the purpose of this project
was to develop the kinetics of oxidative coupling reactions which
use copper-amine catalysts; it was thought that this would involve the
study of mass transfer effects of these gas-liquid systems, together

with the kinetics involved in these catalytic oxidation reactions. |

The general direction and subsequent course of this project
can be atiributed to an interesting phenomenon encountered during a
preliminary investigation of the oxidative coupling of Z~aminothiophenol.
The phenomenon encountered was the consumption of more oxygen than
that which would be expected from the reaction postulated below. From
knowledge of the oxidative coupling of thiols and amines, the 6xi.da.tive
coupling of Z-s.minO'_bhioPhenol using a copper (I) chloride pyridine

catalyst may be expected to proceed aé follows:'..
3n 0, ?\:"—
2 —
an @-514 Cu--»-—----—>c{/l:’:j N_N + 3n H,0 (51)
NH, —5
n

In this reaction 2n moles of Zw~aminothicphencl would require
3nf2 moles of oxygen for compiete polymer formation. It was found
that an additional 50% oxygen was consumed. No such phenomenon as
this had previously been reported for oxidative coupling reactions
using the copper-amine catalyst; thus it was decided that this |
phenomenon required further investigation. The resulting black
"polymer" was not soluble in any of the common organic solvents,
concentrated sulphuric acid being the only solvent in which it would

dissolve. Because of this property, the polymer may prove to be useful.
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Three possible explanations for the extra oxygen consumption

are ag follows:-

(a) Oxidation of the benzene ring.
(b) TFurther oxidation of the thiol or disulphide groups.

(¢) TFurther oxidation of the amine or azo groups.

(2) The benzene ring is usually stable in vigorous oxidizing
conditions and thus it is very unlikely that it would be oxidized in
the relatively mild oxidizing conditions of the copper (I) chloride

pyridine catalyst system.

(b) Further oxidation products of disulphides obtained in
hydrolytic solvents are described by Savige and Maclaren (38). These
are: disulphide monoxide or thiolsulphinate (RSOSR); disulphide
dioxide or thiolsulphonate (RSOzsR); disulphide trioxide (RSOZSOR);
disulphide tetroxide (RSOZSOQR); sulphenic acid (RSOH); sulphinic acid

(R30,H) and sulphonic acid (RSO3H) {where R is an alkyl or aryl group).

(e) Oxidation products of aniline, obtained under various
oxidizing conditions are discussed by Ginsburg (51). He reported

that there are two modes of oxidation of the aniline moleculei

(1) Certain oxidizing agents supply oxygen to the aniline
molecule and certain monomolecular and dimclecular products sre obtained.

These are: Phenylhydroxylamine (C6H5NOH); Nitrosobenzens (C6H5NO);

Nitrobenzene (06H5N02); p=Benzoquinone (OcsHup)‘ Azobenzene (06H5N=N06H5);

Azoxybenzens (06H N=?06H5) and Phenylquinonediimine (Fig. &.1).
5 .

CoHN=()=NH

Fig. 4.1 Phenylquinonediimine

0
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(2) The majority of oxidizing agents, however, abstract a
hydrogen atom from aniline leading to radical formation. These products
include azobenzene phenylquinonediimine, benzoguinone and deeply-

coloured azopolymers ("aniline black™).

It was decided teo investigate more fully the oxidative coupling
of thiophenol and also of aniline, paying particular attention to mass
transfer effects. This would serve as a good basis from which to study
the oxidative coupling of aminothiophenols. Aniline and thiophenol
were reported to give azobenzene and diphenyl disulphide respectively
as the only products of oxidative coupling using the copper (I) chloride

pyridine complex {see sections 2.6 and 2.7).

It wag found that under certain conditions,. diphenyl thiolsulphinate
(PhSOSPh) as well as diphenyl disulphide was formed in the oxidative
coupling of thiphenol. The effect of mass transfer on both the oxidation
rates and selectivity of the reaction was then studied. In 1962,
Monsanto Chemicals Limited (53) reported that thiolsulphinates were
not at present used commercially as antioxidants, however, the discovery
of a relatively cheap method of their production could regenerate
interest in their use as such. The synthesis of thiolsuiphinates by
this oxidative coupling reaction could well be a relatively cheap
process. Thus the extensive study in this present project, of the
oxidative coupling of thiophencl may be useful not only as a basis

for the study of the oxidative coupling of aminothiophenols, but als

G

as a synthetic method of producing thiolsulphinates.

No other product, other than azobenzene was detected in the




product of the oxidative coupling of aniline.

The kinetics of the oxidative coupling of 4-aminothiophencl
together with the related diamines and dithiols, were then investigated
further. 4-aminothiophenol was used rather than 2-aminothiophenol,

to eliminate any possible steric effects.

73




5. EXPERIMENTAL METHOD,

5«1l Reaction Rate Measurements.
for Oxidative Counling Reactions,

5.1.1. Materials,

Cuprous chloride was prepared by bubbling sulphur dioxide through
dilute acetic aclid containing a euprous chloride/cupric chloride mixture
(B.D.H. supply). The off-white sludge of cuprous chloride was filtered,
washed sucessively with water, methanol and petroleum ether and dried
in an oven at 50%C. The powder could be kept in 2 sample tube in a

desiccator for several months without losing its off-white colour,

| Pyridine (Fison's Analar) was redistilled from sodium hydroxide
pellets and dried over molecular sieves. Thiophenol (B.D.H) was
redistilled before usejy p-phenylenediamine (Fison's Laboratory Reagent)
was recrystallised from benzene. Fresh supplies of amiline (B.D.H.
Analar), Z-a.minothiophenql(Ra.lph Emmanuel), dwaminothiophenol (Ralph
Emmarmel.) and toluene-3, 4-dithiol were used without further pufification.

Commerical grade oxygen (B.0.C., 99.5% purity) was used.

5.1.2 Apparatus.

The usual method employed to determine the rates of oxidative
coupling reactions has been the measurement of the rate of oxygen
absorption, measuring the volume change at constant pressure (14,17,25).
As previously stated (section 2.%4.6) a gas burette connected to a
U-tube manometer is the conventional apparatus used for these
neasurements. Brooks (25), however, used a gas buretite inside which
was a hollow glass plunger containing mercury. The gap between the

plunger and the burette was sealed with mercury, which was supported



on a "lip" around the edge of the plunger. This system, he reported,

was near to being a "frictionless pi'ston“ and provided a good means
of following oxygen consumption. This sytem was developed further

and used in this present project.

Precision bore tubing (0.8 cm diameter + 0.0L rm) was used for
the gas burette and the plunger was made of stainless steel, of the
shape sﬁown in Fige 5.1.1; it was carefully machined on a lathe to
Just fit into the tubiné- Mercury was used to obtain an airtight
seal between the plunger and the walls of the burette. A meter rule
was placed behind the gas burette in order to obtain readings of the

distance moved by the float.

The gas burette was kept in chromic acid when not in use.
"Brasso® was used to polish the stainless steel plunger; this gave a
very smooth surface, reducing the friction between the plunger and

the walls.
Magnetic Stirrer Apparatus (Fig. 5.1.1.).

Fig_. 5.1.1 shous a diagram of the "magnetic stirrer™ apparatus
used i‘oﬁ‘ most of the experiments. A subapéeal cap was inserted at A
and the substrate was then injected through this using a hypodermic
needle. Alternatively an arrangement shown in Fig. 5.1.2 was used
in some experiments. To start the reaction using this arrangement,
the tube C was rotated about the ground glass jqin’c D, thus adding
the substrate solution to the catalyst solution. It was thought that
this method would be advantageous in that there would be no change in
the closed volume of the reaction chamber and thus any initial absorption

or evolution of gas could be detected (see section 6.1.1. (b)).
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A suba~seal cap was used for experiments when it was required to
remove samples from the reaction mixture during the course of a
reaction. A syringe with a 5 inch hypodermic needle was used for
sampling. The metal spring acted as a cushion if the stainless

steel plunger was accldently allowed to drop by opening the gas

tap. The complete apparatué was kept at a constant temperature by
means of an integrated water jacket through which water was circulated
from a thermostatically controlled water bath. The apparatus was
similar to a gas thermomelter and w‘as very sensitive to small changes
in temperature, even responding to the small variations in

temperature (_-Ii 0.25°C) of the water bath.

5els3e Proceduré.

After addition of the catalyst solution to the reaction ﬂaék,
the apparatus, including tube C, when\ used, was flushed out with
oxygen, the plunger not having as yet been' inserted. Gas tap B was
then closed and either the suba-seal or the arrangement of Fig. 5.1.2
was inserted at A. The gas tap B was opened momentarily to allow the
plunger to drop to a suitable 1ével. About 15 ~ 30 minutes was
allowed for the apparatus ’co reach thermal equilibrimn;' this had been
attained when the plunger registered a steady reading. On addition
of the substrate solution, the stop-watch was started and readings
were taken at suitable intervals during the course of the reaction.
Stirring was provided by means of a magnetic stirrer, set at a constant

speed of revolutions for all reactions.

To eliminate the tedious procedure of removing and replacing the
piunger between sucessivé. experiments the following method was adopted.

At the end of an experiment, the plunger was lowered to the bottom
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of the gas burette and the apparatus was then flushed out with oxygen.
The suba-seal cap, or tube C, was subsequently inserted at A and more
oxygen was passed into the apparatus through gas tap, B, in order

to raise the plunger to a suitable level. This meant that the section
of the apparatus from C to D was probably not completely flushed out
with oxygen. However, sSince this section of the spparatus represented
less than 5% of the reactor volume, it was assumed that this would
have a negligible affect on the resulis. The significance of this

assumption is discussed further in section 6.2.1. |

The catalyst solution was prepared by dissolving a known weight
of copper (I) chloride in pyridine. If necessary, the required

concentration was obtained by sucessive dilution of a stock solution. .

In the experiments of section 6.1.3., where the substrate
{thiophenol) concentration was varied over a wide range, the volume
of oxygen cénsumad in these reactions obviously also varied over a
wide range. This necessitated slight alterations to the procedures
for measuring the oxygen consumption. At low substrate concentrations,
small bore diameter (1.5 rm) tubing was used for the gas burstte,
with a bead of mercury being used iﬁstead of the piston. This modification
' was considerably more accurate than the original arrangement. At
high substrate concentrations, the volume of oxygen consumed was equal .
to several times the volume of the gas burette. In these experiments
each time the piston almost reached the bottom of the gas burette,
additional oxygen was injected into the system, via gas tap B, to pump
the piston up to the top of the burette. By extrapolating the readings
just before and just after the injection of additional oxygen, the

interim readings could be accurately estimated.
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At a certain stage in the experimental work, it was desirable to
increase the gas~liquid mixing by the use of a "vibromix" stirrer.
This.necessitatad the designing of a new piece of apparatus to
incorporate this stirrer. A diagram of thé vibromix apparatus is
shown in Fige 5.1.3. Fig. 5.1.4 shows a diagram of the membrane
Sealing'unit used to obtain an airtight seal around the stirrer shaft.
The lower metal flange.had to be cut in half in order to mount it
onto the sealing unit. The upper and lower flanges are showm in 

Figo 5-1-50
The Vibromix Stirrer.

The vibromix stirrer consists of a vibratory motor driving a
shaft up and down in short strokes at mains frequency (50 cycles/sec).
The shaft does not rotate and thus a membrane éontaining a central
orifice through which runs the shaft provides a good seal. The
amplitude of vibration can be regulated from zero to 1/16 inch.

At the bottom of the shaft is a glass disc containing a number of
holes tapered downwards (Fig. 5.1.6); these force the liquid and/or
gas down against the bottom of the flask and provide a good dispersion
of bubbles in the liquid. The disc is situated on the surface of the
liquid to give optimum gas-liquid mixing. Both the shaft and the disec

vwere of pyrex glass.

The action of the vibromix stirrer caused some of the reaction
mixture to be sprayed onto the sides and ceiling of the reaction flask,
and thus a P.T.F.E. sleeve, rather than silicone grease was used

to provide an airtight seal at the ground glass joint. In a separate

experiment, it was discovered that silicone grease discoloured the

80



GAS BURETTE

¢

WATER QUTLET (o=

(RETURNED TO ~ - | METER RULE
WATER BATH) = B '
: STAINLESS
- |~ STEEL
PISTON

STIRRER : , -

SHAFT
& __ VMETAL SPRING
’
| . : FLEXIBLE
MEMBRANE _ o (\  JOINT
SEALING

UNIT ' | | |

e e P.T.F.E.,,.. -
SLEEVE

QUTLET E
(RUEBER _
BUNG)

MERCURY
TRAP
WATER INLET '
FROM CONSTAND ™7 —
TEMPERATURE '
WATER BATH)

CATALYST - FLEXIBLE
SOLUTION JOINT

Fig. 5.1 3. Vibromix stirrer apparatus,

81




Upper metal - | Lower metal
flange. . il&nge.‘

Figs 5.7.5. Metal flenges used on the membrane
' sealing unit, :

o] |le .
S o @4 A

Fig. 5.1.6. Vibromix stirrer disc,

82




catalyst solutions and thus this was unsuitable for use on this joint.
To minimize the heat loss, lagging was used on all paris of the

apparatus that were not surrounded by the water jacket.

The experimental procedure used was similar to that used for ithe
magnetic stirrer apparatus. As for the magnetic stirrer apparatus,
the tedious process of removing and replacing the plunger Eetween
sucessive experimenté could be eliminated. To do this the piston
was lowered to the bottom of the gas burette; the suba~seal or tube C
was inserted at A' and the rubber bung was removed from outlet E.
The apparatus was then flushed out with oxygen, after which the rubber
bung was replaced and more oxygen was passed into the apparatus to
raise the plunger to a suitable height. Inan attempt to produce consistent
stirring characteristics for a series of experiments, the apparatus
was not dismantled between experiments. A syringe together with several
5 inch hypodermic needles, the tips of which were bent at various
anples, were used to rinse the inside of the flask with solvent.
Analar acetone was used for the final rinse after which a stiream of

oxygen wag passed through the flask to remove all traces of the solvent.

The above experimental procedure was used for all oxidative

coupling reactions reported in this present project.

From the readings of the distance moved by the plunger, the rates
of oxygen absorption (moles/litre/sec) and the percentage oxygen

consunption for a given reaction could be calculated (see appendix B).
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5.2 Determination of Diphenyl
Thiolsulphinate Concentration.

The concentration of diphenyl thiolsulphinate was determined
iodometrically by the method described by Barnard and Cole (5%).
In glacial acetic acid under anasrobic conditions, thiolsulphinates

liberate an equivalent amount of iodine from iodide ions.
Procedurs,

At the completion of the thiophenol oxidation reaction, the
copper chloride pyridine catalyst was deactivated by adding a known
volune of glacial acetic acid or 880 ammonia to the reaction mixture.
A suitable aliquot of the reaction mixture was then taken and added
to the glacial acetic acid containing excess iodide. The iodine thus
liberated was then titrated, under an atmosphere of carbon dioxide,
against standard 0.01 N sodium thiosul@hate, uging starch indicator
to detect the end point. From this titration reading, the percentage

- thiolsulphinate in the product could be calculated (see appendix C).
Copper~Ion Interference.

In the above determination of thiolsulphinate, iodine is liberated
by the oxidation of iodide by copper (II) ions in addition to the

iodine liberated by the thiolsulphinate.

2+

- +
201 +2I —32Cu + I2 (5.2.1)

‘ 2
aj - + -
I, + 2 Na 5,0, —— 2L + 4 Na' + 5,0 (5.2.2)

3

Thus the thiolsulphinate titration needed 1o be corrected to

compensate  for the copper (II) ion interference. The calculations for
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this correction are also given in appendix C. In practice, this
interference was negligible for catalysi concentrations below 0.005 g

copper (1) chloride per 5.0 ml pyridine.

5.3 Determination of Thiophenol Concentration,

The thiophenol concentration was determined by the method
described by Tamele et al (55). This was a potentiometric titration
with silver/silver sulphide and glass electrodes using an alcoholic
titration solution containing sodium acetate as the buffer. The
titrant, silver nitrats, reacts with thiophenol to form a silver

mercaptide precipitate.

Fhod + AgNO3 —— PhSAg + H+ + I\IO3
white
precipitate (543.1)
The silver/silver sulphide electrode consisted of a 2 x 1 en
section of silver foil electrolyticaily coated with silver sulphide
by a preliminary titration of sodium sulphiaa. Fige 5.3.1. .shows a
diagram of the apparatus used. Stirring was provided by means of a
magnetic stirrer. A digital voltmeter was used to measure the e.m.f
of the titration cell. The end point was detectsd by a marked change
in potential (showm in Fig. 5.3.2) which occurred when the precipitation
was complete.

Procedure for the Thiophenol Determination of Samples Taken

During the Course of the Thiovhenol Oxidation Reaction .

At certain times during the course of the thiophenol oxidation
reaction, a suitable aliquot of the reaction mixture was removed from

the reaction flask. This aliquot was added to about 150 ml. of
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titration solvent in the titration cell and immediately titrated

against standard 0.0l N alcoholic silver nitrate. If the sample
was left any length of time, further oxidation of thiophenol might

occurs

Preliminary experiments with known amounts of thiophencl gave
consistently low results; average readings were 9#% of the theoretical
values. No explanation has been found for these low results. The
experimental work of Tamele et al was confined to alkyl thiols; no
nention was made concerning the application of this method to
aromatic thiols. Further investlgation into the reason of these low
results and the development of this method for aromatic thiols was
considered to be oulside the scope of this present project. However,
since all the results were consistently low, the true values could
be determined with sufficient accuracy by multiplying the experimental

results by a .correction factor (1/0.94).

Normally, in potentiometric titrations, small portions of
titrant are added to the titration cell and after each addition, sufficient
time is allowed for the cell to reach a constant potential. The
burette reading and the e.m.f are then recorded. Near the end point,
smaller portions of the titrant are added to give greater accuracy.
The end point is determined from a graph of e.m.f. vs volume of
titrant added (Fig. 5.3.2). However, this is a lengthy procedure if,
as in the thiophenol titration, an appreciable length of time is
required after each addition to allow the cell to reach a constant
e.m.fs. Vhen samples are taken out of the reaction mixture at different

times during the course of one reaction run, the limited time between

sucessive sampling did not allow such a lengthy procedure. However,




after considerahle experience, it was possible to perform the titration

by observing only the initial behaviour of the unsteady cell potential
immediately after each addition of silver nitrate solution. A sufficiently
accurate endw-point (-_i;_ 0.1 ml) could be obtained by this method. From

the titration reading the concenitration of thiophenol in the sample

could be caleulated (see appendix D).

5.4 Work-Up Procedure for obtaining
poly(p~aminothiophenol),

Unless stated otherwise, all the oxidative coupling reactions of
p-aninothiophenol were commenced in an afternoon and left to proceed
throughout the night, the final rt_aading being taken the following
morning. The reactions in which the vibromix stirrer was used were
terminated within three hours reaction time; this was because of the

vibromix stirrer motor overheating.

To precipitate the polymer out of solution, the reaction mixture
was adde;d to a large volume of water acidified with dilute hydrochloric
acid; this produced a black suspension of the polymer. Much of the
polymer had already precipitated out of solution during the course of
the oxidation reaction. This precipitate was removed from the
reaction flask by mechanical means. The aqueous solution containing
the polymer suspension was neutralised with dilute hydrochloric acid.
Upon standing the polymer coagulated and was filtered; it was then
washed sucessively with dilute hydrochloric acid, water and acetone.
The polymer was dried in an oven at 40°C for several hours.

55 Molecular Welght Determinations
of Poly(p-aminothiophenol),

A Hewlett Packard 302 B vapour pressure osmometer was used for
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molecular welght determinations. Dimethylacetamide was used as the
solvent at an operating temperaturs of 65°C. Benzil was used to

calibrate the instrument for this solvent.

5.6 Elemental Analyses of Poly(p=-aminothiophenol),

The polymer samples were sent to Mikroanalytisches Laboratorium,
Beller, Gottingen, Germany for elemental analyses for carbon,

hydrogen, nitrogen and sulphur.

5.7 Infrared Spectra,

Infrared spectra of the polymers were recorded on a Perkine
Elmer 257 Spectrometer. Potassium bromide dises of the samples

were prepared and used for obtaining these infrared spectra.
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6 THTOPHENOL OXTDATION.

6.1 Results

(1) Magnetic Stirrer Apparatus.

(a) Yo Stirring.
With 5.0 ml. of liquid contained in the magnetic stirrer
apparatus, the interfapial area, with no stirring, was calculated

to be 18.1 em® and the depth of the liquid was 0.3 cm.

(b) With Stirring.

With stirring the profile of the reaciion mixbture was similar
£o that shown in Fige 6.1.1.(b). This could be approximated to the
profile given in Fig. 6.1.1.(c); in which case the interfacisl area
was 19.2 em®s Thus it can be seen that the magnetic stirrer provided
no appreciable increase in the interfacial area. However, it gave
an inereased rate of surface renewal, provided agitation of the liquid
and also probably contributed towards the mixing of the gas directly

sbove the surface of the liguid.
(2) Vibromix Stirper Apparatus.

(a) Uo stirring.
With 5.0 ml of liquid contained in the vibromix stirrer apparatus,

the interfacial area was 12.6 on® and the depth of liquid was Q.4 cm.

(b) With Stirring.
The use of vibromix stirrer provided a2 good dispersion of small
bubbles within the bulk of the liquid and thus it was virtually

impossible to estimate the interfacial area to any degree of accuracy.
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. No stirring,
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. With stirring,
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Approximate profile of (v)

Fig, 6.1.,1, Profiles of the rcaction mixture in the
magnetic stirrer gpparatus,
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6.1.2 Explanation of the Avparent Imitial Absorption
of a Small Amount of Gas Upon Mixing the Reactants.

" From the tables of results (appendix A), it can be seen that
upon adding the_ substrate solution to the catalyst solution, there
appeared to be an immediate absorption of a very small amount of gas.
It was thought that this may have arisen from the fact that the
substrate solution was at a lower temperature than the catalyst
solution (since it was not enclosed in the water jacket). Upon
mixing of the reactants, the temperature of the reaction mixture would
be depressed, thus slightly cooling the surrounding gas which would
cause a contraction in the total volume giving the apparent sbsorption
of a small amount of gas. This theory was .tested by replacing the
catalyst and substrate solutions by pure pyridine samples and mixing
them under the same conditlons used in a normal oxidation experiment.
Upon mixing, the piston again dropped slightly, suggesting the
absorption of a small amount of gas. However, after a while, the
piston gradually moved up the burette to approximately the original
position. This would be due to the water jacket reheating the cooled
reaction mixture to the temperature of the initial catalyst solution.
It was thus shown that the initdal drop of the piston wupon mixing
the reactants was not in fé.ct. due to the absorpiion of gas but the
effect resulting from a temperature difference between the catalyst
and the substrate solutions. '

64La3 Dependeﬁce of the Kinetics Upon
Copper (I) Chloride Concentration.

{(a) Use of the Magnetic Stirrer.

A series of preliminary experiments in which the rates of oxygen
absorption were measured were conducted at various catalyst concentrations

keeping the rest of the reaction conditons constant; the magnetic
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stirrer was used. The equivalent amount of oxygen (100% oxygen

i consmzxptionl) was consumed for reactions using relatively high
catalyst concentrations. By decreasing the catalyst concentration

‘ progressively more oxygen was consumed. This suggested that a further
oxidation product of thiophenol, other then the disulphida was being
produced. As stated previously, Savige and Maclaren (38) reported
that thiclsulphinates (RSOSR) and thiclsulphonates (RSO,5R) are formed
by the mild oxidation of disulphidese Thus it was thought that

either one or both of these compounds may have been formed, in which
case their formation might account for the éx’cra oxygen consumede
Barnard and Cole (54) reported methods of the detection and estimation
of these two compounds. The use of the given method for detecting the
thiolsulphonates showed that this compound was not 'present in the
final reaction mixture. However, an iodine test for detecting the
presence of thiolsulphinate was positive, iodine being liberated

from iodide ions in acidic solution by the thiolsulphinate according

to equation- 6;1.3.1-

PhSOSPh + 21~ + 2H'~———) PhSSPh + I, + B0 (642e301)

A quantitative determination of thiolsulphinate by the method
given by Barnard and Cole for the product of a thiophenol oxidation
reaction, showed that the extra oxygen that would be required to form
the thiolsulphinate corresponded, within a few percent to the extra
oxygen consumed in the reaction. Bquations 6.1.3.2 and 6.1.3.3 show

the stoichiometric requirements for the formation of these two products.

2 PhSH + %0, ~PhSSPh + H,0 (6.1.342) }
2 PhSH + O, —— Ph30SPh + U0 (6.1.3.3) |

/1 See later in this same section [/
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The series of experiments at variable catalyst concentrations
was then repeated; this time, in addition to measuring the rates of
oxygen absorption, the product was analysed quantitatively for

thiolsulphinate.

Typical graphs of the total oxygen consumption againb't. time
are shown in Fig. 6.1.3.1. o appreciable induction periods were
detected. The term "100% oxygen consumption® is used to denote the
stolchiometric zmount of oxygen which is required to oxidize tﬁiophenol
| to diphenyl disulphide. Thus the consumption of % mole of oxygen
in the oxidation of one mole of thiophencl to diphenyl disulphide
is termed "100% oxygen consumption'. Similarly in the oxidative
coupling of aniline, dlamines, dithiols and aminothiophenol, the term
100% oxygen consumption is used to denote the amount of oxygen which
is required to form a product containing only disulphide and/or azo

bonds.

The gradients of the graphs in Fig. 6.1.3.1. represent the rates
of oxygen absorption. Table 6.1 giives experimental data showing the
dependence of the initial rate of oxygen absorpiion upon the catalyst
concentration. Also given in table 6.1 are the dependence of the
initial rate of thiophenol consumption, the total oxygen consumption
and the percentage thiolsulphinate in the product, upon the catalyst
concentration. The method of calculation of the initial rate of
thiophenol consumption is glven in section 6.1.6.a. The percentage
thiolsulphinate is defined as follows:—

. moles .of thiophenol which are consumed to .
Eroduce the thiolsulphinate present at the end of the reaction

total number of moles of thiophenol consumed in the reaction
(6.1.3.4)

4 PhSOSPh =

s
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B 0,005 grmS GuCl
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4r D 0.,00005 grms CuCl
E  0,00002 grms CuCl
F 0.00001 gms CuCl
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\

. ' ~d[0,]  ~d[PhsH]
o B e B e -

| (x 10" (x10h 1

|

050507 0.1010 96 (2 4. 50 1.13
0.0050 0.010L 97 {2 3430 0.825
© 0.00050 0.0010L 111 4 2.58 0.630
0.00010 0.00020 131 32 2.36 0.495 o
0.00005 0.0001.0 138 32 1.7 0.370 |
0.00002 0.00004 143 0 114 0.225 - 1
0. 00001 0.C0002 143 e 0.80 0.155
0.000005 0.0000L 43 31 0.50 0.110 \

The reaction conditions were: 5.0 ml pyridine (solvent); |
0.25 g thiophenol {equivalent to 0.453 moles/litre J; |

25°C s Ypure! oxygen at atmospherie pressure. . |

Table 6.1
Results: dependence of the reaction upon
the catalyst concentration using the

magnetic stirrer.
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Fig. 6.1.3.2 shows the éraph of log (initial rate of oxygen
absbnption) vs log (catalyst concentration). This graph falls
into two sections, A'B' and B'C'. It was possible that the region
A'BY may have been a region where the rate controlling step of the
reaction was determined by the chemical kinetics of the reactién, and
the region B'C' may have been a region where the rate controlling
step was the mass transfer of oxygen from the gas phase to the liquid
phase. This theory would.be supported by the findings of Brooks (25)
who, as previously reported, suggested that at high catalyst
concentrations, the oxidative coupling of phencls was controlled or
modified by the mass transfer of oxygen from the gas phase to the
ligquid phase. Proof of this theory was sought by repeating the series
of experiments under identical conditions but uéing different modes
of stifring in order to either increase or decrease the rates of mass
transfer. These experiments are described in section 6.1.3(b). If
the region A'B' was a "kinetic control" regime then the graphs which
might be expected from changing the mass transfer rates by using other

modes of stirring are as shown in Fig. 6.1.3.3.

From table 6.1, it can be séen that the extra oxygen consumed
corresponded, within a few percent, to the extra oxygen required for
the formation of the thiolsulphinate. A plot of percentage
thiolsulphinate vs log (copper (I) chloride) is shown in Fig. 6.1.3.4.
These resulis together with other results in section 6.1 will be

discussed in further detail in section Be24

(b) Use of Different Modes of Stirring.

A series of experiments at various catalyst concentrations were

repeated under identical conditions to those described in section
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% PhSOSPh
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Fig. 6.1.3.3, Grephs which nught be expected for
different modes of stlrrmg.
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I"'ig. 6ete3ulie % Thiolsulphinate va log (catalyst '
concentra.ti on),
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6.1.3 (a), using the following modes of stirring:-

(1) vibromix Stirring. This increased the gas-liquid mixing and
thus increased the mass transfer rates.

(2) No Stirring, but using the magnetic stirrer apparatus, The

magnetic stirrer was used for the first 15 seconds of the reaction

(to mix the reactants) and then it was switched off. | ‘
Takles 6.2 and 6.3 summarize the results of the experiments using

the vibromix stirrer and no stirring respectively. The graphs for all

the three modes of stirring of log (initisl rate of oxygen absorption)

vs log (catalyst concentration) and percentage thiolsulphinate vs log

(catalyst concentration) are showmn in Figs. 6.1.3.5 and 6.1.3.6 respect-

ively. Consideration of the graphs in Figs 6.1.3.5 leads to the

conclusion that the general reglons AB and BC camnot be deséribed as

purely mass transfer and kinetic control regions respectively. The

interpretation of these graphs will be discussed further in section 6.2.1.

(C) Use of a Oxygen/Nitrogen Atmosphere.

The series of experiménts at various catalyst concentrations were
also repeated under the same conditions, using a magnetic stirrer but

replacing the atmosphere of Ypure" oxygen by an #tmosphere consisting of

88% oxygen and 12% nitrogen. These results are summarized in table 6.4.

The graphs of log (initial ra.te of oxygen absorption) vs log (catalyst
concentration), and percentage thiolsulphinate vs log (catalyst concentration)

 are plotted together with the similar graphs of Figs. 6.1.3.2 and

6,14 Dé&)eridenéé' of the Kineties on Thiophénol Concentration

6.1.3.4 in Figs. 6,1.3.7 and 6,1.3.8 respectively. ‘
A series of experiments was conducted at varying thiophenol concen-

trations keeping the rest of the reaction parameters constant. The results

are summarized in table 6.5. These experiments were conducted at a very

low catalyst concentration which, at a thiophencl concentration of 0.25 g/

5.0 ml of pyridine, would fall in the middle of the reglon A'B' of Fig.

6.1.3+2. The graphs of log {initial rate of oxygen absorption) vs log




i - dfo,] -~ a[PnsH]
Welght of CuCl [CuCl] % oxygen %PhSOSPh -‘5{2‘ .
(grms/5 ml. py) consumption
(x20M  (x 10%
|
|
10,050 0.1010 111 (2 22.8 5470
‘ 0.0050 0.0101 114 L 11.3 2.77
0. 00050 0.00101 133 25 6,10 1.34
0.00010 0.00020 152 35 o 143 0.915
0.00005 0.00010 159 47 3.08 0. 590
000002 0. 00004 151 53 1.39 0.255
0. 00001 0.00002 167 51 0. 57 0.105
0.000005 0.0000L 142 12 0.24 0.055 -

Table 6.2,

Results: dependence of the reaction wpon

the catalyst concentration using the

vibromix stirrer.




- . ) - a[0;] - afphsi]

e e Ao, e T w
‘ | : | (x 10“’) (x 104)
0.0050 0.0101 101 {2 0.64 0.160

0.00050 0.00101 102 {2 0.19 0.125

0.00016 0.00032 105 2 0.43 0.105

© 0.00005 0.00010 107 5 0.38. 0.095

0.000032 0.000064 - 107 6 0,27 0.065

0.00002 0. 0000 116 12 0.24 0.055

0.00001 0.00002 120 14 0.165 0.040

Taﬁle 6.:2.

Results: dependence of ths reaction
upon catalyst concentration using

the magnetic stirrer.
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Fig.6,1.345. Log (initial rate) vs log (catalyst comcentration) for
three different modes of stirring,




60 |-
(J vibromix stirrer,
G S O Magnetic stirrer,
n = A. N<‘J stirring,
40 | ©
< 1
g O\ O
‘ﬁ .
[N
e 0
20
i A
i A
FANNY o
& £ ) :
0 1 G 1 ,_:.!;‘ . g
5.0 30 3.0 2.0 1.0

. .Log (catalyst concentration)

Fig., 641.3.6. % PhSOSPh vs log (catalyst concentration) for
three different modes of stirring, .

lo4



- d[0] -~ d[PhSH]

Weight of Cu CL .[Cu al A OXygen  ¢phS0SPh rEa —1—
(gems/5 ml. py) consumption 4
- (x107) (x 101*) !
0.0050 0.0101 108 {2 2.2 0.560
0.00050 0.00L0L 111 5 1.88 - 0. 460
0.00010 | 0400020 129 24 1.8 0.400
0.000025 0.00005 137 32 1.15 0.240
0.0000L | 0.00002 i 39 0.63 0.125
© 0,000005 0. 00001 14 ned. 0.50 N Ce

0.0000025 0.000005  ned. nd.  0.345 n.c.

( ned. = not determined; n.c. = not calculated.)
Results: dependence of the reaction upon the

catalyst concentration using a magnetic stirrer

and an oxygen/mitrogen atmosphere.
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{initial concentration of thiophenol) and percentage thiolsulphinate
vs log (initial concentration of thiophenol) are shown in Figs.

6eleital and 6.1.4.2 respectively.

6;1Q5. beﬁendéhée of the Kinetics on Temperéture.

The effect of the reaction temperature on the kinetics of the
thiophenol oxidation was studied. The conditions of oxidation
together with the results are shown in tahle 6.6.

6.1.6 Analysis of Samples Taken During the Course
of the Thiophenol Oxidation Reaction

In all previous investigations by other workers into the kineties
of oxidative coupling reactions, the rate of removal of the substrate
has been directly proportional to the rate of oxygen consumption,
only. e.g. For the oxidative coupling of 2,6-dimethylphenol (DMP):-

-2 (ﬂnﬂ’]) DR 7] O (6.1.6.1)

dt dt

However, in the case of thiophenol oxlidation where both the
disulphide and the thiolsulphinate are produced, the rate of oxygen
absorption is a function of two variables, the rate of thiophenol
consumption and another variable whose value is dependent upon the
selectivity of the reaction. If, however, it could be proved that
the selectivity for thiolsulphinate wﬁs constant throughout the

reaction, then it can be shown that the following relationship exists:-

90l (-':'d[PhSH])x £ (6.1.6.2)
ax TR A

where f, a correction factor is a function of the selectivity, 9‘5 ’
of the reaction for thioclsulphinate and thus its value varies for varying

reaction conditions. By considering the equations 6.1.3.2 and 6.1.3.3.
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p - 4f0,] - d[PhsH]

Weight of PhSH % oxygen JPhSOSPh 3T —aE

(grms/5 ml.py) [Phst] consumption dt t'u

(x10M  (x 10

' 0000?9 00013”' 128 ‘ n.d, 00185 NeC.
0.6095 . - 0.0163 129 n.d. 0.215 n.c.
0.0131 0.0238 190 43 0.27 n.c..
0.0192 0.0349 155 42 0.37 0.073
0.0308 0.0559 148 48 0.52 0.099
0. 0474 0.0851 153 48 0.64 0.122
0.0733 0.133 154 7 0.83 0.159
0.119 0.216 151 CH6 T 0.94 0.181
0.148 0.268 151 43 1.07 0.210
0.229 0.1a56 145 39 1.13 0.227
0.399 0,724 135 12 1.26 0.265
0.776 1.409 118 20 1.35 0.304
1.246 2.253 115 12 1.33 0.313
2.491 4,522 105 L 1.32 0.310

(n.d.= not determined; n.c. = not calculated)

Reaction Condltions: ,0+00002 g CuCl (equivalent to 0.00004 moles/1itre);
5.0 ml. pyridine; 259 C, oxygen atmosphere at atmospheric pressure.

Table 6.5,
Results: Dependence of the reaction upon the initial
thiophenol concentration using the magnetic stirrer,
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Reaction - d[OZJ % oxygen % PhSOSPh -E—-[E-hﬁ]
Temperaturs dt  consumption dt
(°c)
10 1.07 170 : 59 0.188
25 1.1h 15 i 0.227
45 1.11 112 - 8 0.266

Reaction conditlons:

5.0 ml. pyridine;

0.00002 g Cu C€l; 0.25g thiophenol;

oxygen atmosphere at atmespherie

pressure; magnetic stirrer.

Table 6.6

Dependence of the reaction upon temperature.




2PhSH + 30, ~——— PhSSPh  + H,0 (64143.2)
- ¢ #1-9) 3(1-¢)

@ 18 14

it can be shown (appendix F) that f is defined by the following
expression:- .

moles of PhSH consuned to produce PnSOSPh (4 5 ¢ 1y

where gﬁ =
moles of PhSH consumed to produce PhSSPh and
PhSOSPh
The fact that very small concentrations of catalyst were used
in comparison to the concentration of the thiophenol used, and the
fact that in most of the reactions, the rate of oxygen ahsorption
ﬁas virtually constant for over 90% of the reaction, suggests that
the selectivity of the reaction was probahily constant throughout the
reaction, in which case equations 6.1.62 6.1.6.3 and 6.1.6.% would
applys Proof of this constant selectivity throughout the course of
the reaction was sought by the following investigation into the

composiﬁion of the reaction mixture during the course of the reaction.

From data of the oxygen consumption and the quantitative
determination of the thiolsulphinate concentration at any time, t,
during the course of the reaction, it was thought that the concentrations
of a1l the three species (PhSH, PhSSPh and PhSOSPh) present in the

reaction mixturs, at that time, t, could be calculated (see appendix F).
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Unfortunately, the presence of thiophenol in the samples interfers
with the iodometric tifration for thiolsulphinate. The thiolsulphinate
concentration was previously determined by the guantitative oxidation
of iodide ions in acidic conditions by the thiolsulphinate according

to equation 6.1.3.1. However, thiophenol reduces iodine according

to .equation 6.1.6.5.

2PhSH + I, —— PhSSPh + 217 + i’ (6.1.6.5)

Thus the iodine liberated by the thiolsulphinate is immediately
reduced by any thiophenol which may be preseht. It was thought, at
first, that this problem could be overcome by the addition of a known
excess of iodine to the titration solution so that there would always
be iodine remaining after completion of the two opposing reactions
given in equations 6.1.3.1 and 6.1.6.5. From the determination of
the net iodine liberated, or consumed, as a result of these two opposing
reactions, together with the data of oxygen consumption, it was thought
that the concentrations of the three species present could be found.
However, it was found that the net emount of lodine that would be
liberated or consumed in the titration was dependent only upon the
amount of oxygen absorbed up to the time, t, when the sample was taken,
and was independent of the relative concentrations of the three species,
Ph3H, PhSSPh‘and Ph305Ph. This is shown in further detail in appendix
F. Thus this modification to the method for thiolsulphinate analysis
could not be used as a means of providing information about the
composition of the reaction mixture at any time, t, during the course
of the reaction. In previous thiolsulphinate titrations, this
problem of thiophenol interference had not been encountered since the

samples for titration were taken from the completely oxidized raction
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nixture, which obviocusly contained no thiophenol.

An alternative method of investigating the composition of
samples taken during the course of the thiophenol oxidation reaction

vwas by the quantitative determination of either thiophenol or

 diphenyl disulphide, together with the oxygen consumption data.

As previously reported (section 5.3), Tamele ot al (55) published a
paper describing the determination éf thiols Ey a potentiometric
titration method. This‘method proved acceptable for the determination
of thiophenol concentration in the samples taken. TFrom the results

of these titrations, together with data for the oxygen consumption,
thé concentrations of the three species present in the reaction at

any tims, %, could be calculated (see appendix G). Suitable
concentrations of the substréta and catalyst were chosen to give not
only apprecishle concenfrations of thioisulphinate in the product,

but also long reaction times so that there was sufficient time, between
taldng samples, to perform a thiophenol titfation. Four such
experiments were undertaken, two ( (a) and (b) ) using the magnetic
stirrer and two { (¢) and (d) } using the vibromix stirrer. The
results are shown in table 6.7. All the experiments were conducted

af 25°C.in an oxygen atmosphere at atmospheric pressure. The value

of F ig defined as follows:=

moles of thlophenol which are consumed in producing the

F = thiolsulphinate which 1s present at time, t. (6.1.6.6)
moles of thiophenol which are consumed in producing the
disulphide and the thiolsulphinate which is present at
time, te
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% Extent of ¥
Sample the Reaction F Ff
Experiment .
1 16 - -
2 37 0.56 0.95
3 % 0.33  0.56 ()
L 80 0.37 0.63
Final % oxygen consumption = 168%
Final % PhSOSPh = 47%
Ff = Q. 59 3
1 9 - -
2 18 0.82 1.67
4 64 0.61 1.2k (
5 80 0.47  0.96
Final % oxygen consumption = 155%
Final % PhSOSPh = 43%
P 0-”9
f
1 . 20 - -
2 13 047 0.94 ()
3 79 0.38  0.78
Final % oxygen consumption = 156%
nal % PhSOSPh = 345
F .= 0.39
iy
1 22 - -
2 50 Q.44 1.13
3 68 0.31  0.80 (d)
b 85 Q.34  0.87
Final % oxygen consumption = 146%
Final % PhSOSPh = 34}
F,.= 0,39
£
Table ‘60 Eo

Resulis: analysis of samples taken during the course of
the thiocphenol oxidation reaction.
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It may appear that the value of F is always equal to ¢

(equation 6.1.6.4), which may be defined more fully as:

moles of .thiophenol which are consumed in producing all

4, — the thid.sulphinate which was generated up to time, .
moles of thiophenol which are consumed in producing the
disulphide and thidsulphinate which is present at
time,‘ te .

(6.1e64)
However, as is shown later (section 6.2.1.4) it is necessary

to mske a distinction between ¢ and F. ' Clearly the denominators for
both c} and F are identical. However, if some of the thiclsulphinate
vwhich is generated by the thiophenol oxidation reaction is destroyed
by a side reaction, then it can be seen that the value of the
numerator of F (and thus the value of F itself) will be smaller than
that of ¢ .+ In the tahles of results, takle 6.7, the value of F
was used, since the amouni of thiolsulphinate determined was the
actual amount of the thiolsulphinate which was present in the reaction
mixture (the amount of thioclsulphinate generated, less any thiolsulphinate
which was destroyed by a side reaction) at the time when the sample
was taken, as opposed to the total amount of thiolsulphinate which

had been generated up to this tinme.

Fpis defined as the value of F at the completion of the reaction.

The value of F, is slightly different from the previously defined

T
term “percentage thiolsulphinate", which was a measure of the amount
of thiolsulphinate present in the reaction mixture at the end of the
reaction compared to the total amounts of thilolsulphinate, disulphide
and any other oxidation products of thiophenol which were formed

{see equation 6.1.3.4).

117



The titration readings for thiophenol of the first sample in
each of the four reactions gave results which suggest that a higher
concentration of thiophenol was present in the first sample than
that in the reaction mixture at the start of the reaction. This
obviously cannot be so. Oné possible explanation for this is that
there is another product formed in the ini‘bial stages of the reaction
wlich causes very high readings for the thiophenol titration. The

nature of this product as yel is unknown.

At these low catalyst concentrations, the difference between
the oxygen that would be consumed to give the disuiphide and the

thiolsulphinate only, and the oxygen which is actually consumed is

quite appreciable. This fact was taken into consideration in calculating.

. the value of F, which is a measure of the amount of thiolsulphinaté
present in the reaction mixture as compared to the total amount of
the disulphide and thiolsulphinate present (see equation 6.1.6.6).

The method of calculating ¥ is given in appendix G.

Fige 6.1.6.1 and 6.1.6.2 show graphs of F/Ff vs percent extent
of the reaction for experiments with the magnetic stirrer and
vibromix stirrer respectivelj. These results are discussed in section
642, It will be shown that although the experimental evidence does
not exactly prove that the selectivity of the reaction is constant
throughout the reaction, the assumption of this constant selectivity

is consistent with the above experimental results.

6.1.7 Caleculation of the Rate of Removal of Thiophenol.,

Fige 6.1l.7.1 shows graphs of the log (initial rate of thiophenol

consumption) vs log (catalyst concentration) and Fig. 6.1.7.2 shows
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a graph of log (initial rate of thiophenol consumption) vs log
{thiophenol concentration). In each case, in order to caleculate the
rate of thiophenol consumption, the assumption has beeﬁ made that

the selrectivity of the reaction throughout the reaction is eéuivalent
to the relative yields of the two products at compleﬁion of the
oxidation. This assumption is probably correct for high catalyst
concentrations, but is only approximately correct for low catalyst
conceﬁtra.tions. The rate of removal of thiophenol was calculated
usihg equations 6.1.6.2 and 6.1.6.3. The value of ¢ was taken as
being equal to % PhSOSPh/100. This usually gave a good approximation.

The greatest errors were incurred in the following cases:-

(1) for experiments at low catalyst concentrations (and thus with
long reaction times) where there would be an appreciable amount of
the thiolsulphinate decomposed by a side rea&tion with thiophenol
(see equation 6.2.1.6). The true value of ¢ would then be greater

than the value of %PhSOSPh/100.

(2) for experiments where thefe was an appreciable difference

between the actual amount of oxygen consumed and tha£ ﬁhich wowld

be consumed in the formation of the disulphide and the thiolsulphinate.
Again the true value of ¢ would be greater than the value of |
%PhSOSPh/100.

Lt can be seen from a comparison of Figs. 6.1.3.5 and 6.1.7.1
that, for these experiments, there is no significant difference in
the shapes or slopes of the graphs when the rate of thiophencl

consumption is substituted for the rate of oxygen absorption.




6.1.8 ngtreatment of the Catalyst.

Tt was noticed during the experimental work that the colour of
the catalyst solutions changed upon ageing or as a result of a change
in temperature. Tt was possible that the catalytic activity of the
catalyst also changed. A series of experiments was undertaken,
during the early stages of the experimental work, at constant reaction
conditions but for each experiment the catalyst was pretreated before
use in different ways. Table 6.8 shows the effects of the various
pretreatment processes upon both the rates of oxygen consumpiion and
‘the percentage thiolsulphinate formed. It can be seen from the results,
that although.there is a statistical spread of results, these show no
definite trends. Thus it can be concluded that, within the reaction
conditions studied, the pretreatment of the catalyst by heating or ageing
has no effect either upon the rate of oxygen absorption or on the

| relative yields of products.

6.1}9‘ Aftempted.OXidaﬂidn df Diphenji Disulphide.

There are itwo possible routes for the oxidation of thicphenol
to the thioisulphinate; these are via AB or via C as shown in

equation 6.1.9.1.

A
PhSH = ——— Ph3SPh
\‘ J/B (60109-1)
c PhSOSPh

If the thiolsulphinate was formed.via the route AB, then one
would expect that at the completion of the thiophenol oxidation that
the thiolsulphinate would be the only product. Thus the fact that
thiolsulphinate is not the only product present at the end of the

reaction shows that it rust be formed directly from thiophenol via
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-a[0] % oxygen
| — P Xy #PhSOSPh
Pretreatment -dt |, consumption
‘ (x10%
1. Normal Run* ‘ 1.1% 143 7
2. Dilute Solution left 3% hours . 1.13 145 n
3. Stock solution left for the
following times:-
(a2) 3% hours - 1.18 138 35
{b) 17% hours 1.13 1l 37
(e) 225 hours 1.16 132 31
(a) 2 days 1.14 143 39
(e) 7 days 1.11 i3 40
() 9 days 1.11 145 39
%. Stock solution heated for % hour
at the following temperatures:
(a) 450¢ 1.17 147 L3
(b) 52.5% - 1.11 146 16
{e) 60°C 0.8 . 14 34
(d) 67.5% 1.12 144 39
(e) 75°% 1.07 142 37
(£} 90°C 1.14 142 28
5. Stock solution heated at 45°C,
diluted at 45°C 1.14 142 39

Reaction Conditions: 0.00002 g CuCl; 0.25 g Thiophenol; 5.0 ril
pyridine; 25C; oxygen atmosphere at atmospheric pressure;
magnetie stirrer. :

* Previous experiments were conducted using a standard pretreatment

of the catalyst, the catalyst solutions being kept at 25°C and the

reactions were started 1 hour after making up the stock solution.
The "stock"solution was the catalyst solution at a concentration

0.040 g CuCl/5.0 ml pyridine, which was sucessively diluted to give
the solution of the required concentration.

Tablé ‘6‘.8.

Results: Effect of varying pretreatment of the
catalyst,
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route Cu This was confirmed experimentally by the attempted

oxidation of diphenyl disulphide, when it was found that no oxygen

wag consumed. The reaction conditions were: 0.0001 g. Cu Cl;

0.258 g. diphenyl disulphide; 5.0 ml. pyridine; 25°C; oxXygen atmosphere

at atmospheric pressure using the vibromix stirrer.

6.2 DISCUSSION,

6."2.]; Quaiita;ﬁive Discubsion and ;ﬁtemfeta;tidn ’of thé Resuits.

6.2.1.1 Variable Catalyst Concentrations,

(&) Rate Curves (Figs. 6.1.3.5 and 6.;]..3.?)

As reported in section 6.1.3, the consideration of the graphs
in Figs. 6.1.3.5 and 6.1.3.7 leads to the conclusion that the
general regions AB and BC cannot be desceribed solely as kinetic

control and mass transfer control regions respectively.

(1) The Region A" B (Vibromix Stirrer).

In comparison with the corresponding regions A'B', ANBN and
A™ B*", the region A" B" shows a very unusual dependence ﬁpon the
catalyst concentration (Fig. 6.1.3.5). For catalyst concentrations
below 3.2 x 1070 moles/litre copper (I) chloride, the rates of oxygen
absorption were lower than the corresponding rates when the magnetic
stirrer was used. It was thought that this anomalous effect was
unlikely to be caused directly by the increased rates of mass transfer
of the oxygen from the gas phase to the liquid phase. A more probable
explanation is that the increased mass transfer rates caused the
formation of a more highly oxidized product of thiophenol, compound X,
which either deactivated the catalyst, or interfered with the oxidation

reaction in some other way, and thus decreased the rates of oxygen
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absorption. It was stated in section 2.3.5 that various acids
deactivate the copper catalysts; thus 1f one or more of the acids:
benzene sulphenic acid (PhSOH); benzene sulphinic acid (PhSOzH) and
benzene sulphonie acid (PhSOBH) wags formed, it xﬁay possibly deactivate
the catalyste A further condition which is required so that this
theory is consistent with the experimental resulis is that the
compound X is produced only in the initial stages (1L - 2%) of the
reaction. If it was produced throughout the reaction the reaction
rate would be continuously reduced, and if sufficient of the compound
X was formed the regction would eventually stop. In this case a plot
of oxygen consumption vs time would not give a linear relationship.

A logical explanation can be given for the attainment of these conditions.

Before addition of the thiophenol solution to the catalyst, the
whole of the catalyst solution would be saturated with oxygen. After
the addition of the thiophenol solution, the concentration of oxygen
within the bulk of the ligquid would decrease to abou‘c..zero. This
would be trve for all regimes of mass transfer with chemical reaction
except for the kinetic regime. Thus in the initial stages of the
reaction there would be a relatively high concentration of oxygen within
the bulk of the liquid; this may cause the initial formation of compound
X which may interfere with the oxidation reaction giving the anomalous
results. It might be argued that this effect should also be present
when the magnetic stirrer apparatus was used. However, in this case
the rate of decrease of theaxygen concentration in the bulk of the
liqguid would be faster than that obtained when the vibromix stirrer
was useds This is because the vibromix stirrer, which gives increased

mass transfer rates would maintain a high concentration of oxygen
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within the liquid for a longer period of time. This effect may be

similar to that showm in Fig. 6.2.1.1. At high catalyst concentrations,’

the rate of decrease of the oxygen concentration in the bulk of the
liquid would be much faster and thus there would be much less compound
X formed. Also for a given amount of compound X, the interference
wiould be comparatively smaller as the concentration of the catalyst
inereased. Thus at higher catalyst concentrations this effect would

be negligible.

Support for the above thebry was sought from an experiment, the
details of which are given in appendix A.1.5. TFor this thiophenol
oxidation experiment using a magnetic stirrer,' small quantities of
benzene sulphonic acid in pyridine were addéd to the reaction mixture
at various stages of the reaction.. The amount of acid added was
roughly equivalent to the 3.mount-which might be produced in the initial
stages of a thiophenol oxidation reaction using the vibromix stirrer.
The graph of oxygen consumption vs time is given in Fig. 6e2.102.

From this graph it can be seen that the added acid had no effect

upon the reaction rate. This proves that even if 2 small quantity

of benzene sulphonic acid was produced in the reaction, it would not
deactivate the catalyst or interfere in the oxddation. Thus this
experiment did not support the above theory, although it did not exactly
disprove it. There may still have been a product, other than benzene
sulphonic acid, formed in the initial stages of the reaction when the
vibromix stirrer was used. This compound X, although not an acid may
have either deactivated the catalyst or interfered in the oxidation

reaction in some other way.

Mass transfer effects in the general regions AB and BC are now
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interpreted in terms of the 4 reaction regimes of mass transfer with

chemical reaction previously described in section 3.2.

(2) 'The General Region AB.

-

The region AB cannot be the kinetic regime because of the

following reasons:-

(2) As stated in section 6.1.3, if the region AB was a kinetic

control regime,’ the effeét of different modes of‘stirring upon the

rates of oxygen absorf)tion would be similar to that showm in Fig. 6.1.3.3.
This is because the rate of gas absorption in the kinetic regime is

independent of the interfacial area.

(b) Van de Vusse (56) showed that, in the kinetic regime, the
selectivity of competitive rleactions in gas-liquid systems was not
affected by changing the mass transfer rates. Although the type of
gas-Liquid reaction considered in this project is slightly different
from that studied by van de Vusse, the selectivity of the reactions
in the kinetic regime should still be independent of mass transfer
rates. However, it can be seen from tables 6.1, 6.2 and 6.3 that
the selectivity of the reaction in the AB reglon is dependent upon

the mass transfer rates.

The diffusional regime describes the situation where there is
neglible reaction within the liquid film and the rate controlling process
is the diffusion of gas through the f£film; the rate of the chemical
reaction is just equal to the rate of diffusion of the gas through

this film. Clearly this regime only applies to a narrow range of
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conditions. A small increase in the chemical reaction rate would
lead to an appreciable reaction within the film (fast reaction regime).

whereas a-small decrease in the chemical reaction rate would tend to

cause the bulk liquid to be saturated with gas (kinetic regime). ‘
Thus it is unlikely that the diffﬁsional regime would extend over |
such a wide range of conditions as is found in the region AB. Also
in the diffusional vegime the selectivity of the reactions would be ‘
~ independent of the mass transfer rates, whereas, as previously stated, ‘
the selectivity in region AB is dependent upon the mass transfer rates. ‘
Thus it would seem logical that the remaining two regimes of mass !
transfer with chemical reaction the fast reaction and the instantaneous \
reaction regime, should apply to the two general regions AB and BC ‘
re5pectiV€ly. The f&llowing argument strongly suggests that the
rogion AB is in the fast reaction regime. The chemical reaction rate |
{(the rate of oxygen absérption in the kinetic regime) is probably }
‘first order with respect to both the catalyst concentration and the ‘
oxygen partial pressure because of the following reason. In the
oxidative coupling of 2,6-dimethylphenol, it has been shown fairiy
conclusively that the chemical reaction rate is first order with respect 1
to both the copper catalyst concentration and the oxygen partial pressure ‘
(section 2.4). For a second order reaction where the chemical reaction
rate is first order with respect to both the liquid phase reactant and
the absorbing gas, van Krevelen and Hopti jzer (57) showed that in the ‘
fast reaction regime, the rate of gas absorption is first order with
respect to the gas concentration at the interface and proportional to

the square root of the llquid phase reactant concentration.
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i.ee when r» = ke'bd (6.2.1.1)
o o

v= kb D .c! (6.2.1&2)
o 2 o

where k = overall kinetie constant

§

o
i

diffusivity of the gas in the liquid.

BEquation 6.2.1.2 applies only when the concentration of the liquid
phase reactant remains constant within the film; this is true when
there is a vast excess of liquid phase reactant or when the liquid
phase reactant is recycled by other very fast reactions. {The equation
6.2.1.2 was also reported by Dridgwater and Carberry (58).)  Thus
if the reaction does show a first order dependence upon the catalyst
concentration, then in the fast reaction regime, the rate of removal
of thiophenol should be proportional to the square root of the catalyst
concentration. This is in agreement with the experimental evidence
as shown in Fig. 6.1.7.1 where the slope of each of the lines A'B*,
AnephY and ANBN is 0.5, thus suggesting that the general region AB
is a fast reaction regime. For a gaseous mixture of 88% oxygen/

12% nitrogen, in the fast reaction regime the rate of oxygen absorption
for a given catalyst concentration should be reduced to 885 of the
corresponding rate obtained with "pure" oxygen. This again is in
agreement with the experimentsl evidence as shown in Fig. 6.1.3.7.
where the rate of oxygen absorption for the oxygen/nitrogen gaseous
mixture was 85-90% that of the corresponding rate when "pure" oxygen
was useds Thus there is fairly conclusive evidence to show that the
geﬁeral region AB is the fast reaction regime. As stated above,

the region A"B' is a special case. However, the assigning of the fast
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reaction regine to the région.N'B' is consistent with the explanation

which is given to account for the anomalous behaviour.
(3) The General Region BC.

By deduction we can say that the general region BClis most
probably the instantaneous reaction regime. As previously stated
(section 3.2), Danckwerts (43) showed that in the instantaneous
reaction regime when an inert gas is mixed with the soluble gas any
one of the three concentration profiles shown in Fig. 3.2.3 is possible.
In.the experiments of this present project, when a "pure" oxygen
atmosphere was used this refers to 6ommercial grade oxygen (99.5% B.0.C).

Even with such a gmall percentage of insoluble gas (probably nitrogen)
present, a gas-side resistance would most probably be present in the
very fast or the instantaneous reaction regime. Also it has been
previocusly stated (section 5.1) that because of the procedure used
for flushing out the reaction system, there may still have been
significant traces of air left in the system, This would also give
a gas-side resistance in addition to that resulting from the 0. 5%
inerts in the commercial grads oxygen. Thus one of the concentration
profiles in Fig. 3.2.3 may apply to the gas-liquid system which is
being considered. The concentration profiles in Fig. 3.2.3(), (b)
and (e¢) correspond to situations where the liquid phase reactant
diffuses through the liquid film at a rate (a) slower than (b) equal
to (¢} faster than the rate of diffusion of the gas through the gas
f£ilm respectively. The concentration profile in Fig. 3.2.3 (a) becomes
a noving boundary problem with the reaction front being at the
interface at time t = O and moving away from the interface as the

reaction proceeds.

The concentration profile in Fig; 3.2.3(b) is a special case
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applying to only one concentration of liquid phase reactant for a
given partial pressure of absorbing gas; thus this case obviously

does not apply to the general region BC.

For the concentration profile in Fig. 3.2.3(a), the rate of

gas absorption is given by equation 6.2.1.3 (see reference 44).

b.e

- _ o 0
vV = Kk (c(')+ -—q ) | (6.2.1.3)
vhere bo' = concentration of liguid phase reactant at the interface

q a stoichiometric coefficient for the reaction.

Thus for a constant partial pressure of gas; the rate of gas
absorption would be dependent upon the liquid phase reactant
concentration to the first power. This clearly does not apply to

the reglon BC as shown by Figs. 6.1.3.5 and 6.1.3.7. .

For the concentration profile in Fig. 3.2.3(¢) the rate of

gas absorption is given by equation 6.2.1.4 (see reference 44).
V = k_P (6.2.1.4)
where kg = massg transfer coefficient for the gas through the gas film.

The rate of absorption is independent of the concentration of
the 1liquid phase reactant. This is virtudlly in agreemeﬁt with the
experimental results for the regions B'C', B'CY,and BNCN, but not
for the region B'C", In the regime described by Fig. 3.2.3(¢), a
reduction in the partial pressure of a non-reacting gas such as
nitrogen would produce a gas=side resistance; this would reduce the mass

transfer coefficient kg and thus would further decrease the rate of

absorption. This too i3 in agreement with the experimental evidence
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as shown by the region AE' in Fig. 6.1.3.7. Thus the concentration
profile in Fig. 3.2.3 (c) most probably applies to the general region
BC. The change from the fast reaction regime, AB, to the instantaneous
reaction regime, EC, is probably similar to the change occurring in

the concentration profiles from (a) to (¢) in Fig. 6.2.1.3.

Fige 6.1.3.5. shows that the break-point (the intersection of
the fast reaction and the instantaneous reaction regimes) occurs at
approximately the same catalyst concentration for all modes of stirring.
In changing from no.stirring to using the magnetic stirrer, the change
in interfacial area is negligible, but the width of both the gas and
the 1iquid £films would be greatly reduced. If the widths of thé twe
films were reduced by a similar proporition, the bresk-point for each
of the two modes of stirring would proba:bly occur at the same cabtalyst
concentration. In changing from the maghetic stirrer to the vibromix
stirrer, the thickness of both the gas and the liquid films would
probably be reduced by only a very small amount, but the interfacial
area would be greatly increased. However, the increase in the inter-
facial areaof the gas film would be egual to that of the liquid film
and thus it is not surprising that again the break-point for each of
the two modes of stirring occurred at approximately the same catalyst

concentration.

1f, for a particular mode of stirring, the partial pressure of
the oxygen was reduced, the bresk-point should occur at a lower
catalyst concentration. Fig. 6.1.3.7 shows that, when the partial
pressure of oxygen was reduced by a small factor, the break-point did

occur at a slightly lower catalyst concentration. This could be used
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as further evidence to support the application of the concentration
profile of Fig. 3.2.3.(c) to region BC. However, the differences

both in the partial pressures of oxygen and in the catalyst concentrations
at the break-éoint were only small and thus it is not advisable to

attach too much sipgnificance to this evidence.

Thus the majority of experimental evidence suggests that the general
region AB is a fast reaction regime and the general region BC is an |
instantaneous reaction regime. There is, however, some experimental

| work which is not in full agreement with the theory. Thié is to be.-
expected since the theory is based on simplified models which, although

they give reasonably good results in most cases, are not very realistic..
(b) SelectiVity of the Reaction (Figsc 6.1.30‘{1", 601.3'6., and 601.30 8)0

It can be seen from the results in tables 6.1, 6.2, 6.3, and 6.4
that, as a general rule the extra oxygen consumed above 1005 oxygen
consumption can be‘accounted for by the formation of the thioclsulphinate.
However, in the experiments where the vibromix stirrer was used and

the experiments at low catalyst concentrations, there was an appreciable
amount of oxygen consumed above that which was required for the
formation of the disulphide and the thiolsulphinate. Reference has
already been made in this section to £he probability of higher oxidation
pfoducts of thiophenol, such as benzene sulphur acids, being formed
when there is a relatively high concentration of oxygen in the liquid
lphaSe. In experiments using the vibromix stirrer or experiments at

low catalyst concentrations, the céncentration of oxygen in the ligquid
phase would be greater than that in any of the other experiments.

Thus the reaction conditions were probahbly favourable for the formation

of products of thiophenol, other than the disulphide and the thiolsul-
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phinate. This may account for the extra oxygen consumption. The
findl reaction mixtures from some of the reactions in which the
vibromix stirrer was used at low catalyst concentrations were tested
for the presence of thiolsulphonate {PhsozﬁPh) by the method given by
Barnard and Cole (54), but all tests proved negative. However, if
the thiolsulphonate was formed, it may have been decemposed by the

following reported reaction with thiophenol (38):-
PhS0,SPh + PhSH ————— Ph30,H + PhSSPh | (6.2.1.5)

From tables 6.1, 6.2, 6.3 and 6.4, it can be seen that if higher
oxidation products of thiophenol were formed, they would in most
cases constitute less than 5% of the final product. Because of this,
and aléo the fact that no relatively simple methods were available
for detecting these higher oxidation products, the detection of these

products was not investigéted further.

Savige and Maclaren (38) reported that thiolsulphinates react with

thiols according to the following equation:

2 RSH + RSOSR ~—— 2 RS + H,0 (6.2.1.5)

(where R = alkyl or aryl group)

This reaction would obviously occur as a side reaction in the
oxidation of thiophenol. In terms of the amount of oxygen and
thiophenol which is consumed, the formation of the disulphide by
this side reaction via the initial formation of the thiolsulphinate
is indistinguishable from the direct oxidation of thiophenol to the

disulphide. This is shown below.

l\(,ga

2 PnSH ———=—) PhSSPh + H,0 (6.2.1.7)
Q
2 PHSH ety PHSOSPh + H,0 (6.2.1.8)
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PhSOSPh + 2 PhSH e~——w—e 2 PhSS5Ph + HZO (6.2.1.9)

(6.2-1-8) + (602.1-9) gives HL

0
Y PhSH — %y 2PnSSPh + 2 H,0 (6+2.1.10)

Equation 6.2.1.10 is equivalent to equation 6.2.1.7.

The fact that as much as 50% of the thiolsulphinate is present

‘in the final reaction mixture after completion of some of the final

oxidation reactions shows that this side reaction is a glow reaction.
Assuming that it is not catalyzed by copper ions,‘ this side reaction
would be negligible for short reaction times, i.e. at high catalyst
concentrations. As the reaction times increase, i.e. at increasingly
low catalyst concentrations, this side reaction would become
increasingly significant. This is probably the main reason why in
Figs. 6.1.3.%4, 6.1.3.6 and 6.1.3.8, as the catalyst concentration is

decreased, the percentage thiolsulphinate formed appears to reach a

naximum and then decrease.

It can be seen from Figse 6.1.3.6 and 6.1.3.8 that the percentage
thiclsulphinate formed decreases with either decreasing the rate of
mass transfer of oxygen from the liquid phase to the gas phase or
decreasing the partial pressure of oxygen. This is logical since
one would expect the selectivity for the more highly oxidized product

to decrease with the decreasing avallability of oxygen.
6.2.1.2 Variable Thiophenol Concentrations (Figs 6.1.4.1 and 6.1.4.2).

The graph of log (initisl rate of oxygen sbsorption) vs log
(initial catslyst concentration) is similar in shape to the corresponding

graph obtained by Tsuchida et al. (15) for the oxidative coupling of
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plot {when 1/ [‘gmbstrate]. = 0) is equal to 1/ ey ¥here Vo

2,6-dimethylphenol. Tsuchida et al. reported the similarity between
their graph and the corresponding grapﬁs for enzyme reactions. A

linear relationship for the Lineweaver-Burk plot (1/rate vs 1/ [substratel)
gave supi:ort to the classification of the oxidative coupling of
2,6-dimethylphencl as an enzyme type reaction. A Linewsaver-Burk

plot for the oxidative coupling of thiophenol is shown in Pig. 6.2.1.4.
This shows a linear relationshlp which suggests that the oxidative
coupling of thioi:henol may also be considered as an enzyme type reaction.
However, it must be remembered that this set of experiments at

variable thiophenol concentrations were conducted in the fast reaction
regime (or possibly in the instantaneous reaction regime at very

high thiophenol concentrations). In the fast reaction regime at a

constant catalyst concentration, it was‘previously stated that:-

v = J Kk bo Da . C'o (6.20102)

In enzyme type reactions, the intercept of the Lineweaver~Burk

X, [E] oo V, .x i5 the maximun rate which is obtained at high
substrate concentrations where the reaction is zero order with
respect to the substrate. In the thiophenol oxidation, if the

intercept 1s equal to /v nax® toen v nax WL be given by:-

Vmax = ‘/ k bo Dat 0'0 . (6-2.1011)
or Voax = Ko J b, (6.2.122.)
where k2 =/k D e (6.2.1.13)
and kz . 1s the overall rate constant.
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Thus if k (in this case the kinetic rate constant for thiophenol
oxidation to diphenyl disulphide) and Da were known,  the value of k,

could be found.

Similarly from the slope of the Lineweaver~Burk plot a value
of K, can be found. The significance of this value of Km is not
known because of the following reason. When the chemical reaction
rate is expressed by the general enzyme rate egquation (equation 2.4.8),
it is virtually impossible to deﬁVe a generzl solution to the differential
equation. representing mass transfer with chemical reaction. This
means that an expression for the rate of oxygen sbsorption (V } in

terms of K [8] and [02] camnot be derdived.

One important conclusion arisiﬁg from the above linear Lineweaver=
Burl:' plots which have been obtained is that the linear relationships
are no proof that such gas-liquid systems are occurring in the kinetic
' reéime. Even a Lineweaver-Burk plot of 1/(rate of oxygen absorption)
vs 1/(thiophenol concentration), Fige 6.2.1.4, gives a linaér
relétionship. In this case not only was the reaction in the fast reaction
regime, but there was sdditional oxygen consumed in the formation of
the thiolsulphinate. Thus it can be seen that much care is needed in

interpreting the results of linear Lineweaver-Burk plots.

From the fact that the graphs of oxygen consumed vs time (Fig. 6.1.3.1)
give straight lines for most of the reaction, one would expect that
the thiophenol oxidation reaction would be zero order with respect to
the thiophenol concentration, i.e. one would expect that the graph of
log (initial rate of oxygen absorption) vs log (initial thiophenol

coneentration), Fige 6.1l.4.1, would be a straight line parallel to the
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log (initial thiophenol concentration) axis. Thus Figs. 6.1.3.1.

and 6.1.4.1 appear to be contradictory. Tsuchida et al. {(15) obtained
a similar apparent contradiction in their results for the oxidation
of 2,6-dimethylphenol. However, it appears that they overlooked

this matter, making no comment whatsoever upon this phenomenon.

Possible explanations to account for this behaviour are now considered.

If the reaction was catalyzed by ons or more of the thiophenol
oxidation products, a similar effect would not be obtained for the
oxidation of 2,6-dimethylphencl. One of the products of all oxidative
coupling reactions is water. However, the possibility of water acting
as a catalyst can be ruled out because Tsuchida et al. {15) used a
&rying agent to absorb the water produced in their experiments, |
uhereas no drying agent was used in the experiments of this present
project. It might be'argued that the selectivity for the thiolsulphinate
may be increased throughout the reaction in such a way that the expected
reduction in the rate of oxygen absorption is compensated by an
increase in the amount of oxygen which is consumed in the formation
of the thiolsulphinate. However, not only would this be a coincidence
but a similar explanation could not be given to account for the

corresponding phenomenon occurring in the oxidation of 2,6-dimethylphenol.

Thus, at present, no logical explanation can be given for the
apparent contradiction between Figs. 6.1.2.1 and 6.1.3.1. Further

experimental work is required in order to resolve this phenomenon.
6.2.1.3 Dependence Upon Temperature,

Over the temperature range 10-409G, the rate of oxygen absorption

- appears to be independent of tamperature (see table 6.6). However,
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the calculated rate of thiophencl consumption inereases with increasing

temperature as would be expected.

The Arrhenius equation (equation 6.2.114) describes the dependence

of the kinetic rate constant upon temperature. -

~E/RT -
vhere R = gas constant, 1.98 cal/grm mole °K
B = activation energy
T = temperature (°K)
A = constant (frequency factor),

If it is assumed that the formation of a thiophenoxy radical
(PhS+) is the initial step in the formation of both the disulphide
and the thiolsulphinate (usee section 6.2.2), then it is possible to
calculate the ﬁct.ivation energy of the initlal thiophenoxy radical

formation step.

1Ir "Tr aq 18 defined as the rate of absorption (moles/ c.mz) of
that oxygen which is consumed in producing the thiophenoxy radicals,
then t= '

d PhSH
-—2-1?‘-}5—) (6.2.1.15)

v od = constant x (— 3t

r

We can say that in the fast reaction regime considered:-

v' = ‘/k bo Da . c'o (6-201.16)

r

substituting equation 6.2.1.14 into equation 6.2,1.16 gives:-

<l

_/ ~E/RT
raq =/ Ae b, D, . et (6.2.1.17)
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or g R . .
constant x dEPth9* / E/ﬁ'Tb oPa®'y (6.2.1.18)

or

d [PhSH
2 Loglo(constant) + 2 loglo( %;; l 1ogloAb D (c' )2 ~ 2303 %5

(6.2,1.19)
- d[PhsH]

Thus a graph of log, dt vs 1/T should give a straight
line of slope - (2+303/2) (£/3). This greph was plotted for the
experimental results (Fig. 6.2.1.5). From the slops, the activation
energy, E, was found to be 1.4 K cals/mole. This low value for the
activation energy is to be expected since thiophenol is readily

oxidized under the oxidative coupling reaction conditions used.

If the thiophenoxy radical was the initial species formed and
the disulphide and the thiolsulphinats were formed by free radical
reaction steps, then the activation energies of the subsequent fres
radical steps would probably_be approximately zero. As the reaction
temperature decreases, the rate of the initial reaction'step for the
formation of the thiophenoxy radical also decreases, thus consuming
less oxygen. This in turn would mean that there would be more oxygen
available for the formation of the higher oxidation products. If
these subsequent fres radicsl steps had activation energies of about
zero, then one would éxpect that a higher percentage of the higher
oxidation products would be formed at lower temperatures. This is
in agreement with that which was found in practice as can be seen from

table 5.6.

145



6.2.1.4 Anglysis of Samples Taken During the Course
of the Thiophenol Oxidation Reaction.

The graphs of F/F s VS percent extent of the reaction show a

similar shape to one another, Fig. 6.2.1.6 showing a typical plot

(The definitions of F, Fy and 56 have previously been given in section

6.1.6)s From Fig. 6.2.1.6, it would appear at first that the

selectivity of the reaction for the thiolsulphinate was not constant
throughout the reaction. However, the following argument shows that
the assumption of a constant selectivity ‘(¢) throughout the reaction

is consistent with the experimental results.

If constant selectivity is assumed throughout the reaction, then
a graph of FS:L (where¢i is the instantaneous value of p’ ) vs percent
extent of the thiophenol oxidation reaction would be as shown in
Figo 60201070 The following Preﬁ.ou&ly repv?rted (Section 6020101)
side reaction of thiophenol with thiolsulphinates (equation 6.2.1.20)

is now considered.

PhsSOSPh + 2 PhSH ———— 2 PhSSPh + H,0 (6.2.1.20)

2

In glacial acetic acid solvent, Kice et al (59) reported that

the above reaction was first order with respect to both the thicl and

~ the thiolsulphinate. Although the resction conditions differ

considerably, it i reasonable to assume that in pyridine the reaction
is d.ependent upon the thiolsulphinate concentration to the power m

and dependent upon the thiophenol concentration to the power n, where
n and m are both greater than zero. If this is so, then for a typlesal
thiophenol oxidation reaction, a plot of thepercent of the thiophenol

reaction would probably be of the shape shown in Fig. 6.2.1.8. The
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shape of this graph was deduced as follows. AL the start of the

thiophenol oxidation, the concentration of the thioclsulphinate

would be low, and thus the extent of the side reaction would be
negligible. Similarly towards the end of the thiophenol oxidation,
the concentration of thiophenol would be low, and again the extent
of the side reaction would be negligible. Around the half-wsy stage
of the reaction, there would be epprecisble amountSof both thiophenol,
and the thiolsulphinate, and in this case the extent of the side

reaction would be appreciable.

Thus from Figs. 6.2.,1.7 and 6.2.1.8 it may be deduced that the
shape of the graph of the instantaneous net production of the thiolw-
sulphinate vs percent extent of the thiophenol oxidation reaction
would be as shovm in Fig. 6.2.1.9. Furthermore from Fig. 6.2.1.9, it |
may be deduced that the graph of F, and thus F/Ff. vs percent extent
of the thiophenol oxidation reaction would be of the shape shoun in

Fige 6.2.1.6, the experimentally determined graph.

Thus although a constant selectivity for the production of the
thioclsulphinate throughout the 'bhiophenol oxidation reaction has not
exactly been proved, the experimental evlidence is consistent with
that which would be expected for the case of constant selectivity

throughout the reaction.

For reactions at higher catalyst coﬁcentratioﬁs (i.e. short
reaction times) where the extent of the side reaction would be negligible,
one might be able to prove a constant selectivity for the reaction.
In this case F would be equal to ¢. However, at higher catalyst

concentrations there would be insufficient time availahle to perform
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the potentiometric titration between taking samples. For future

work, this problem could be solved in one of the following ways:-

(2) by developing a suitable method for the determination of thiophenol
in the reaction mixture where the analysis of all the samples could

be done at the end of the oxidation reaction.

(b) by developing a thiophenol determination method which takes less

time (e.g. chromatographic method).

(e) by performing a number of experiments under identical conditions
taking out only one sample for each experiment but for each experiment

the sample would be removed at different stages of the reaction.

The disadvantage of the last method is that in order to obtain
a given set of resultis, the amount of experimental work is greatly
increased. It is feasible that a method could be developed whereby
a sample may be titrated first for thiophenol and then for the
thiclsulphinate in situ. The thiophenol interference in the thiol-
sulphinate titration would have been removed by the initial potentiom
netric titration for thiophenol. This method would greatly reduce
the magnitude of the errors incurred in estimating the thidsulphinate
concentration. Greater accuracy would also be attained by scaling-
up the experimental work. In addition it would be very useful to
determine the kinetics of the side reaction (equation 6.2.1.20) by
independent experiments. The extent of this side reaction in the main

oxidation reaction could then be cagl.culated.

Appreciable errors were incurred in the éxperimental work because
of the following reason. As stated in section 6.1.6, there apparently
was a product formed in the initial stages of the reaction which

interfered with the thiophenol titration. This interference was
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quite appreciable since the first sample in each of the 4 experiments

gave a thiophenol determination which suggested that there was more
thiophenol present in the reaction mixture at that time than at the
start of the reaction. This not only gave a meaningless result for
the first sample, but would also affect the analysis of the rest of
the samples. However, the results were sufficiently accurate to give
a quélitative picture of the composition of the reaction mixture

during the course of the reaction. 

6.2.2 Reaction Mechanisms.

In the oxidative coupling of phenols, the copper catalyst
reacts with phenol to produce a phenoxy radical from which either the
diphenogquinone or the polyphenylens oxide is formeds Thus it is
probable that in the oxidative coupling of thiophenol, the copper
catalyst would react with thiophenol to produce a thiophenoxy radical
{Ph3*) from which the various oxidation products of thiophenol are

formed.

(a) Mechanism for the Formation of Thiophenoxy Radicals.

One might expect that the reaction mechanism for the formation
of thiophenoxy radicals from thiophenol would be very similar to the
mechanism fdr the formation of phenoxy radicals from phenol. It has
been previously shoﬁn (section 2.4) that despite the numerous
nechanisms which have been postulated for the oxidative coupling of
phenols to phenoxy radicals, no conclusive proof has been given for
any one of these mechanisms. As previously stated (section 2.4), it
wag only in a recent paper by Tsuchida et 21.(15) that the reaction

was shown to conform to an enzyme type mechanism. These authors
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suggested three possible mechanisms which fitled their experimental

results. However, only the outline of the mechanisms were given and

they were not able to indicate which of the three mechanisms was the

most probable. The rate expressions they gave did not exaetly

correspond to the reaction mechanism which they postulated. ievertheless
the correct rate q}épressions for these mechanisms (given in appendix H)
still fit their experimental results, i.e. the Lineweaver-Burk plots

of l/vd vs 1/[3] and l/k2 vs 1/ [Ozj_would 5til) show linear relationships.
Thus it can be seen that the obta.ining- of a linear relationship for a

Lineweaver-Burk plot is no proof for a particular mechanism.

The last type of the three mechanisms which were proposed by
Tsuchida et al;(l_ﬁ) is the most probable of the three for the oxidative
coupling of thiophenol because of the following reason. During the
experiments at high catalyst concentrations it was observed that the
colour of the reaction mixture was yellow as opposed to the dark green
colour of the fully oxidized catalyst solution. When copper (I) |
chloride is dissolved in pyridine, the colour of the solution is
initially yellow but soon changes to a dark green. This suggests tflat
the copper (I) form of the catalyst is yellow. If this is the case,
then in the instantaneous reaction regime the reaction between the
copper (I) catalyst and oxygen is relatively slow compaped to the othenr
reaction steps. Furthermors, this would most probahly be true for
the fast reaction regime also. The last of the three mechanisms proposed
by Tsuchida et al. is the only ons of the three in which oxygen reacts
with the copper (I) species and it is for this reason that this last
mechanism 1s preferred. However, as stated above, this mechanism

was only an outline of the reaction steps. From this basic mechanism,

four more detailed mechanisms have been obtained (scheme 6.1.).
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Reaction mechanisms for the formation of thiophenoxy radicals
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Al these four mechanisms are consistent with the available experimental
evidence and would also give linear Lineweaver-Burk plots. The
catalyst structure proposed by Price and Nakaoka (14) has been used

and the mechanisms have been mod;fied 30 as to apply to fhiophenol-

In mechanisms A and B, thlophenoxy radicals are produced in two
different reaction steps, sﬁeps kt and K. This is unusuel but quite
feasible. In mechanisms C and D an oxygen atom rather than an oxygen
molecule is incorporated into the catalyst structure. It may appear
that this would be very unlikely; however, the structure of the compbund
CuyClg0. % py, which is well characterized (60) consists of a
tetranuclear copper Structure with an'oxygen in the cenire and chlorine
atbms on the six tetrahedral edges. It is possible that the copper

chloride pyridine catalyst may consist of a tetranuclear copper framewrok.

Other possibile mechanisms may also be pqétulated, but with the
experimental evidence which 1s available at present it is not possible
té assipgn & unigue mechanism to the thiophenol oxidation reaction.
Because of this fact, the reaction mechanism for the formation of
thiophenoxy radicals will not be discussed further.

(b) Mechanism for the Formation of Products
from the Thiophenoxy Radicals.

The disulphide molecule would most probably be formed by the
combination of two thiophenoxy radicals (equation 6.2.2.1).
PhS* + °*8 Ph =) PhSSPh (6.2.2.1)

One possible mechanism for the formation of thiolsulphinate is

showm in aquations 6.2. 2.2 to 6-2. 2 60
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Phs* + 02—-—-—; PhS0,° : - (6.2.2.2)

PRSO; + +SPh —— PhSO0SPh (6.2.2.3)
PhSOOSPh  + ¢SPh ——a—3y PhSO- + PhSOSPh (6e2.2.4)

PhSO- + +SPh ————3 PhSOSPh - (6.242.6)

overall . L PhS + 0, ———3 2 Ph305Ph Ce (6.2,2.6)

Benzene sulphur acids may be formed by the following reaction

mechanisms, equations 6.2.2.7 to 6.2.2.10.
PhS00. =—=> Ph300 (6.2.2.7)

PhS00 + Hy0 ~—————) Ph5-0-0

\
\
}{ H {6.2.2.8)
Ph?}s.o-o _— Ph1|3=0 + +OH
0 oH
/\
H H benzene sulphinic (6.2.2.9
‘ , acid
‘ Ph3+ + <0 -———3 PhSOH (6.2.2.10)

benzene sulphenic
| acid
It is assumed that water is present in order that the above
reaction mechamism may occur. This is probably true since pyridine
is a very hygroscopic liquid and usually contains small amounts of

water even when a drying agent such as molecular seives is used.
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There are also other known reactions (38) which may possihly

occur as side reactions in the thiophenol oxidation reaction; some

of these are given in equations 6.2.2.11 to 6.2.2.15.

PhSH + PhSOSPh ———— PhSSPh + PhSOH (6.2.2.11)
2 PhS0SPh ——— PHSSPh + PhSO,Ph (6.2.2.12)
2 PHSOH ———— PHSOSPh + H,0 (6.2.2.13)
PHSOH + PhSH —— 3 PhSSPh + H,0 | (6.2.2.14)
3 PhSOH et PHSO,H + PhSO,SPh + H,0 (6.2.2.15)

Hone of these side reactions would occur to any appreciable
extent (see section 6.2.1.1). There is insufficient experimental
avidence to argue for or against any of the mechanisms given in
equations 6.2.2.1 to 6.2.2.15, and thus these will not be discussed

furth e

(c) Kinetic Scheme for the Formation of the
Disulphide and the Thiolsulphinate.

The kinetic scheme showm in scheme 6.2 is consistent with most
of the experimental evidence and provides a mechanism for the formation
of both the disulphide and the thiolsulphinate.
PhS

ot species + PhSH === Cu¥ species + PhS ———y PHSSPh

k

. dis

02 ko OZJ'Lth
2+
Cu  species Phso2 _
Tliolsulphinate

+

Scheme 6.2 minor amounts of higher oxidation

products of thiophenol

Reaction mechanism for the thiophenol oxidation reaction,
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T£ this was the kinetic scheme, the following reaction

echaracteristics would be expected.

(1} At a given catalyst concentration, higher mass transfer rates
would increase the amount of oxygen available for both the reoxidation
step and the formation of the radical PhS0,* and thus the selectivity

for the thiolsulphinate would increase.

{2} As the catalyst concentration was increased thers would be a
greater demand for oxygen in the recycling step and thus the selectiviiy

for the thiolsulphinate would decrease.

(3) As the thiophenol concentration was increased, the rate of

reaction would increase thus increasing the concentration of thio-
phenoxy radicals and decreasing the availability of oxygen. This

would favour the formation of the disulphide and decrease the selectivity

for the thiolsulphinate.

The experimentel evidence is in agreement with the above expected
reaction characteristics and thus strongly supports the postulated
Kinetic scheme. It is well known that an oxygen molecule will readily
attach itself to a thiol radical such as PhSe (61} and thus this is
the most likely means whereby oxygen could be incorporated into the
thiophenol oxidation produet. Thus a reaction mechanism for the
formation of thiophenoxy radicals would apply to the formation of the
disulphide, the thiolsulphinate and any other oxidation products of

thiophenol.

6.2.3 FEquations Representing Mass Transfer with Chemical

~ Reaction for Thiophenol Oxidation

As previously stated (section 3.2), solutions for models of mass




transfer with chemical reaction can orly be obtained for very simple

expressions for the chemical reaction rate. The simplest possible
‘expression for the chemical reaction rate of the oxidation of
thiophenol was deduced from scheme 6.2 and is shovm in equations

602-3-1 ang 6.203.2-

The rate of oxygen absorption for the formation of thiophenoxy
radicals is given byi=-

dfo,]
(_EEE )PhS- =k, [Cu] [0,] (6.2.3.1)

The rate of oxygen absorption for the formation of the thicle

sulphinate from thiophenoxy radicals is glven by:~

d [0,] ) _ \
( dt ) = Ky (#ns [0,] (642.3.2)
th

 In equation 6.2.3.1 it is assumed that for a given catalyst
concentration, the reaction rate is independent of the thiophencl
concentration. This assumption is valid since for any givenwcatalyst
concentration, the graph of oxygen absorption vs time is a straight
line for most of the reaction. Equation 6.2.3.2 has been derived from
the assumpiion that the rate dete—rmining step for the formation of |
the thiolsulphinate from thiophenoxy radicals is the initial reaction
between an oxygen molecule and a thiophenoxy radical (equation 642.2.2}0
It must be emphasized that equations 6.2.3.1. and 6.2.3.2. may be
simplifications of the true reaction rates and equation 6.2.3.2 has
been derived on the basis of an assumption, the validity of which at
present cannot be proved. This is necessary in order to derive equatlons
representing mass transfer with chemical reaction vwhich are simple

enough to make their solution at 211 feasible.
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If it is assumed that the concentration of the thiophenoxy
radicals is constant thrdughout the reaction, then the rate of

generation of thiophenoxy radicals is given by equation 6.2.3.3.

_[___ddih =k, [edlog - k, [th]E)z]- kdiS[PhS;lz =0 (6.2.3.3)
giving: -
prg= el [(k’f-h [22{){ d: Ha1s [03[‘:“]] (6.2.3.)

The positive root of the quadratic must be taken to give a positive

value of {PhS].

Thus the total rate of oxygen consumption is given by:-

i
2 A,
- d[oggi _ -kth[oz;[-s-[(kth[oz]) + 4k disko[oz][wﬂ
=[0z] k, [Cu]+ k
dt ° th 2 K35 .
total dis
(6.2.3.5)
If equation 6.2.3.5 is substituted into the equation representing
the phencmenon of mass transfer with chemical reaction (equation 3.2.1
for the penetration theory, equation 3.2.3 for the film theory), the

following equations are obtained:w

(1) For the penetration theory:-

5[.02] B[Oz]

g';' + k[0 ] + ki) [0 ][Phs] (6.2.3.6)

(vhere [PhS+] is defined as in equation 6.2.3.4, and D, is the

diffusivity of oxygen in pyridine.)
(2) TFor the film theory:=-

L
%, aa[xf= ¢y B0+ l0 [pns (6.2.3.)
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7
x=)&,-§x2=0

The boundary conditions associated with equation 6.2.3.7 are:-

(6.2.3.8)

(642.3.9)

Equation 6.2.3.7 can be simplified to the expression given in

equa.tion 602-3-10-

2 ' 1
é—% = Ac® + Be + EC(GCz + He)z = £(c)
dx 2
where: ¢ = [O ] ; S ee—
2 2 Kaig
k
_ th 2
3 = k,fca] ;3 EBE= 2k, P 6= (k)

and H =4k, %k [Cu]
ultiplying equation 6.2.3.10 by 2(de/dx) givestw

2 (ié%:)x;(g§9 = 2 f (c) (%%)

Integrating 6.2.3.12 gives:a

(%%)2 = Z.S’f(c)%. dx + k.l. = ZJlf(c)dc + }&
whare !& = a constant.

From 6,2,3.10 :-

gf(c)dc = "%93+ 33%-2- + E:jc(G;c2 + Hc)% de + kz
where k 5 = a constant

Nowim

(6.2.3.10)

(6.2.3.11)

(6+2.3.12)

(6.2.3.13)

(6.2.3.14)

_— 1
Ej;(Gcz + Hc)?de = E[EE (Ge? + Hc?ﬁzﬁig (Gcz + Hc)% dc+dég (642.3.15)
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i 1
vhere d((Gcz + He)3de = Egﬁai_ﬁ (Gc2 + He)?

2 1
H 2 3
- o In(2Ge + H + 2 /G(Ge™ + He)? ) + ku (6.2.3.16)

and k3 and k4 are constanlts.

Thus from 5.2.3.13 :=-

dc - \/‘03 + B c(Gc + Hc)2 de + kz (6.2.3.17)

i
2

and E_gc(G ¢? + He)Z is given by equation' 6.2.3:15.

The above standard integrétions viere obtained from reference 62.

From equation 6.2.3.17, one can see the immensity of the task

of finding an expression for either ¢ in terms of x (the concentration

profile) or decfdx in terms of x. The chemical reaction rate equation

cannot be simplified further without reducing it to a completely

different expression. Thus it can be seen that even using the simplest
of expressions for the reaction rate of thiophenol oxidationm, 2 solution

of the resulting equation representing the phenomenon of mass transfer

with chemical reaction is virtuglly impossible.

If the disulphide was the only product formed, then the chemical
reaction rate would be represented by equation 6.2.3.1, and, in the
case of the film theory, the phenomenon of mass transfer with chemical

reaction would be represented by equation 6.2.3.18.

.Z_.z =k [ca][o,] (6.2.3.18)
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At constant catalyst concentrations this becomes a first order
roaction. Expressions for the rate of gas absorption, the concentration
gradient and the concentration profile for a first order reaction in
the first reaction regime have been given by Astarita (44); from

these, equations 6.2.3.19 to 6.2.3.21 are obtained.

v

o, k, G . [0,] (642.3.19)

d k [ ]
&E = o 1Cu]. [02]

Do (6.2‘3020)

], k. [Cu]

- - 6.2. -21
Bl voor 00 \JD, (6.2.3.21)

Even at the upper limit of the fast reaction regime for thio-
phenol. oxidation reactions using the magnetic stirrer (A'B*), 30%
of the product is the thiolsulphinate and thus there would be
considerable errors incurred if equations 6.2.3.18 to 6.2.3.21
were used for this region. In most of the region BRB'C' there is only
a very small percentage of the thiolsulphinate formed; however, this
is the instanfaneous reaction regime where the rate of absorption
i3 independent of the chemical kineties, and thus cannot be used to

provide information about the rate constants.

For a hypothetical case where only the disulphide is formed in
‘the fast reaction regime an equation for the rate of oxygen absorption
" has been derived (equation 6.2.3.19). This shows that the rate of
oxygen absorption would be proportional to the square root of the
copper concentration. However the graph of log (-d[Déth) vs log

[Cu c1](Fig. 6.1.3.2), which was calculated from the experimental
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results, gave a straight line of slope 0.5 for the fast reaction

regime. This shows that, empirically, the rate of oxygen absorption
for the formation of the thiolsulphinate tOgether with the disulphide
is also proportionél to the square root of the copper concentration.
Thus the chemical reaction rate for the complete reaction could be
expressed by equation 6.2.3.22.

(;9._[.9-_’2? =[cul £ [0,1). (6.2.3.22)

dt  fotal

In order to determine the function, £2 ( 10,1), one would need

to conduct a series of experiments at various partial pressures of

OXygete

From scheme 6.2, the selectivity of the reaction for the

thiolsulphinate can be expressed as:s

dlpnsosen] / dt _ k, [PR3[0,] | k,, [Phs]

(6.2.3'23)
- afphsdfar k [cw]fo]  k_ [cul
- o] 2 °
or alternatively by:-
dfpnsosenl/ at  _ k., [Pnadlo,] _ k.. [0,]
L ‘-Lh-————%] = —EE—E—% (6a2.3420)

d[PhSsPh}/ dt kg Pr31% k iP5

Substituting equation 6.2.3.4 in 6.2.3.24 gives:=

d[Phsosph]/ dt _ ey I_- kth[02]+ f(kth[oz])z + Megi g ko [Cu1[0,)

a[phs) at Jou] L . 2
(64243425)
Franklin (63) formulated a method whereby the rate constants of

free radical reactions could be estimated. By this method the values

of k.. and Xk, could be estimated. If the value of the rate constant

dis th
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k  was known, equation 6.2.1.26 would then provide a method of
nredicting the selectlvity of the reaction for the thiolsulphinate
at given copper catalyst and oxygen concentrations. It must be
remembered that this equation would only apply to the kinetic regime
where the concentration of oxygen 1s constant throughout the liquid
phase. However, this equation could be used to find the instant-
ansous selectivity of the reaction at any point in the liquid whers
the cbpper and oxygen concentrations were known. It can be seen
from the above discussion that, with the available experimental
evidence, a classical and rigorous treaiment of the thiophenol oxidation
system is not possible because of the complex chemical reaction rate
equation. With more experimental work it may be possilble to produce
a relatively simple empirical equation for the reaction rate and also
derive an equation representing mass transfer with chemical reaction
which can be solved.

6.3 Conclusions and .
Suggestions for Further Work

6.3.1 Conclusions.

(1) Under certain conditions diphenyl thiolsulphinate (Ph30SPh)
was formed together with diphenyl disulphide as the major product

of the thiophenol oxidation reaction.

(2) The reaction was apparently first order with respect to the

catalyst concentration.

(3) The selectivity of theo reaction was dependent upon both the

catalyst and thiophenol concentrations.
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(4) Both the rate and the selectivity of the reaction are dependent,

upon the rate of mass transfer of the oxygen from the gas phase to

the liquid phase.

(5) The reaction varies in dependency upon the thiophenol concentration

from first order to zero order.

(6) Over the range of reaction conditions used, two regimes of mass
transfer with chemleal reaction have been characterized, namely the

fast and the instantaneous reaction regimes.

Although a complete quantitative kinetic treatment of the system
has not been possible with the experimental data which is available
at present, sufficient data has been obtained in this project so that
the course of ths reaction under given conditions may be predicted.
As reported earlier (section 4), a relatively cheap method of producing
thiolsulphinates, such as the method considered in this project, may
regenerate interest in their use as antioxidants for synthetic
rubbers. Thus, should it be required, there is sufficient information
available in this project to design a reactor for the production of

thiolsulphinates.

This study of thiéphenol oxidation can be used as a basis for
the study of the polymerization of dithiols or aminothiOphénols
(see section 10). From the experimental data, one may predict the
conditions which are needed in order to form thiolsulphinate linlks
in the polymer chain. Alternatively, 1f thiolsulphinate links are
not required in the chain, one may predict the conditions which are

required in order to prevent their formation.
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6.3.2 Suggestions for Further Work

To the author's knowledge, this present project is the first
reported study of the kinetics of the oxidative coupling of thiols,
and thus from this project it can be seen thalt there are a variety
of paths along which the work could be developed. Some of the more
important aspects of the work which call for further development are
listed below:

(1) Further experiments to resolve the apparent contradiction

between Fi‘.gS. 6-10301 a-nd 6-1;.1";10

(2) Further experimental work to ascertain the exact cause for

the phenomenon of graph A'B* in Fig., 6.1.3.5.

- {3) An independent kinetic study of the reaction between thiophenol

and thiolsulphinate (the side reaction in the thiophenol oxidation

reaction).
(%) Further experiments at various partial pressures of oxygen.

(5) The development of the study of the effect of reaction temperature.
It appears that decreasing the reaction femperature is the most

effective way of increasing the selectivity for the thiolsulphinate.

(6) The development of the experimental work in which samples'were

removed during the course of the reaction for analysis.

(7) The use of methanal as the solvent. Throughout this project,
pyridine has been used as the sole solvent. This has the major

disadvantages of being both expensive and unpleasant to use.
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(8) The study of further increasing the mass transfer rates, e.g.

“use of a packed column.

(9) An investigation into the oxidation products which are formed

in addition to the disulphide and the thiolsulphinate.

{10) The sweetening of oils involves the removal of thiols, by
their oxidation to sulphur dioxide, which has little use. Thus
it would be advantageous if a method could be developed whereby the
thiols were removed by their oxidation to a useful product such as

the thiolsulphinate.
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o, ANTLINE OXIDATTON .,

The study of the oxidative coupling of aniline may be useful
as a basis for the study of the oxidative coupling of diamines

and aminothiophencl, as well as being useful in its owm right.

Since it was found that, under suitable conditions, diphenyl
thiolsulphinate as well as diphenyl disulphide could be obtained
as a product from the oxidative coupling of thiophenol it was also
of interest to investigate whether or not oxidation products of aniline
other than azobenzene could be formed,: 'although azobenzene has been
reported to be the only product (see section 2.7). In the oxidative
coupling of aniline, the compound corresponding to the thiclsulphinate
in the thiophenol oxidatioen,” would be azoxybenzene, 06H5-I|J==N-06H5.
Azoxybenzene is a well characterized stable compound. o

7.1 Results,

An amiline oxidation reaction was conducted under conditions
which might favour the formation of azZoxybenzene if it ﬁas formed,
i.e. high mass transfer rates (use of the vibromix stirrer) and a slow
reaction rate. The reaction conditions and results are reported inl
Table 7.1. The graph of oxygen consumption vs time is showm in
Fig. 7.1. A sample of the reaction product was tested for the presence
of azoxybenzene by thin layer chromatography using a similar method
to that described by Edwards et al.(64). A silica plate was used with
benzene as the solvent. The authentic materiadls were applied directly
from the reaction mixture. The positions of the spots on the plate

after development were as shown in Fig. 7.2.




_ - 40, 4 oxygen
Cu Cl aniline X consumption

0,040k 0.428 0.22 x 10"4 %

Reaction condi’cibnsé 5.0 ml pyridine; 25°C; oxygen at atmospheric
pressure; vibromix stirrer; reaction time = 5 hours.

Table 7.L

Results: aniline oxidation,

CuCl aniline
0.0067 0.116

Reaction conditions: 15.0 ml pyridine; 25°C; oxygen at atmospheric
pressure; magnetic stirrer.

Taﬁie o2

Results: attempted aniline oxidation in which
the reaction was not promoted,




oxyeen
consumption =

i 1 l ] i . I | ] 1
0 , 4000 8000 12000

Mmre (seos),

Fige 741, Aniline. oxddation, oxygen consumption vs
time,
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sarmle : _ _
| . authentio - : | (:::)

azobenzene

directior of movement
‘of the solvent front,

Fig, 7.2, Thin layer chroumatograph of the product
from eniline oxidation,




An attempted oxidation of aniline under the reaction conditions
glven in table 7.2 was unsucessful. The significance of this result

is discussed in section 9.

Ze2 Diécuésién.

As can be seen from Fig. 7.2, the chromatogreph showed that the

product was azobenzene only; no azoxybenzene was detected.

Reactlion Ra‘he&

. The initial reaction r.ate for thiophenol oxidation corresponding
to the zbove reaction conditions for aniline oxidation, was 3.9 x 10-4
moles/litre/sec. This is considerabtly faéter than the initial
amiline oxidation reaction rate of 0.22 x 10-4_moles/1i‘bre/ secs
Thus for a substrate consisting of a mixture of thiol and amine groups,
the thiol groups would most probably react before the amine groups.
This probability has important consequences in the oxidation of

aminothiophenols (see section 10).
Mass Transfer Effects,

Because of the very low reaction rates, it is probable that the

aniline oxidation reaction occurred in the kinetic regime.

7s3 Conclusions .

(1) The oxidative coupling of aniline produced only azobenzene, no

azoxybenzene being formed.

(2) When more than the equivalent amount of oxygen (100% oxygen

concentration) is absorbed in the oxidative coupling of aminothiophencl,
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it is unlikely: that the extra oxygen will have been incorporated

inte the azobonds.

(3) The initial reaction rate of aniline oxidation was much lower

than the corresponding rate of thiophenol oxidation.

(4) The aniline oxidation reaction may be occurring in the kinetic
regime.
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8 OXIDATION OF DITHIOLS.

Hay (6) reported that the oxidation of dithiols using a copper=
amine catalyst yielded disulphides (equation 2.2.3). He reported
that polydisulphides have useful properties, and thus a study of the
kinetlcs of the oxidative coupling of dithiols may be useful both
for the designing of reactoré for the commercisl manufacture of these
polymers and as a basis for studying the oxidétive coupling of amince

thiophenols.

From the results of the oxidative coupling of thiophenol
(section 6), one would expect that the oxidative coupling of dithicls,
under suitable conditions would produce polymers having thiolsulphinate
bonds as well as disulphide bonds in the polymer chain. Thus a brief
study of the oxidative coupling of toluene-3,i-dithiol (Fig. 8.1),
a readily available dithiocl, was undertaken. |

SH
chy~(Oy-si

Fig. 8.1 toluene=3,4=dithiol .
8,1 Results.

A series of 4 experiments was conducted at varying catalyst
concentrations using the magnetic stirrer epparatus. The concentration
of dithiol was chosen to be equivalent, in terms of the concentration
of thiol groups, to the concentration of thiophenol used in the
corresponding thiophenol oxidation reactions at variable catalyst
concentrations. The thiophenol and the dithiol oxidation reactions
could then be compareds The results of these experiments are shown

in table 8.1. Graphs of oxygen consumption vs time and log (initial
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- d 02 Initial rate of
% oxygen T oxygen absorption
Cu CL consumption 3 for thiophenol
(x 10™) oxidation
(X 10™)
0.0808 97 3.16 4. 20%
0,040k 100 2.72 3.90%
. 2
0.0202 99 0.82 3.63
0.0101 65% 0.36 3430

Reaction econditions:

25°C;

a estimated from Fig. 6.1.3.2

*  after 2% hours reaction time

0.23 moles/litre dithiol;

oxygen at aitmospheric pressure;

Table 8.1.

5.0 mi. pyridine;

magnetic stirrer.

Results: oxidation of toluene = 3,4 - dithiol
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rate of oxygen absorption) vs log (catalyst concentration) are showm

in Figs. 8.2 and 8.3 respectivaly.

8.2 Discussioﬁ .

The initial rates of oxygen absorption are very low in comparison
to the corresponding rates for thiophenol oxidation at the same
‘catalyst concentrations. The most likely cause of this effect is the
steric hindranée arising from the two thiol groups being adjacent

to one another.

The following arguments suggest that the rate controlling step

was probably the reaction between a copper species and a dithiol molecule.

(1) In contrast to the thiophenol oxidation reaction, the graphs
of oxygen consumption vs time (Fig. 8.2) were .not straight lines.
This suggests that the reaction rate was not zero order with respect
to the dithiol, but that the dithiol molecule participated in the

rate controlling step.

(2) If the rate controlling step was a reaction between a copper
specles and a dithicl molecule, then any steric hindrance from the
dithiol molecule in the complex formation would greatly decrease the
reaction rate. As stated above, this may be the reason for the very

low resction rates.

(3) For the complex formation step to be the rate controlling step,
the reaction would most probably be taking place in the kinetice
regime; in any other regime the rate controlling step would involve

a reaction with oxygen. Comparison of the rates of oxygen absorption
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o

for dithiol oxidation with the corresponding rates for thiophenol
oxidation shows that the dithiol oxidation was probably taking

place in the kinetic regime. In this case, asswning.that the

reaction is first order with respect to the catalyst concentration,
then the rate of oxygen absorption should show a first order dependence
upon catalyst concentration. Although only % points were plotted |
in Fige 8.3, the best straight line through these points has a slope

of 1.1 ; this supports the above theory.

In each of the 4 experiments, the total oxygen consumption was
less than 1004, thus suggesting that no thiolsulphinate bonds were
formed in the polymer chains This is contrary to that which was
expected. . However," it is possible that the steric hindrance in the
dithicl molecule was unfavourable for the formation of the thiolsulphinate

bonds.

8.-;2. Cénclﬁsions .a.nd Suggestions fbr 'Further Work.

8. 3I.i | ‘c.oncitisions .

The conclusions given below are based upon the speculative
reasoning given in the above discussion (section 8.2). With so few
experimental results available, the evidence for these conclusions is

very scant.

(1) In comparison with the thiophenol oxidation reactions, the reaction
rates for the dithiol oxidation reactions were very low; this may have

-b”'een due to steric factors in the dithiol molecule.

(2) The reactions are most probably taking place in the kinetic regime.
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(3) The rate determining step may be the reaction between the dithiol

and a copper species.

(%) There was no evidence to suggest that thiolsulphinate bonds
were incorporated into the polymer chain; their absence may be due

to steric hindrance in the dithiol molecule.

8.3.2 Suggesﬁohé -i;or .Fﬁr-ﬁh-er W’ork.

Only a brief investigation into the kinetics of dithiol oxidation
has been undertaken and thus there is wide scope for further‘work.
Probably the most important immediate work is the study of the oxidative
coupling of a dithiol which has little or no steric hindrance,

S o m=dithiol (Fig- 8.1',’)0

@sa

SH
Fige 8.4 medithiole

This compound was not readily available at the time when the
above experimental work was undertaken, but it may be synthesized

from m-sulphonyl chloride (65), a readily obtainahle compound.
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9. OXTDATION OF DIAMINES,

A brief study of the oxidative coupling of diamines was
undertaken; it was thought that the results of this study may be
useful in the investigation of the oxidative coupling of amino-
thiophenols. p-Phenylenediamine (Fig. 9.1) was chosen for this
study so that the steric effects in the reaction would be minimizeds

N H,_—@—N H,

Fige 9«1 p~Phenylenediamine.

9.1 Results .

A series of I experiments on the oxidative coupling of p-phenyl-
enediamine was undertaken. The reaction conditions and results of
these experiments are shovm in table 9.1. Graphs of percentage
oxygen consumption vs time are shown in Fig. 9.2. A graph of percentage
oxygen consumption vs time was ploitted as opposed to a graph of

oxygen consumption in moles/litre vs time, for two reasons.

(1) The percentage oxygen consumption shows the percentage conversion
of the reaction when the reaction has effectively stopped; this as
will be seen later (in this section 9) is an important feature of

these experiments.

(2) A constant initial concentration of the diamine was not used for
all the experiments and thus a graph of oxygen consumption vs time

nay give a false impression of the percentage conversion of the reaction.
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-d 0

2
Stirring Cu C1 P.P.D % Oxygen <t

' Consumption

(x 104)
1. magnetic 0.101 0.21 35 2.24
2. no stirring 0.101 0.21 ko O.'Z?

3. vibromix (1) 0.101  0.20 5 5.3
Y yibromix (2) 0.027 0.1.56 67 1.28

Reaction conditions: 5.0 ml. pyridine; 25°C; oxygen at a'l:mospherié
pressure,

P.P.De = p-phenylenediamine

* 7.5 ml. pyridine used in this reaction.

Table 9.1

Result: oxidation of p-phenylenediamine .
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9.2 Discussidn

The most noticeable feature of these experiments is the fact
that not one of the reactions proceeded to 100% oxygen consumption
within a reasonable reaction time. This is in direct contrast to the
work of Bach (2). Using similar conditioﬁé to those of experiments
1 -3 (table 9.1), he reported that an equivalent amount of oxygen
was absorbed within a reasonable reaétion time, e.g. 195 rdinutes.

The only difference between these experiments and those of Bach's

is that in the experiments of this project a different diamine was

used and the experimental work was scaled down by a factor of 10.

The possibility of the purity of the diamine having an important

effect can be ruled out since experiment 3 (table 9.1} was conducted
both with "impure! (commercidl grade, Fisons supply) and recrystallized
(from benzens) p-phenylenediamine, both experiments giving the same
results. One possible explanation for the reactions not proceeding

to 100% conversion is that a copper catalyst species formed a complex
with the diamine and that this complex was less soluble in pyridine
than was either the catalyst or the diamine. This complex may have
been precipitated and deposited on the walls of the reaction flask

as a result of the stirring, thus removing the copper cé.talyst_ from
being in contact with the reaction solution. As the copper concentration
in the solution decreases, the reaction rate would similarly decrease
until it effectively st.opé. This explenation may at first seem very'
unlikely but the following evidence shows that it is consistent with

the experimental results.

(1) In experiment 1 when the magnetic stirrer was used, a black
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precipitate was deposited on the sides of the reaction flask around

the edges of the reaction mixture. A black deposit also formed on
the walls of the reaction flask in experiments 3 and 4, when the

vibromix stirrer was used.

(2) Tn experiment 2, where the reaction mixture was not stirred,
the reaction rate did not tail off as gquickly as in the experiments
where the reaction mixturs was stirred. Given sufficient time, the
reaction with no stirring may have procesded to near 100% okygen
consumption. .In the same experiment, some of the copper-diamine
complex may have precipitated but this precipitate would still be in

contact with the bulk of the liquid; thus it is possible that the

copper contained in this precipitate may have been recovered by the

solution and used again in the oxidation reaction.

(3) In a preliminary experiment, the aitempied oxidation of aniline

at a copper catﬁlyst concentration of 0.0067 moles/litre was

unsucessful (see section 7.1). Thus at a similar catalyst concenfration
p=phenylenediamine also would probably not be oxidized. Thus if

the copper catalyst was removed from solution during the course of

the reaction, the copper concentration would probably not have to drop

to a very low concentration before the reaction effectively stopped.

(4) The total percentage oxygen consumption in experiment 1 was less
than that in experiment 3, the same reactant concentrations

being used in both experiments. This may be explained as follows.

The magnetic stirrer would most probably be more efficient at depositing

any precipitate from the bulk of the
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liguid onto the walls of the reaction flaske This is because any

precipitate in the bulk of the liguid would experience a centrifugal
force from the magnetic stirrer and would be thrown asgainst the

walls of the reaction flask. On the other hand, the vibromix

stirrer vibrates on the surface of the liquid and although it causes
splashing of the liquid, it would not deposit any precipitate _
contained within the bulk of the liquid onto the walls of the reaction
flask as efficiently as the magnetic stirrer. Thus if the catalyst

was removed at a faster rate by the use of the magnetic stirrer,

 then the reaction would terminate at a lower total percentage oxygen

consumption. Another factor which must also be considered in
explaining the lower total percentage oxygen consumption in experiment
1 is that the initial reaction rate for experiment 3 was much greater
than that for experiment 1.
Comparison of Reaction Rates with those

of Aniline Oxidation.

The comparison of initial reaction rates for diamine oxidation
vwith the corresponding rates for aniline oxidation is difficult since
the reaction conditions were not standardized. In experiment 1
(takle 9.1), although the concentration of diamine in terms of the
concentration of amine groups is approximately equal to &e concentration
of aniline in the experiment in table 7.1, the catalyst concentration
for the diamine reaction is about 2% times that for the aniline
oxidation. Nevertheless, ginece the reaction rate for the diamine
oxidation (experiment 1) is much greater than that £§r the aniline

oxidation, it can be stated with a fair degree of certainty, that,
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in general, the diamine reaction would be much faster than the
corresponding aniline oxidation under identical conditions. The
most likely explanation for this fact is that the p-amino group
has an a.ctiva,ting effect upon the other amine group. It is well .
known (66) that an amine group on a benzene ring has an electron
attracting inductive effoct; thué according to the discussion of -
section 2.4, thib effect should reduge rather than increase itt's
reactivity towards oxidative coupling. However, the amine group
has an electron-donating conjugative effect which may override the
inductive effect. If this is the case, as it may well be for
p-phenylenediamine, one would predict s g:;eater reasctivity, for
oxidative coupling for the amine group in p-phenylenediamine than

that in aniline.
Mass Transfer Study.

Since, under 'the reaction conditions which are considered, the
use of the vibromix stirrer increased the rate of oxygen absorption,
it can be concluded that at least experiments 1 and 2 were not taking
'pla.ce in the kinetic regime (see section 3.2). From experiments 3
and 4, it ‘can be seen 'bhat by increasing the catalyst concentration
by a factor of 4 at approximately constant diamine concentrations,
the initial rate was also increased by a factor of 4. If we assume
.'that this reaction is first order with respect 'bo the catalyst
concentration (a characteristic of oxidative coupling reactions in
general), | then the above evidence suggests that experiments 3 and 4

were taking place in the kinetic regime.
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Thus experiments 1 and 2 were probably taking place in either

|
|
|
|
!
the fast or the diffusionel regimes; by increasing the gas-liquid ‘
mixing (use of the vibromix stirrer), the reaction probably moved |

into the kinetic regime.

Comparison of experiment 3 with experiment 4, where the vibromix
sti.frer was used, shows that a reduction in the reactant concentration
led to a reduction in the initial rate but led to an inerease in the
total oxygen consumed. This behaviour is very similar to that of the
thiophenol oxidation reactions, and it might be thought at first‘that

|
oxygen was being incorporated into the polymer chain. However, the
fact that no oxygen was incorporated into the product of aniline

oxidation suggests that this is unlikely. It may be possible, however,

that the p-amino group activates the other group in the benzene »ing

and allows oxygen to be incorporated into the polymer chain. Another

possible explanation for this behaviour arises from the fact that in

the experiment at low reactant concentrations, the surface area:

volume ratio was decreased, a larger volume of liquid being used.

This would decrease the rate at which the copper-diamine complex was

deposited from the sélution and thus may give a hlgher percentage

oxygen consumption before the reaction terminated. In the work of

Bach (2 }, the surface area: volume ratic was most probably much

smaller than that for the experiments 1 to 4 This may be one reason _

why he obtained 1005 conversion for his reactions vhereas in the

experiments of this project, the reaction terminated well before 100k

|

|

|

|

|

conversion. ‘
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Much of the above discussion is pure speculation; this is

necessary because of the scarcity of experimentsal data. Further
experimental work needs to be undertaken in order to test the above

theories.

9.3 Conclusions and Suggestions for Further Work,

9.3.1 Conclusionss

(1) The p-phenylenediamine oxidation reactions which were considered
in this project did not proceed to 100% conversion. This may have been
due to. a copper-diamine complex precipitating out of solution and
Being deposited on the walls of the reaction flask, thus reducing the
concentration of the catalyst within the bulk of the liquid and

essentially terminating the reaction before 100% conversion.

(2) The reactivity of the amine group in p-phenylenediamine was
greater than the reactivity of the amine group in aniline; this may
have been due to a p-amino group activating the other amino group of

the dia.mine;

(3) Experiments 1 and 2 (table 9.1) were probably teking place in
elther the fast reaction or the diffusionsl regime, whereas experiments

3 and &4 were probably taking place in the kinetic regime.

2‘..:3‘-.‘2 Suggestions f01; Further Work .

Only a brief study of the oxidative coupling of diamines has been
undertaken and thus there is a wide scope for further work. Soms

important features of the work which require further development are
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as follows:w

(1) Investigation into whether or not the black compound which was
deposited on the sides of the reaction flask actually contained

appreciable amounts of copper.

(2) Investigation into the possibility of oxygen being incorporated |
into the polymer chain. -
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10, OXIDATTVE COUPLING OF AMTNOTHIOPHENOL,

As previously stated (section 4), the course of this present
project can be attributed to a phenomenon accurring in a preliminary
investigation reaction into the oxidative coupling of.é-aminothiophenol.
The amount of oxygen absorbed in this reaction was 50% more than thaf
which was expected from the prediction of the formation of a polymer
containing alternate disulphide and azo bonds (equation 4.1). To the _'
suthor's knowledge, the oxidative coupling of aminothiophenols has
not previously been reported. In this present project the resulting
"polymérs“ from the oxidative coupling of aminomidphenol were found
to be insoluble in all the common organic solvents, concentrated
sulphuric acid being the only solvent in which they would dissolve teo
any appreciable extént (see also section 10.4). Because of this property,

the polymers may have numerous applications.

It was thought that the study of the oxidative cdupling of
thiophenol, aniline, dithiols and diamines may serve as a basis for
studying the oxidative coupling of aminothiophenols. From knowledge
of the above reactions, the course of the aminothlophenol oxidation
may be predicted (section 10.1).  A-Aminothiophenocl, rather than
2-gminothiophenol was chosen for ths stndy of these reactions in order
that any steric hindrance in the molecule or polymer chain may be
minimized.

10,1 Prediction of the Course of the Oxidative
Coupling of 4uAminothiophenol., = -

As previously stated (section 4), the product that may be expected

from the oxidative coupling of aminothiophenol would be a polymer
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containing alternate disulphide and azo bonds (equation 10.1.l1).

HS~O)-NH, + %nol—aE@'S'—S-@-NzN] + 310

(10.1.1)

A previous comparison of the reaction rates of thiophenol oxidation
with those of aniline oxidation (section 7) showed that thiol groups
are much more readily oxidized than amine groups. Thus it may be
predicted that the initial product from the oxidative coupling of
eminothiophenol would be b 4*-diaminodiphenyl disulphide (equation

10.1.2).

HS—O)-NH,+10, — 5 UN~O)-5 —S <(O)-NH,

(10.1.2)

Tt has been shown (section 7.2) that, in the attempted oxidation
of aniline at a low catalyst concentration (0.0067 moles/litre), no
reaction took place. From this fact one may predict that in the
oxidation of axniﬁothioPhenol at low catalyst concentrations, only the
thiol groups would be oxidized giving the disulphide as the product.
Furthermore, at very low catalyst concentrations, one would predict
that an appreciable amount of 4,#4'-diaminodiphenyl thiolsulphinate

(Fig. 10.1) would also be formed.

H:.N—@_S —g—@_N H,

Fige 10.1 b, 4'udiaminodiphenyl thiolsulphinate.

As the catalyst concentration was further decreased, one may

predict that there would be an increasing proportion of the
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thiolsulphinate formed.

Thus it may be possible to selectively oxidize the thiol groups
to a dimer product containing a mixture of the disulphide and the
thiolsulphinate in a required ratio, and then to a2dd excess catalyst,

thereby oxidizing the amine groups and formiﬁg along chain polymer.

10.2 Resuits.

A nunber of experiments were conducted at a constant monomer
econcentration and varying catalyst concentrations, using the magnetic
stirrer apparatus. After a certain amount of oxygen was absorbed.” the
reaction effectively stopped; at this point, excess catalyst solution
was added in order to complete the reaction. The volume and concentration
of this catalyst solution which was added was constant throughout all
the experiments in this chapter. Hereaflter, the first part of the
reaction up to the addition of excess catalyst solution will be called
the "thiol reaction” and the latter part of the reaction beginning
at the addition of excess catalyst will be called the “amine reactj:dn."
The reaction conditions and results of these experiments are given
in table 10.1 (experiments 1 to 7). A itypical plot of oxygen

consumption vs time is shown in Fig. 10.2.1.

Also shown in table 10.1 are the reaction conditions and results
of two experiments in which the vibromix stirrer was used. In the
first of these two exéeriments (Wo. B in takle 10.1), the position
of the stirrer disc was not changed afier the thiocl reaction. Thus

after excess catalyst solution (10 ml .) was added, the stirrer disc
was completely submerged below the surface of the liquid. This would
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- d 02. Tl 02 _ _
at_ ot % Oxygen % Oxygen # Oxygen
Cu Q1 thiol amine COBsumption Consumption Consumption
° A thiol amine totsl
(x 10M (x 10%
1. 0,040k B06 231 88-90 216 173
2. 0.0101  2.60 2.21 93 219 176
3. 0.00101 1.98 - 2440 107 224 186
I, 0.00030 1.09 2.93 10 246 201
5. 0.00010 0.92 3.50 136 o 270 223
6. 0.00003  0.59 2415 1l 223 193
7. 0.00001 0. 52 1.70 140 185 155
8. 0.00101 3,10 1.40 126 138 126
9. 0.00101 2.50 2,51 135 "l 9k

Experiments 1 = 7: magnetic stirrer used; Experiments 8 and 9: vibromix
stirrer used. .

Reaction conditions: 0.20 moles/litre aminothiophenocl; 5.0 mil. pyridine;
25°C; oxygen at atmospheric pressure.
Tébie 10.1

Results: oxidation of aminothiophenol.
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give good mixing within the b'uik of the liquid but would greatly

reduce the gas-liquid mixing. - In the second experiment (No. 9 in
table 10.1), the height of the stirrer disc was adjusted after the
thiol reaction so that after the excess catalyst had been added, the
disc was situated on the surfaée of the reaction liquid. The lgraphs

of oxygen consumption vs time are shown in Fig. 10.2.2.

For expefiments 1 - 7, the plot of log (initial rate of the thiol
reaction) vs log (initial catalyst concentration) is given in Fig.
10.2.3. A plot of the initiazl rate of the amine reaction vs log
(initial catalyst concentration) is given in '-Fig. 10.2.4. H.B. The
initial catalyst concentration refers to the concentration of catalyst
at the very begining of the reasction and not the concentration of the
excess catalyst which was added; as stated previously, the lattef

concentration was constant for a1l the experiments.

Fige 10.2.5 shows apot of the percentage oxygen consumption for
the thiol reaction vs log (inmitial catelyst concentration) and Fig.
10.2.6 shows a plot of the percentage oxygen consumption for the amine

reaction vs log (initial catalyst concentration).

10.‘3 Preliminar& ﬁiséussioﬂ.

From table 10.1 and Fig. 10.2.1 it can be seen that in genersl
the experimental results é.ppear to be in agreement with the predic‘ﬁed
behaviour. The graph of Fig. 10.2.1 falls into two sections :w

(1) The thiol reaction. It appears that, in this section, the thiol
groups have been oxidized to the disulphide and the thiolsulphinate,

but very few or no amine groups have been oxidized.
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(2) The amine reaction. In this section, the amine groups appear to

have been oxidized.
(1) The Thiocl Reaction.

In table 10.1, the percentage oxygen consumption for the thiol
reaction has been based upon the complete reaction of aminothiophenol
to the -disulphide. The total amount of oxygen consumed in the thiol
reaction is equel to C moles/litre (Fig. 10.2.1). As expected, at
high catalyst concentrations, the amount of oxygen consumed corresponded
approximately to the formation of the disulphide only, whereas aé the
catalyst concentration decreased, the amount of oxygen consumed in

the thiol reaction increased.

Upon adding the monomer to the catalyst solution, the colour of
the catalyst solution changed from green to 'yellow. This suggested
that virtually all of the copper was present in the reduced form (Cu+)
and that the rate controlling step was either the itransfer of oxygen
from the gas phase to the liquid phase, or the reaction of oxygen with

a copper (L) specles.

At approximately A (Fig. 10.2.1), the colour of the reaction mixture
changed from yellow through brown to black. This suggests that up
to this point, very few or no azo bonds had been formed (since azo
compounds are usually deeply coloured) but atA 220 bonds began to bé
formed at an appreciable rate. The time J.c.a.ken for the colour change
was dependent upon the catalyst concentration, ranging from about
30 minutes at the lowest catalyst concentration to a.n almost

instantaneous colour change at the highest catalyst concentration.
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Experiment 6 (table 10.1) was then repeated, a sample being taken

out for thiolsulphinate determination when the colour of the reaction
mixture changed from yellow to brown. The percentage oxygen consumption
for the thiol reaction was 1274 a.nd the percentage thiolsulphinaté in
the sémple was 21‘,’5. {details of this expériment are given in appendix
A.6.d). Thus the forma’cipn of the disulphide and the thioclsulphinate
-gceounted foxF' virtually all the oxygen which was consumed in the thiol
reaction region. Compared with the corresponding figures for percentage
oxygen consumption, this figure of 127 for the oxygen consumption was
low; this may have been due to the differences in the purity of the

monomer Samples.

Thus there 1s conclusive proof that the thiol reaction represented
the formation of the disulphide and the thioclsulphinate from the

oxidation of - the thiol groups.
(2) The Amine Reaction.

Obviously once all the thiol groups have reacted, the subsequent
reaction occurring is most probably the oxidation of the amine groups
to form azo bonds. This theory was supported by the occurrence of a

colour change from yellow to Hack, at A.

In fable 10.1, the percentage oxygen consumption.for the amine
reaction has been based upon 100% oxygen consumption representing the
oxidation of all the amine groups to azo groups. The amount of oxygen
consumed in the amine reaction is equal to (D ~ C) moles/litre (Fig.
10.2.1). There is evidently a further oxidation reaction occurring
since considerably more oxygen than 100/% oxygen consumption has been
obtained (Figs 10.2.6)s It was thought that the experimental work
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which is given in the next section, section 10.4, would be most useful

in ascertaining the nature of the reactions vhich were occurring in

the amine reaction region.

10.4 Further Results.
Samples of the polymers from experiments 3, 5, 6 and 7 (table 10.1)

were sent away for elemental analysis for carbon, hydrogen, ﬁitrOgen

and sulphur; the results are given in table 10.2.

It was thought that molecular weight determinations of the
polymers would provide further useful information. However, no
"suitable solvent could be found for any of the polymers, concentrated

sulphuric acid being the only solvent in which they would dissolve.
Thus is was not possible to determine the molecular weights of these
‘polymers by the usual solution methods. Molecular weight determinations
by other methods involve tedious and lengthy procedures and wefe not
used for this reason. 1In the polymerization reaction, the polymer

was not precipitated out of solution until the later stages of the
reaction and thus the molecular weight determinations by solution
methods could be carried out on samples taken during the intermediate
stages of the reaction. This was done, but because only a very small
amount of the rﬁonomer was used and an appreciable weight of polymer
was required for a molecular welght determination, only two samples
per reaction run were teken. Thus two such samples were obtained from
each of two reactions which were conducted under identical conditions.
In each reaction, at a suitable time, half of the reaction mixture was
removed and added to a large volume of water to terminate the i‘eaction,

The reaction of the remaininghalf of the reaction mixture was
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Elemental Analysis
(% by weight)

Experiment
c H N 5 0

Corresponding empirical

formula based on C

12

C H N S 0
3 55,1 3.5 11.1 23.0 7.3 Clo Hgps M .gg 1,79 %114
5 56.9. 3.8 10.9 22.0 6.5 Cio Hg.ué N1.94 31.?1 01.03
6 5649 3.7 11.0 22.2 6.3 Cio }19.21p m1.98 81.7u_ 8.98
7 57.6 B4 10.5 22.1 5.8 Cio 5&»25 N1.8? 31.?2 00.90
C = Carbon H = Hydrogen N = HNitrogen
5 = Bulphur 0 = Oxygen

Average empirical formula

G2 9,3 95,0 51,8 %10

Empirical formula for EN:N—@—S—S—@—] is C), Hg N, 32
N

Table 10.2

Results; Elemental analysis of Poly(aminothiophenol)
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terminated at a predetermined time by the addition of excess water.

The reaction conditions and results of these two experiments including
thé molecular weight determinations are shown in table 10.3. SHample 1
was soluble in pyridine but insoluble in dimethylacetamide, whereas
samples 2, 3 and 4 were soluble in dimethylacetamide but insoluble in
pyridine. Because of this fact it was decided to conduct molecular
welght determinations of samples 2, 3 and 4 only, using dimethylacet-
amide as the solvent. Plots of oxygen consumption vs time for the

reactions are shown in Fig. 10.4.1 ; on these graphs are shown the

‘times at which the samples were taken and the corresponding oxygen

consumption measurements.

Infrared spectra were obhtained for all the polymer samples, A1l
these spectra were virtually identical; a typical speetra is shovm
in Fig. 10.4.2.

10;5.'Fﬁrther Disenssion

1015.1 Diééﬁssioﬁ of the Eleméntal Analyses.

(a) Oxygen Content.

From the results of the elemental analysis for carbon, hydrogen,
nitrogen and sulphur, the percentage by weight of oxygen contained in
the polymer sample can be caleulated assuming that only the above 5
elements were present in the polymer. The results confirm that an
appreciable amount of oxygen was incorporated into the polymer chain.
From these results, the empirical formulae of the polymers was
calculated, working on the basis of a Gy, unit; these empirieal
formulae are shown in table 10.2. It can be seen that the empirical

formulae for all the 4 samples were almost identical. This is rather
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-d0, -dOzl | % Oxygen
9T consumption

Experiment Cu CL tﬁiol - amine thiol
(x10% - (x10

10 0.010L  2.87 3,15 97
11 0.000L 3.15 1.91 105

Reaction conditions: 0.20 moles/litre aminothiophenol;
5,0. ml. pyridine; 25°C ; oxygen at atmospheric
pressure; magnetic stirrer :

Sample - Holecular Weight

1 (10a) not determined
2 (10b) 340

3 (11a) 380

i (11b) 540

Samples 1 and 2 were taken from experiment 10 and samples 3 and 4
were taken from experiment ll.

Table 10.3

Results: oxidation reactions of aminothiophenol in which samples
were taken for molecular weight determination.
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surprising since the oxygen consumption for both the thiol and the
amine reactions, and the total oxygen consumption were different
for each polymer. One possible explanation for this phenomenon is

as follows:-

Part of the product may have been lost in the polymer work-ﬁp
procedure and thus would not be included in the sample sent for
analysis. Tf this "lost" material contained more oxygen than the
polymer, then this would explain the above phenomenon. It is feasible
that oxygen-rich compounds such as sﬁlphur acids may have been formed
in the polymerization reaction. These compounds may have been
soluble in water or in other solvents used in the work-up procedure end

thus may not have been included in the sample which was analysed.
(b) Hydrogen Content.

In table 10.2, comparison can be made of the averapge empirical
formula for the polymers with the corresponding empirical formula for
the expected polymer product containing alternate disulphide and azo
bonds (equation 10.1.1). This expected polymer product will hereafter
be referred to 23 polymer Y. Clearly the actual polymers contained
more hydrogen than polymer X. Three possible explanations which could

be given for this are as follows:-

(1) The polymer contained unreacted amine groups.
(2) Hydroxyazo bonds (~NH=NH=) were present in the polymer chain.

(3) Sulphur acids were present as end groups.

If the average polymer chain consisted of 4 units or more of

12 carbon atoms, the meximum amount of hydrogen contained in the polymer

207




described by either (1) or (2) would be less than that in the empirical

formula of the polymer. Evidence is given in section 10.5.4 to show
that the average polymer chain does in fact consist of more than 4
units, i.o. more than a molecular weight of 500. Thus nelther
explanation (1) nor (2) alone can account for the total amount of
hydrogen contained in the polymer, although they may make a significant

contribution.

If hydroxyaze bonds were present in the polymer X instead of azo
bonds, the empirieal fomﬂg_of the polymer would be clelostz‘ | Thus
We may conclude that there probably was a considerahble proportion of

hydroxyazo bonds in the polymer.
(e} Nitrogen Content.

Comparison of the two empirical formulae given in table 10.2
shows that the proportion of nitrogen contained in the polymer was

approximately as would be expected.
(d) Sulphur Content.

It can be seen from the empirical formulae in tahle 10.2, that
the proportion of sulphur contained in the polymer was slightly lower
than that which was expected. The loss of sulphur from the polymer
unit is rather surprising since this means that C - S bonds and possibly
3 = 5 bonds had been broken, a phenomencon which would not be expected
under such mild oxidizing conditions. It may be possible that the
sulphur was removed from the polymer during the work-up procedure when
dilute aqueous acid or alkali was used to wash the polymer. The sulphur

may have been removed from the polymer in the form of sulphur dioxide.
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It may also be possible that the difference in sulphur content
between the actual polymers formed and polymer X may have been due
to an experimental error in the elemental analyses. If this was the

case, it was a biased error rather than a random error.

From egquation 10.1, it can be calculated that the incorporation
of one atom of oxygen per Cl2 unit into the polymer X (as required by
the empirical formulae) would correspond to a total oxygen consumpiion
of 133%. Thus there is a considerable proportion of the oxygen
consumption which is not accounted for by either t.hé polymer formation
or the addition to the polymer chain of one oxygen atom per C12 unite.
This again could \be explained in terms of the formation of oxygen-rich
.compounds such as sulphur acids, which were lost in the polymer work-
up procedure and thus were not included in the samples sent for
analysis. = Such sulphtir acids may be of the type showm in Fig. 10.5.1.

HORS<O)-N=N<O)-$S0H  HOS~<O)-N=N~O)-S0,H

vhere n = 1, 2 or 3

Fig. 10.5.1. Sulphur acids of the type which may have been lost in
the polymer work-up procedure,

10. 5.2 Discussion rof ‘tﬁe .Molec'ular. Welght Determinations ,

Table 10.3 shows that the molecular weight of the polymer was
increasing during the course of the amine reaction; this is as expected.

The percentage oxygen consumption for the amine reaction cmrresponding
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to samples 3 and 4 was over 100% (see table 10.4). This results
discounts the possibility that up to 100 oxygen consumption a polymer
was 5eing formed and thereafter oxidative degradation of the polymer
vas occurring. Bach {12) had previously encountered this oxidative
degradation in an oxidative coupling polymerization; however, he used

different reaction conditions and was synthesizing a different polymer.

In the following argument it is assumed that at the begining of
the amine reaction (point B in Fig. 10.2.1) the reactant consisted
of 4, Ltediaminodiphenyl disulphide (molecular weight 248). This
assumption is only approximately corregt bﬁt is sufficiently accurate

for the purpose of the following argunent.

If we consider an hypotheticsal amine reaction in which 211 the
oxygen which is consumed from point B is used to form azo bonds, then
one can calculate the résulting percentage oxygen consumption for
the amine réadtion which would correspond %o cach of the molecular
welghts in table 10.3. The formula used for this calculation is:e
o . :
 gen consuegtion = o011 ) 4 | (10.5.1
vhers P = degree of polymerization or the average number of 912 units

per polymer chain.

i.e. molecular weight = P x[é@B-@(Pélﬂ (10.5.2)

The term 4(P-l) accounts for the hydrogen which has been lost
from the polymer chain in the formation of azo bonds from amines;
this term is very small and can be neglected in this case, thus

giving:-

molecular weight of polymer = P x 243 (10.5.3)
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This hypothetical case is equivalent to the expected oxidative
coupling of aminothiophenol in which polymer X is formed (equation

10.1.1).

The ecalculated percentage oxygen consﬁmption figures for the
amine reaction for thié hypothetical case, together with the actual
percentage oxygen consuaption figures are given with the corresponding
molecﬁlar welghts in table 10.4. Also given in table 10.4 are the
fractions of the oxygen consumption (for the amine reaction) which
have been used to form azo bonds (Fazo)‘ This valus of Fazo is

defined by equation 10.5.4.

4 oxygen consumption for the hypothetical reaction

T

k5

a%0 " % oxygen consumption the actual reaction

= EEEXE ' (10.5.4)

The value of F_, = for the final polymer product has been
calculated from the readings of experiment 2 (table 10.1) and on
the basis of the assumption that in the final polymer approximately
100% oxygen consumption for the amine reaction was used in the
formation of azo bonds from amine groups, l.e. virtually all the amine
groups hed been oxidized to azo bonds. This assumption has not been
proved since the molecular welghts for the final polymers couidw'not be
determined by the ususl solution methods. Hevertheless, there is no
evidence to suggest that amine groups can be oxidized by the copper (I)
chloride pyridins catalyst system to anything but hydroxyazo++ 02 Azo
compounds, whereas evidence has been given to show that thiols can be oxidized

++ the case of hydroxyazo bonds being formed in the hypothetical
case is considered later in this section.
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Molecular Weight Ox F
Sample of Polymer Oxhyp ~act azo

2 340 27 78 0.37
3 880 35 103 0.34

L 540 54 144 0.38

Oxhyp = Caleulated % Oxygen consumption for hypothetical reaction.
Ox . = Actual 4 oxygen consumption.

F = TFraction of oxygen consumption which is used to increase
the molecular weight.

Value of F_,o for final polymer product = 0.45

Oxhyp' Ox, ¢ and F, .o 8l refer to the amine reaction only.

Fracilions of the oxygen consumption which is used to increase
the molecular weight of the polymer
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to products other than disulphides.

Table 10.4 clearly shows that the oxidation of amine groups to -
azo bonds was proceeding concurrently with the other oxidation reaction.
This is in contrast to the reaction sequence which might be expected,
namely the formation of polymer Xlénd ;ubsequent further oxidation of
the polymer. Furthermore, it can be seen from table 10.2 that, of
the oxygen which wag consumed, the fraction which was-used to form
azo bonds (and'thus increase the molecular weight) was small in the
first part of the reaction but was much larger in the later stages
of the reaction. Thus in the first part of the amine reaction the
minor reaction ocecurring was the coupling of the amine groups to form

azo bonds whereas the major reaction(s) occurring were the other oxidation

reaction(s) which, at present, have not been characterized. In the

later stages of the reaction, the situation may be reversed.

Evidence has previously been given to suggest that the majority
of amine groups were oxidized to form hydroxyazo bonds rather than
azo bonds. If we coﬁsider a similar hypothetical case, to the one
described above, in which hydroxyazo bonds rather than azo bonds are
formed; then the values of Oxact would remain the same, but the wvalues
of Oxhyp and Fazo would be reduced by a factor of 2. However, the
above argument would still apply to this hypothetical casc. The only
differences being that the amine coupling to hydroxyazo bonds would
feature in the oxidation reaction to an even smaller extent and in the
later stages of the reaction, although comprising a greater proportion
of the reaction, the hydroxyazo bond formation may not be the major

reaction occurring.
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10.5.3 Dependence of the Kinetics of the
Thiol Reaction Upon Ca'balyst Concentrat:.on,

Over the range of catalyst concentrations which were studied,
the graph of log (initial rate of oxygen absorption) vs log (catalyst
concentration) for the thiol reaction appears to be a straight line
of slope 0.25 (Figs 10.2.3). A more correct picture of the rates
of reaction would be obtained by converting the rates of oxygen
absorption to the rate of removal of aminothiophencl (ATP). The rate
of removal of ATP can be calculated by a similar method to that which
was used to calculate the rates of removal of thiophenol from the
rates of oxygen absorption for experlments in section 6.1.6. 4
similar equation (equation 10.5.5) to equation 6.1.6.2 can be used.

- (10.5.5)

rate of removal [w d[ATE e 4 d[oz]
of ATP ( dt) .,(1+¢>)x(__&€_)

56 moleb of A'I‘P consumed to give the thlolsxﬂ.phinate
vheret= p = total moles of ATP consumed

(10.5.6)

The graph of log (rate of removal of ATP) ws log (catalyst
concentration) is shown in Fig. 10.5.2. This graph can be interpreted
in terns of two straight lines Ap Bp and Bp Cp w_hich intersect at

break-point Bp, having slopes of 0.5 and 0.2 respectively.

Comparison of tables 6.) and 10.1 show that the initial rates
of thiol oxidation for thiophenol oxidation and ATP oxidation are of
the same order. It was previously shown in chapter 6 that for the
thiophenol oxidation reaction, over a certain catalyst concentration
range, the graph of log (rate of removal of thiophencl) vs log

(catalyst concentration) comprised two intersecting straight lines
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A.'-B' and. B'Ct of slopes = 0.5 and 0.1 respectlvely. These two straight
lines were shown to represent the fast reaction regime (A'B') and

the instantaneous reaction regime (B'C*). Thus for the ATP oxidation,
similar graphs would be predicted; this is in fact the case. Furthermore,
one would predict that the slopes of the two lines APE and EPCP would

be 0.5 and approximateiy zero respectively. This is so for the line.
APBP: the slope of the line BpCP is 0.2 but this may still be within

the limits of the.slolse which may be obtained experimentally for an |

ingtantaneous reaction regime.

In section 6, it was suggested that in the transition from the
fast reaction regime to t.ﬁe_ in.;:tantaneous reaction regime, the limiting
rate became the diffusion of oxygen through the gas phase resistance
to the in’cerface.l If this was true for the thiophenol oxidation
reaction, then 1; would most probably be true also for the ATP
oxidation. Since the same partlial pressure of oxygen was used for
both sets of experiments, then, at the break-point, one would predict
that the rate of oxygen absorption should be approximately the same
i‘or.both reactions. Comparison of Fig. 6.1.3.2 and Fig. 10.2.3 shows
that this is indeed the case. This evidence gives added confirmation
to the assigning of the specified regimes of mass transfer with
chemical reaction to the general regions AB and BC in the thiophenol
oxidation reaction. Alse from the above evidence, it may be deduced
_that, in the oxidation of ATP, the fast veaction and the instantaneous
reaction regime most probably apply to the regions APBP and BPCp
respectively, and that the limiting factor in the instantaneous reaction
regime,: BpCp. is most probably the diffusion of oxygen through the

gas phase resistance to the interface.
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For a given catalyst concentration, the rates of reaction for
the ATP oxidation are lower than the Qorresponding rates for the
thiophenol oxidation. This i.s consistent with the findings of Price
and Nakaoka (14) who reported that in their oxidative coupling reactions
using a copper chloride pyridine complex, the rate of reaction was
influenced by the structure of the monomer or the substrate (see
section 24). Also one may conclude that the p-amino group had a
deactivating effect upon the reactivity of the thiol group. It has
previously beeﬂ shown (section 2.3) that electron withdrawing groups
on the aromatic ring decrease the oxidative coupling rates. This
is consistent with the fact that amine groups have an electron
attracting inductive effect (66). The electron donating conjugative
effect of the amine group in ATP may be relatively small. There may
also be other important reasons why AIP is less reactive than thiophenol.
One reason may be that the .amine groups, although less reacti.ve than
thiol groups for oxidative coupling have an appreciablé affinity for
the copper complex nucleus and. thus may bilock coordination sites on
the copper which otherwise may have been taken by thiocl groups.
10.5.4 Discussion of the Dependence of the Kinetics of the

Amine Reaction Upon the Initiagl Catalyst Concentration Used
for the Thiol Reaction.

In considering Fig. 10.2.4 it must again"be emphasized that the
initial catalyst concentration refers to the catalyst concentration
at the very begining of the complete reaction and not at the start

of the amine reaction.

From Fige 10.2.4 it appears that the initial rate of oxygen
consumption for the amine reaction was dependent upon the initial

catalyst concentration; in other T}rords, the initial rate of the amine
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reaction was dependent upon the concentrations of the various products

(the disulphids, thioclsulphinate and possibly higher oxidation products
of the thiol group) which were present from the initial thiol reaction.
As the initial catalyst concentra’pion was varied, the initlal rates of
the amine reaction appear to pass through a maximum. However, it may
be argued, with some justification, that the variation in the initial
rates was small _and the spread in these initial rates of the amine
‘reaction was due to statistical flucuations which by coincidence appear
in the form of a maximum. At present, it is difficult to say whether
or not this maximum is significant. If_the graph of Fig. 10.2.4 is

- compared with the graphs of Fige. 10.2.6, then it can be concluded that
there is certainly a correlation between the initial rate of the amine
reaction and the percentage oxygen consumption for either just the
amine reaction or the total reaction. This correlation is discussed
further in section 10.5.7. |

10.5.5. . Discussion of the Experiments in which the
Vibromix Stirrer was Used (Fig. 10.2.2},

(2) The Thicl Reaction,

By using the vibromix stirrer as opposed to the magnetic stirrer,
one would. predict that the rate of oxygen absorption and the perc;entage
of the thiolsulphinate formed would both increase. Comparison of the
results of experiments 3, 8 and 9 in table 10.1 shows that this is

indeed so.

An unusual featurs of the thiol reaction is that the consumption
of oxygen proceeded to point A (Fig. 10.2.2) whereupon it ceased and
subsequently a small amount of gas was given off. This phenomenon was

not encountered in the corresponding thiophenol oxidation experiments.
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The gas evolved may have been either oxygen or hydrogen. Further
experimental work is needed in order to specify the nature of this
gas evolution. It is interesting to note that Brooks (25) reported
the the evolution of a- gas upoﬁ mixing the reactants in the oxidative
coupling of 2,6-dimethylphencl (see section 2.4). He also stated

that the origin of the gas evolution was obscure.

(b) _The Amine Reaction

One would expect that the initiel rate for the amine resction
would increase as the gas-liquid mixing became more efficient. This
is indeed the case as is shown in Fige. 10.2.2. When the height of the
stirrer dise was adjusted to coincide with the surface of the liquid
for the amine reaction (experiment 8), the efficiency of the gas-liquid .
mixing was increased and this had the effect of increasing the initial

rate of oxypgen absorption.

From Fig. 10.2.2 , it can be seen that, although the initial
rate was faster for experiment 8, the reaction rate tailed off much quicker
than that of experiment 9. Thus after an appreciable reaction time,
the total oxygen consumption for experiment 9 was greater than that
of experiment 8. This phenomenon appears to be contradictory to the
findings of section 10.5.4, where it was shown that an increase in
the percentage oxygen consumpition coincided with an increase in the
initial amine reaction rate. Clearly further experimental work using |
the vibromix stirrer must be done in order to ascertain the nature

of the reactions occurring in this amine reaction region.
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10.5.6 Discussion of the Infrared Spectra,

The fact that al1 the infrared spectra of the polymers were

| almost identical is consistent with the findings of section 10.5.1,
where the elemental analyses showed that the polymers had virtually
identical empirical formulae. Smalley and Wakefield(67) reperted
correlation tables for infrared spectla; in these are given the relative
intensities and absorption frequencies for the infrargd absorption
peaks of functional groups, some of which may possibly be present in
the polymers. If these tables are compared with the infrared spéctra
of the polymers, it is found that one unique functional group cannot
be assigned to any one of the absorption peaks. In other words, it
is not possible to say which one of a mumber of funcitional groups is
present in the polymer. However, it is possible to eliminate certain
functional groups when no peaks can be detected in the region of
their characteristic absorption. Thé following functional groups
were not detected in the spectra: thiols (-SH) ; sulphoxide (S=0 )
and sulphonamide (- Sé} NH = ). The absence of the sulphoxide groﬁp
is significant. This suggests that fission of the thiclsulphinate
bond must have occurred, thus confirming a previous suggestion of

the dleavaga of the C « 5 bond.

10. 5.7 . Hypothesis for the Reactions Occurring
in the Amine Reaction Region,

The following hypothesis is consistent with most of the experimentel

results which have besen discussed.

There may be two types of reaction proceeding concurrently An

the amine reactlon region.
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(1) Reaction A, the coupling of amine groups to form azo or

hydroxyazo bonds. This reaction may proceed at a fixed rate for a
fixed catalyst concentration and a fixed amine group concentration and
also may be independent of the nature of the oxidized thiol groups
(disulphide, thiolsulphinate or other ﬁigher oxidation products of

the thiol group).

{ii) Reaction B, the further oxidation of the oxidized thiol
groups. This reaction may be dependent upon the nature of the

oxidized thiol groups.

I£ may be that reaction A, the polymer formation reaction,
tends to stabilize the polymer and thus reduce the extent of reaction
B. At low initial rates of the amine reaction, reaction A may be
proceeding at a lower rate. Thus the polymer may be stabilized
bafore reaction B has occurred to any great extent with the result that
the percentage oXygen consumption for the amine reaction is low.
Conversely,'if the initial reaction rate was high, reaction B may have
occurred to a considerable extent before the polymer was stabilized
by reaction A, with the result that the percentage oxygen consumption
for the amine reaction would be high. As well as being quite feasihle
the ébove hypothetical reaction scheme is consistent with all the
experimental results except those for the vibromix stirrer. As stated
in section 10.5.5, further experimental work using the vibromix
stirrer is required in order to specify the nature of the reactions
occurring in this amine reaction regime. The above hypothesis may then -

be modified to be consistent with all the experimental results.

10.6 Conclusions and Suggesfions for Further Work.

10.6.1 Conclusions.

The more important conclusions which can be drawn from this study
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of the oxidative coupling of aminothiophenol are given below.

1. At low catalyst concentrations, the initial products of the
reaction, were 4, A'-diaminodiphenyl disulphide and 4 4'-diame
inodiphenyl thiolsulphinate. At low catalyst concentrations when

all the thiol groups had been oxidized, the reaction effectively ceased.

2. The proportion of the thiolsulphinats in the product increased
as either the catalyst concentration decreased or the mass transfer

rate increased.

3. Two regions of mass transfer with chemical reaction were found

to be present in the range of reaction conditions.studied. In the
lower catalyst concentration region, the fast reaction regime appiied.
vwhereas in the higher cétalyst concentration region, the instantaneous
reaction regime applied. The limiting factor in the insténtaneous
reaction regime was the transfer of oxygen through the gas phase

resistance towards the interface.

4, The addition of excess catalyst to the reaction mixture after the
first part of the reaction promoted not only the oxi@ation of amine
groups to either hydroxyazo or azo bonds, but a further oxidation
reaction, the nature of which, at present, is not known. These two

oxidation reactions proceeded concurrently.

5« An appreciable amount of oxygen was incorporated into the final

polymer products, the average empirical formula being Cle9.3N2 051 801-0'

6. Thers was a definite correlation between the initial rates of
oxygen absorption after the excess catalyst solution was added and

the amount of oxygen consumed in this part of the reaction.
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10.6.2 Sﬁégest;ioﬁs for Further ir}ork.

Since this present project is the first reported study of
the oxidative coupling of aminothiophenol, there is wide scops
for further work. The more important features requiring further

investigation are as follows:i=

1) The developmeni of non-solution methods for molecular welght

determination of the polymer products.

2) Further investipation into the nature of the oxidation

reactions occurring in the amine reaction region.
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APPENDIX A.

Tableé of Results

A.1 Thiophenol Oxidation.

A.1.1. Variable catalyst concentrations.

(a) Use of the magnetic stirrer apparatus..

(b) Usé of the vibromix stirrer apparatus.

(c) No stirring.

(d) Use of the magnetic stirrer with an oxygen/

nitrogen atmosphere.
AJd.2 Variable thiophenol concentrations.
AJdL3 Variable tempgrature-
A.1.4 Pretreatment of the catalyst.

A5 Addition of benzene sulphonic acid to the
reasction mixture. - '

A.2 Analysis of Samples Taken During the Course of
the Thiophenol Oxidation Reaction.

(a) Potentiometric titrations of standard thiophenol solutions.
(b) Use of the magnetic stirrer.

{(¢) - Use of the vibromix stirrer.

A.3 Amiline Oxidation.

A4 Oxidation of Toluene=3,l=dithiol.
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A.5 Oxidation of p-Phenylenediamine

(a) Use of the magnetic stirrer.
(b} No stirring.

(e) Use of the vibromix stirrer.

A.6 Oxidation of Aminothiophenol.

(a) Use of the magnetic stirrer.
(b) Use of the vibromix stirrer.
(e) Use of the magnetic stirrer, experiments in which

samples were taken for molecular weight determinations.

A.7 Molecular Weight Determinations of Poly(aminothiophenol).

224




Defini‘t:lon -o-f Termb in “Ehe Tablés of Reéulté.

[x] concentration of X in grie moles/litre
of solvent. .
 Time 1s recorded in seconds.
D distance moved by the piston (em.)
M oxygen consumed (grm x_noles/litre of solvent).
Vool d. | volume of acid or alkali added to terminate
ac¢ - the reaction (nl.)
Va1t volume of aliquot taken for the thiolsulphinate
9 titration (ml.)
vt:ttr titration reading for the thiolsulphinate
° titration (rl.)
- dfo,] initial rate of oxygen consumption
T (grm. moles/litre/sec.)
VA 0. volume of alcoholic silver nitrate solution (ml.)
3 .
E.me £, potential of the potentiometric cell, (mV.).
P.P.D. p=-phenylenediamine
. . . the value of X for the amine/
Amine/Thiol /total _ thiol/total reaction
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4,20 .70
5.50 2.25
6.85 2.80
8.20 3.35
9.60 3495
12.45 5,10
C17.70 7.2
22,35  9.15
26,00 10.65
28,70 11.75
29.90 11,90
29.00 11.90
0.50
1.00
0.65
2
105
0.010

1.01 x 10~
0.447
D M
0 v
0.80 0,35
1.05 0445
155 055
1.85 0.75
. 2440 1,00
2.90 1.20
3.5  1.40
4,50 1.85
5.60 2,30
6.95 2.80
8425 330
10.15 4.10
15,00 6.10
19,85 8.05
245 9455

28495 11.75

29,90 12.15

29.70 12.05
29.70 12.05

0.50

1.00

1,85

0.38
107

0.010



[cuc1]
(PhsH]
Time

0
30
60

120
180
240
300
360
480
600
750
900

1200

1800

2400

3000

3600

5400

6600

6900

7200

8700

9000

9600

v'a.cid

v'aliq

?titre

% PhSOSPh

afo,] 4
—-—di2x10

% oxygen
consumption

Normality
of Na2§205

6.4 x 10.':3
0.452
D . M
0 0
0.35  0.15
0.70 0.30
1.00 0440
140 0.55
1.75 0.70
2.15. 0.90
2,60 1,05
3.40  1.40
4,15 1,70
5.15 2,10
5.95 2445
7490 3.25
11.55 4.75
15,60 6.40
19.30  7.90
21.75 8.90
28.85 11.80>
29.75 12.20
29.75 12,20
0.50
1.00
2.45
6
0.27
107
0.0101

4.0k x 10~
O.441
D M
0 0

0.65 0.25
0.75 0.30
1.05 0.45
1.45  0.60
1.90 0,80
2,15 0.90
2,50 1,00
43020 11330
3.95  1.60
4,85 2.00
De75 2435
7.50 3.06
10.80 4.45
13.95 5.70
16.80 6.85
20,10 8,20

27.70 11.30

31,10 12.70
31,55 12,90
31,55 12,90

0450
1.C0
4,70
12

0u24

116

0.0098

231

2,02 x 1077
04447
D= M
0 0
0-50 N 0.20
0.65 0.30
- 1,00 0.40
©1.25  0.50°
1.45 0.60
1.85 0.75
2,10 0.85
5235 0495
12,95 1.20
3.50 1.45
4,25  1.75
5.50 2.25
8.05  3.30
10,50 4,30
13.15 535
15.75 6.45

29.25 11.95

33.10 1350
33415 13450

0.50
1,00
5.60
14
04165

120

0.0101



d

fouca] 1.01 x 10”

2 j01x100  2.02x1077  5.05x 107
[PrsH] 0.453 04450 0.451 - 0.447
Time D . XM D M D M D M
0 0 0 0 0 0 0 0 0
15 0.50 0.20 0480 0425 1,25 0450 o 0
30 0.70. 0,30 0495 0.40 130 0.5 0,10 0.05
45 1.55 0.65 1.40 0.55 11.55 065
) 2,30 0495 2.5 0490 2,25 0.0 0.90 0435
90 3,90 1.60 3.50 1.45 3,75 L.55 1.85  0.75
120 5,60 2,30 4,95 2,00 5.20 2,15  2.80 1.5
150 7.00 2.85 6.20 2.55 6,60 2.70 3.65 1.0
180 8.60 3.50 = 7.60 3.10 7.80 3.20 4,50 1.85
210 10.60 4,35 9,10 3,70 9.10 3.75  5.45 2.20 -
250 12.15 4.95 10,50 4.30 10,50 430 6.30  2.55
270 13.75 5.60 11.75: 4:80% 11,90 4.90 7.20  2.95
300 15.35 6.25 12,85 5.25 13.15 5.0  7.95 3.25
360 18,35 7.50 15.85 6445 15,90 6,55  9.55 3495
480 24,10 9.85 20.80 8.50 21.05 8.65 12.95 5,30
600 27,70 11.30 25.45 10.40 25.30 10.40 16,40 6,70
720 29.15 11.90 . 28.45 11.00 29.50 12.10
750 20435 8.30
900 30,00 12,25 31,00 12.65 23,80 9.70
960 35,20 14,45
1020 ~ 31,00 12.65 35,65 14,65
1050 30,20 12,35 : 27445 11.20
1080 35,70 14.65
1200 30.50 12.45
1650 | 36495 15.10
1950 : , 37495 15.50
2100 : ' 57.95 10450
Vooid 1,00 0.50 0.50 9.50
valiq 1.00 1.00 1.00 0.50
| Viitre 1.40 . 2.20 10.60 6.80
% PhsOSPh 2 5 24 32
- ‘%[?:Q x 10t 2,24 1.88 1.81 1.25
%4 oxygen '
consumption 108 111 129 137
Normality
°fm§£5 0.010 0.010 0.010 0.010

232




[cuc1]

[PrsH]
Time

0
120
180
240
300
360
420
480
600
840
900

1200

1800

2400

3000

3300

3600

3870

vﬁcid

valiq

vtitre

% PhSCSFPh
afo,]. b
- 7£€2 x 10

% oxygen
congumption
Normality

of Na28205

2,02 x 1077

0,450

b

0
1.85
2.40
3,80
4,55
5.45
6435
7+15
9.40

12,95

18.35
26,60
33495
38475
39.80
59485

M

0.75
1.00

1.55
1.85
2,25
2.60
2.95
3.85
5430

7.50
10.90
13,90
15.85
16.30
16.30

0.50

0.50

8.50

59

0.63

144

0.010

1.01 x 10™7
0.450
D M
0 0
1.65 0.70
2,60 1.05
3,45  1.40
4,10 1.70
4,25 1.75
4,95 2.05
6.25 2.55
7.70  3.15
1488 5.95

29,20 11.95
34,00 13.90

40,10 16.40
n.d.
‘n.d.
n.d.
n.d.
0.50
144

0.010

233

5.05 x 10
0.452
D M
0 0
0.10 0.05
0.60 0.25
2.,45 1,00
2,85 1l.15
4.25 rl 1.75
7.00 2.85
9.50 3.9
14.50 5.9
20.10 8.25
Reaction
- not taken to
completion.

n.d.
n.d.
n.d.
04345

n.d,




Al2,

[cuct]
[PrsH]
Time

100
105
120
150
180
240
360
hsyr
600
720
750
840
900

1200

1350

1500

vECid

valiq

vtitre

% PrsOsPh
~28dx 10

% oxygen

consumption

N°rmality
of Naés2?§

4,04 x 10'5
0.0134
D M
o 0
o 0
0.05 O
0,10 0.01
0.20 0.015
0435  0.025
1.10 0.075
1.60 0.110
2°05 0.140
2,35 0.160
3,05 0,210
5.40 0.2}5
4'55 00500
50&0 0.575
5.90 0,410
6.20 0.430
6‘50 Ockfﬁ
6.50  0.440
6.60  0.455
6.60 0,455
n.d.
n.d.
n.d.
n.d.
0,815
128

4.04 x 1077
0.0163
D M
0 0
0.05 0
0-15 0,01
0045 0.05
0;80 0.055
1.50 0.105
1.95 0,135
2,40 0,165
2°35 0.195
3.30 04230
4,30 0.295
4'90 00540
6,10 0.420
7445 0515
7'90 00545
3-25 0.570
8'50 0.595
8'85 0!610
8.90 0.615
8.90 0.615
n.d.
n.d.,
n.d.,
n.d.
0,215
129
234

4,04 x 10'5
0.0238
D M
0 0
Q.10 0.01
0.45 0.05
1.15 0.08
2.50 0‘18
5,10 0,22
3.95 0.28
&o75 0.55
5050 0.59
6,70 0.47
2085 0.55
9‘75 0168
12,25 0.86
15}50& 0;955
lk.jo 3.00
15.00  1.05
16010 1.1}
0.50
1.00
0.9
43
0.27
190
0.0098

4.05 x 1077
0.0349
D M
0 0
0 0
Q.80 0'06
0.95 0.07
2,45 017
3.60 0425
400 0428
h‘55 0»52
5445, 038
6.35  O.kh
7.75 0.54
9.05 0463
11,70 0.82
15’55 0.95
16,257 1.13
18,55 1.30
19,40 1.35
19040 '1.55
0.50
1.00
1.40
42
0437
155
0.0095



[cuc1]
[PhsH]
Time

titre

% PhSOSPh
afo 4
_th] x 10

# oxygen
consumption

Normality
of Nagszo5

4,04 x 10-5
0.0559
D M
0 0
0 0
0.15 0.01
0.85 0.06
1.65 0.12
2,95 0.21
4,10  0.29
5.15 '0.36
6.30  Q.hb
8.65 0.61
10.75 0475
12,70  0.89
14,15 1.06
17.90 1.26
20.55 1.45
24,90 1.75
27.05 1.90
C27.60 1.9
27.85 1.96
29.45 2,07
0450
1.00
255
ig
0.52
148
0+0095

5.0k x 1077
0,086
D M
0 0
0 . 0
0.85 0.06
2.05 Q.14
5.50 0439
8.40 0.59
11.35 .80
14,20 1.00
16.65 1,17
19.50 1.37
2h,40 1.72
29.55 2,08
37.45 2.63
42,85 3,01
51,35 2,91
45,00 3,17
45.35  3.19
45,45 3,20
46,75  3.29
0450
1,00
5495
48
0.64
153
0.0095

235

-5

& 004 x 10
04133
D M
0 0
0.25 0.02
2,60 0.18
5.85 0.4
9.60 0.67
13,20  0.91
16.70 1l.16
20,10 1.40
23,65 1.65
26,60 1.86
32,80 2.29
38,65 2.70
49,35 3,44
57.55 4,01
69.75 4.86
72,90 5.08
73455  5.13
1355 5415
0.50
1.00
595
&7
0.83
154
0.0095

4,04 x 1077
0.216
D M
0 0
0 0
1.95 0.l4
4,10 0443
10.20 Q.72
14,10  0.99
18.30 1.28
21.55 1.51
25.75. 1.81
30,00 2.1k
38,00 2.67
45,15  3.17
60050 4025 '
87.60 6.15
99.45 6.98
113.20  7.94

114,35 8.03
114.80 8.06
116,65 8.19

0.50
1.00
9.10
46
0.94

151

0.0098



(cuci]
[PrsH]
Time"

% PhSOSPh

ajo &
-—gz%gl 10

% oxygen
consumpticn

Normality
of Na 2S 205

4.0% x 1077
0.268
D M
0 0
0,30 0.10
0,55 0420
1.55 0.65
2,40 0.95
3,20 1.30
4,00 1.60
4,80 1.95
5.&5 2020
6.30  2.55
7.80 3.15
935 3.80
12,05 4.90
14,75 6.00
19.25 7.80
23,90  9.70
24,55 9495
2500 10,15
25,00 10.15
0450
1,00
9.80
4%
1.07
151
0.0104

4.0 x 1077
0.h16
D M
0 0
0.65 0.25
1.15 Q.45
2,00  0.80
2,75 1.15
3,65 1.50
4.h5 . 1,80
55230 72,15
6.15 2,50
- 6.90 2,80
8.60  3.50
10.20 4,15
1350 5455
16,70 6.85
25485 9405
30,55 12.50

35445 14,50
36.70 15,00
36,80 15.05
36.80 15.05

0.50
0,50
7.70
39
1,13

145

0.009%

236

-5

AOOA x 10
04724

D M

o 0,
0,90 0.35
1.30 Q.52
2,20 0.90
3,15 1,25
5,10 1.65
5.05 2,00
6,00 2440
6.90 2.75
78> 3415
9.65  3.85
11.50 4460
14,70 5.90
18,55 T35
26,80 20.75

33,45 13,40
53,10 17.25
(1420 20,10
564704 22,75
60.00 24,05
60,95 24.45
61.00 24,45

0450

0.52

10.00
32

1.26

135

0.0103

4.0k x 1077
1.409

D M

0 0

135 0455

1.75 0.71

275 1.10

3,75  1.50

475  1.90

575 2430

675 2.75

8475 3455 |
10,75 4.35
12,75 515 |
16,25 6,55 |

20.25: 8:20 |
29,65 12.00 j
59010 15080 |
48,80 19,70 |
57.60 23,25 1

|

|

62,05 25.05 |
70.55 28.50 |

86440 34,90 |
99.20 40.05 |
101,85 41,15
101,85 41,15

0 .50

0.50

10.85

20
1.0

118

0.0103



[cucy]
{PrsH]
Time

B&B3wo

12
150
180
240 -
300
360
480
600
900

1200

1500

1800

2400

i 3000

3600

5400

6000

6300

9000

11400
12700

Vactd

valiq_

Viitre
% PhSOSPh

_4afo &
dtZ—[ x 10

% oxygen
congumption

Normality
of Nazs 205

hOh x
2,263
D

0
1.40
1.95
2495
3,90
44,90
585
6480
8.75

10.75
12.70
16.65
20.05
30,30
40,00
50.15
5935
7755
96435
114.55
157400
158.80
158.80

1q'5

M

0

035
0480

- 1.20

1.60
2,00
2.40
2.80
3,60
4,40
5420
6.80
8420
12,40
16.35
204,50
24,30
5175
39,40
46.85
64425
64495
64,95

0450
0.51

11.05

12

155

115

0,009

237

4,04 x
4,522
b

4)
1.70
2465
3,70
57
6:70
7460
935

11,15
12,65
16:25
19,80
28455
3115
46,
55430
72.25
88.85

106.35

158,30

175.70

1070

X

0
0.70
1.05
1.50
1.90
2,30
2,70
3+05
375
4,45
2402
6.50
7+90

11.40

15.10

€0 18.60

22,10
28,85
35450
42,50
63420
70.21

257.50 102.90

296,00 1

18,25

296420 118.35

0.5

1.0

0

3

12.60

4

1.3

2

0.0092




Reaction 0
temperature 10 oc 4o ¢
[cuci) 5.0h x 1077 4,06 x 1077
[PrsH] 0.452 0.458
Time D M D M
0 0 0 0 0
5 0 0 0.20 0,10
30 0.05 O 1.00  0.40
€0 1.00 045  1.90 0.75
90 1.75 0475  3.00 1,15
120 2,35 100 3,75 1.45
150 3,15  1.35  4.15 1.60
180 3,95 1.70  5.50 2.05
240 5.55 2,40  7.35  2.85
300 7.00 3.00 9.00 3.5
360 8.20 3.50 10.40 4,05
480 10,90 4465 13,25 5.75
600 13,45 5.75 17.15 6.65
750 16.80 7.20 20,40 7.90
900 19.85 8.50 23.25 9.00
1200 25,85 11,10 29,70 11,50
1500 31,55 13.50 31,70 12.30
1800 36,05 15.45 33,20 12,85
2100 40.80 17.50 33,15 12.85
2250 3515 12.85
2400 43,55 18465
2700 44,55 19410
2850 44,55 19410
Voeia 0.50 0.50
Valig 0.50 1.00
Viitre 11.65 3
% Ph30SPh 59 8
-%[5:2]:: 10 1.07 1.11
% oxygen
consumption 170 112
Normality
of Na 2520} 0.0098 0,0098

238



Al4,

[cuc1]
[PhsH]
Time

O\ O

3

0

90
120
150
180
240
300
360
480
600
750

900
1200

1500
1800
2100
- 2250
2400
2700
2850

v?cid

v?liq
v.titre
% Ph30SPh

afo 4
——d-%gx 10

% oxygen
consumption

Normality
of N‘a23205

. 5.%0

.04 x 1072

0.457
D M

0 4]
0.45 0,20
1.15 0445
2.00 0.80
2.85 1.15
3,65 1.50
4,5 1.80

2,15

2,80

3450

4,10
5440

6.70

8425

975
12,05
14,55
16.15

16.55
16.60

6.95
8.60

10.15
13455
16.55

20.35.,
24,10

29 .70
32485

39,80
40,85

40,95

0450

0.50

8430
41

1,13
145

0.0095

4 00& X 10-5
0.448
D M

=]

0
0.10
0435
0440
0.65
095
1.25
1.65
2,40
5405
3,80
5.10
6.40
8.00
Ge55

11.90

14,00

15.25

15435

HES 588N

. @ .
\nQ
T ©

=
N
23
38

15:95
19.90
23,65
29420
34475
37.90
38,15
38,20
38,40
38,70
38,70

0.50,

15.45
15,60
15.60

0.50

52

1.18
138

0,0105

239

15540

4,04 x 10"5
0.460
D M

o} 0
0.45 0.2
1,20 0.50
1.85 0.75
2,70
3455
4.35
5420
6.90
8, 3,45

10.30

12,90

16.20

1995

23e35°

30460

36.35

39.45

50.65

40,75

0.50
050

7.80

37

1.13
142

0.0095

0445

4,04 x 10'5
0,452
D M

0 0]

+1,10
2.05
2,95
5 .80
4,65
545
Ted5
8.75
10.25
12.90
15.85
1955
22,40
28,10
32.95
35.50
36495
36.85

0.45
0.85
1.20
155
1.90
2.20
2,90
5455
4,15
5.20
6440
7490
9405
11.35
13435
14.35
14.95
14.90

0.50
0450

6.35
31

1.16
132

0.0102

0.20 .



[cucl) 508 x 107 5.0 x 100  4.04 x 10~  4.04 x 1077

[PhsH] 0.462 0.477 0458 Ouhhl
Time D M D M D M D M
0 ) 0 0 0 0 0 0 0
5 0,10 0405 0,15 0.05 7050 70:i20 0.25 0.10
30 1,25 0450 0485 0,35 1,25 0.50 1.20 0.50
€0 1.90 0,75 1.50 0465 1,95 0.80 2,00 0.80
€N 2,30 0.95 2425 0e90 2,70 110 - 2,90 1,15
120 3,00 1.25 3,05 1.25 3,50 1.45 3:80 1.55
150 3,95 1,60 3.90 1.60 4.30 1,75 4,70 1.90
180 5,85 1,95 4.0 1.95 5.15 2,10 5.50 2.20
240 6,50 2.65 6435 2,60 6,75 275 7.25 2,90
300 8.20 3,30 7.90 3.25 8.0 3.45 9,00 3.60
360 9.85 4.00  9.40 3.85 9,95 4.05 10,70 4,30
480 12,60 5410 12,65 5.20 12,55 5,10  W3175  5.55
600 15.80 6.40 15,70 6.45 15,60 6.35 17.00 6.85
750 19.05 7.70 19.55 8,05 19.45 7.95 21.15 8.50
900 22,90 9.25 23435 9.60 23,00 9.40 24,70 9.95
1200 29,60 11.95 28,90 11.85 29,30 11.95 31.95 12.85
1500 35055 14435  35.15 14445 35,65 14,55  37.65 15.15
1800 39,90 16,10 39:65 16,30 39,45 16,10 39,90 16,05
2100 51,10 16,60 41,15 16.90 40,70 16.60 40,20 16.15
2400 41,60 16.80 41.45 17.05 40,70 16.60 40,30 16.20
2700 50,90 16.55 41,40 17,00
2850 40,90 16.55
Voeid 0.50 050 - 0.50 0.50
Valtq 0.495 0.50 0.50 0.50
Vetere , 8410 785 7.80 7495
4 PhSOSPh 39 50 39 43
- gé%élx 10t 1.14 1.11 1.11 1.17
% oxygen
consumption 143 143 145 147
" Normality
of Na2520§ | 0.0095 0.0103 0.0101 0.0105
'240




[CuC1]
[PhsH]
Time

0
%
60
90
120
150
180
240
300
360
480
600
750
900
1200
1500
1800
2100
2250
2400
2700
2850
3000

4 PhSOSPh
afo 4
- —512.] x 10

% oxygen
consumption

Normality
of na25205

400# X 10-5
0.458
D M
0 0
1.00 0.40
1.95 0.80
2.60 1.05
3.45 1,40
4,20 1.70
5.00 2.05
5,85 2.40
7.50 3.05
9.05 3.65
10,70 4435
13.30  5.40
16,50 6.70
20.30 8.25
23435  9.45
30,00 12,20
35,60 1h.45
39,60 16,10

41,25 16.75
41,25 1@,7;

0450

7+55
36

1.11

146

0.0098

A.0kx 107
0.470

D M

0 0

0.05 0
0.85 0435
1.45 0.60
#2.0%  0.80
2,65  1.09
3.25 1.30
3,85 1.59
5.05 2,05
6.25 2.50
7445  3.00
9.80  3.95
12,15  4.85
15.05 6.05
17,90 7.20
2330 9435

28,35 11.35
32,70 13,10

36.85 14,80
40.05 16.05’

41,00 16.45
51,45 16.65

0450

6.55
34

0.81

141

0.0097

20

b0k x 1077
04455

D

0
Ce25

092
1.65

72445

5025
4,05
2403
6.20
7.90
9460
12,40
15.65
19.20
23,15
30425
35.80
40,00
40,69

405857

40.50

M

0
0,10
0440
0465

1400

1.30
1.65
2,05
2,50
3420
i
6435
7480
.40
12.25
14,50
16,20
16,50

16355

16,40

0.50

0.505

8.50

59

1,12

144

0.0095

4.04 x 1077
0.458
D

0
0.20
0490
1.70

62%45

5.50
4.05
4,85

" 6440

7.90

9.50.

12.05
15.05
18,70
22.25
28435
34,40
37.10
38,70

59405

39460
39.60

M

0
0.10

0435

0.70
1.00
135
165
2.00
2,60
5425
it
6415
F465
29,10
11,60
14,10
15,20
15.85

16.00

16.20
16.20

0.50

0450

720

37

1.07

142

0.0097



_af

[cucl]
[PhsH]
Time

8 &Bwo

120
150
180
240
300
360
480
é00
750
900

1200

1500

1800

2100

2400

-vacid

vgliq

vtitre

% PhSCSPh

at x 10

% oxygen

consumption

Normality
of Naészoﬁ

4

4.04 x 10~
04459

D

0
0.70
09
1.75
2,65
3445
Del5
6.85
7485
9.10

12.25

16,65

20.40

ok,

31.80

5725

59495

40,05

40,25

M

0
0430
OIA‘O
0.70
1.05
1,40
.75
2,10
2.80
3,20
3495
5400
6.80
8430

10,05

12,95

15,20

16430

16435

16,40

Q.50

7.60

38

1.14

142

0.0101

242

4.0k x 1077
0455

D

o
0.35
1.00
1.80

2.65

3.30
375
4,60
6430
7.90
9.60

12,10

15,30

19430

23,05

30,10

3548

39,60

40,20

40.20

M

0
0.15
0.40
075
1.05
135
1,50
1.85
2.55
3,20
b0
6.20
7480
9.30

12,15
14,45
16.00
16.25
16.25

0.50

0.51

8440

59

1.14

142

0.0095




foucl] = 4.04x 10”7
[FhsH = 0,449
Time D M Time
0 0 0 720(4)
é0 1.45  0.60 750
90 2.25  0.90 : 780
120 3,00  1.20 840
150 3.85 15D 900(5)
210 5.30  2.15 930
240 6,05  2.45 960
270(1) 6.90  2.80 990
300 7.70  3.15 1020
330 8450 3445 1080
360 9,20 %75 1140(6)
420(2) 10.75 4,35 1200
450  11.50  4.65 1230
A80  12.20 4,95 1290
510 12,90  5.25 1320
580  13.65 5455 1350
570(3) 14.40  5.85 1380
600  15.10 6.20 1500
630  15.75  6.40 1680
660  16.30  6.60 1800
6950  16.85  6.85
Injection (1) (or(2)

Benzene sulphonic -5 -4
acid added (moles) 1.5 x 10 1,3 x 10

Injection (&) (5)

Benzene sulphonic -3 =3
scid added (moles) 2.6 x 10 J.2 x 10

204

D M
17‘50 7000
1?'80 7020
18.45 7 .50
18'95 7070
20.00 8410
20.50 8.30
21.15 8460
21,90 8.90
22,50 9,10
23,90 19,70
25.00 10.15
26420  10.65
27.85 11,30
28.75 11.65
29,20 11.85
29.60 12.00
30,10 12.20

31.55 12480
32465 13,25
32,65 13.25

- (3)
2,6 x 10"5

(6)
5.0 x 10-5



y
p

A 2

‘Standard
(moles of PhSH)

End point
(ml. of.AgN05)
Theoretical

titration

of theoretical
titration

a.

0.1125
thwo Emf.

5

0 -96
2.0 -88
ll' 90 -90
6.0 56
8 00 "“28
9 .0 “'12
10.00 6
10.55 78
10.80 240
11.00 550
11,10 624
11.30 646
11,60 654

11,00

11.25

98

041125
?Agwoi Emf.
0 =102
2,50 <106
5.00 ~98
7.50 1 -66
9.00 -28
10.00 36
10,50 22
10,70 312
10.80 584
10.90 610
11,10 628
11.45 640
12;00 652
10.75
11.25
96
245

\
|
|
1
0.1125 0.0117

Vagno, BRfe Vyno  Emfe
V V
5.00 «72 7.00 64
8,10 28 8,50 102
9,10 -8 9.00 108
9.60 14 9,50 116
10,00 44 9,90 132

10.20 52 10,20 190
10.30 430 10,40 234
10.35 522 10.50 524
10.45 596 10,60 594
10.75 638 10.80 620
11.25 652 11,20 660

11.80 680
10.30 10.50
11,25 11,70

92 90

0 -102 0 50




(moles of PhsH)

ngNoﬁ Enf., YAgNOB Emf, ?A8N05 Emf, ?Agnoﬁ Emf.

Stendard 0.0117 0.0115 0.0114 0.0114

0 50 0 34 0 -10 0 4
9,00 110 9.85 120 2,00 12 2.00 12
9.80 138 10,20 150 4,00 16 k,00 22

10.30 180 10.30 160 - 6,00 40 8,00 54
10.45 200 10.40 174 8.00 56 9.00 66
10.55 264 10,50 200 9.00 84 9,50 72
10,60 498 10.60 410 9.50 92 10,00 90
10,65 536 10,70 530 10.00 138 10.25 104
10.70 574 10.80 592 10.30 326 10.40 122
10,80 608 11.00 630 10.50 524 10.60 134
12,00 636 10.80 570 10.82 174

11.20 582 10,90 226

End point
(ml, of Agﬂoj) 10.60 10.60 10,30 11.00
Theoretical

titration 11.70 11,50 11,40 11.40
(mle of AgNO5)

of theoreticel 91
titration

92 90 97




‘Standard

(moles of PhSH)

End point

Theoretical
titration
(ml. of AgNO5)
% of theoretical
titration

*¥

0.0057
' vAgNo Emf.
3

0 12
1.00 10
2.00 8
3,00 22
4,00 k2
4 .50 52
5.10 102
5.20 108
5.30 132
5,40 176
5.50 518
5.60 562
5.70 582
5.80 594

5450

5.70

97

*®
0.0114
.vAgno Emf,
3
0 -20
2,00 =10
4,00 14
6,00 12
8.00 24
9.00 30
9.50 44
10,00 €6
10.25 88
10,40 124
10.50 382
10.60 492
10,80 534
10.55
11,40
93

L3
0.0114

vhgno Emf,
3
0 -k
9.00 26
10.00 58
10.35 88
10,50 110
10,70 416
10.90 534
10.70
11,40
94

0.50 ml. of CuCl solution (2.02 x 10-4 moles/litre)

also added.

0.10 ml. of CuCl solution (2.02 x 10'4 moles/litre)

also added.
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b.

Volume of
© pyridine (ml,)

(cuc1]
[Prst]
Time

0
120
240
360(5)
480
570(2)
870(6)
950

11320(2)
1530(7)
1800
2040(3)

- 2055(8)

2430
2700
2940(4)
3000(10)
3500
3600
4200
4500

Sample removed
for thiophenol (1)
titration

Volume of

semple (ml.) 0.13

End point

5.0 15.0
1.01 x 1072 6.67 x 10'6
0.458 04247
* e
D M D M
0 0 0 4)
2.25 0490 2,40 0430
3,20 1.30 h,A0  0.60
. 6.05 0.80
- 6,70 2,75
775 3415
11,90 1.65
12,45  5.15
17.25 7.15
25.30 3,60
22,70 9455
25,55 10,85
30420 4435
40.80 6405
31,95 13.95 _
35,20 15.45
: 49430 7450
3770 17,05
39475 18,40
42,05 19,15
42,05 19.35 59.30 940
(2) (Y &) (B (B D
0,24 04,38 0,60 0,51 055 0.70

(8) (9) (10) .

Q.73 077 0497

(ml. of 0,01 N 8,00 6.10 5,10 1,80 11,40 10.20 10.15 1ned, 6,90 4,00

AgNoﬁ)

* D was corrected to allow for the volume of the sample taken out of the
reaction system.

{ ned. = not determined. )
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- Yolume of
. pyridine (ml.)

[cuct]
[PhsH]
Time

0
120
240
300
350(1)
450(4)
600
750(2)
900

1080(5)

1200
1350(3)
1470(6)
11500
1620
1920
1950
2250
2700

Sample removed
for thiophenol
titration,

Volume of
sample (ml.}

‘End point
(mlo of 0,O1 N
A.gN05)

(1 (2

0.26 0,43

12,80 10.20

(3}

0459

5445

25

\
|
7450

2,02 x 10~
0.458

D M

o 0

3,30 0490

6.0 1.85

8.85 2.35
13,55  3.50
21.25 5470
25455 «90
30,10 8.40
33,20 9430
40,00 11.30

43,65 12,40
49,20 14.20

55,10 16.73

) B @& (D

0.245 0440 0.6 0,815

9.85 8,10 6.10 3.90



[ouc] 4,04 x 107T

[Aniline] 04214 }
Time "D M ;
|

0 0 ] |
}O 0005 0 |
60 0.10 0,05 |
120 0.15 0.05 }
240 0.60 0.25 |
360 1.15 0.45 ‘ 1
480 1.65 0.65 |
600 2.45  2.00 }
720 3,00 1.2 |
850 3,70 1.50 |
960 435 1475 ;
1200 5.65 2,30 |
11500 725 2.9 |
1800 8.70 3.55 |
2400 11.50 4.70 |
3900 17.00  6.95 |
5400 34,70 8450 |
9000 40,70 10.95 |
12000 44,60 12,55 |
14400 48,15 13.95 |

17700 53480 16.25
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A.4.

fouci]
[Dithiol
Time

0
10
20
30
40
45
50
60
70
90

120
150
180
240
360
450
480
600
900
1200
1800
2400
3000
3300
4200
4500
4800
5400
6600
7800
8400
9000
9300
9750

afo A
——(ﬁz]x 10

% oxygen
consumption

*

8.08 x 1072
D M
0 0
0 0
0.65 0.25
1,40 0,55
2.65 1,10
3,60 1.45
4,20 1.70
.80 1.95
5.80 2,35
6.65 2,70
735 35.00
8.55 3.50

10,60  4.35

12,30  5.00

15.45 5.50

14.65 6.00

25,20 10,30
26,60 10.85
27.50 11.25
28,05 11.45

28,15 11,50

3.16

97

4004 X 10-2
) M
0 0

0.30 0.10
1,10 0.45
1,80 0475
2.35 0495
2,80 1.15
3,15 1.30
3,65 1.50
4,15 1.70
5.10 2.10
270 2435
6.45 2,65
7.60 3.10
9.5 3e75

10,20 4.15

11,70 4.80

13,85 5.65

16.00 6.55

18,60 7.60

20,10 8.20

21.15 8.65

27.60 11.25

27,95 1l.40

27.95 11,40

'2.72
100

2.02 x

D

C
0415
0430
0480
0495

1.20
1.35
1.70
1.85
2.45
3,00
3,40
4,35
5485
6.95
775
950

11.90

14.30

18.40

21.55
23,40

27450
28.70

0.8

99

1072

M

0
0.05
0.10

0435
0.40

0.50
0.55
0.70

C.75
1.00
1.20
1.40

1.75
2,40
2.85
5415
4405
4,85
5.80

750

8475
920

11.20

11.70

2

1.01 x 1072
D M
0 0

0.20 0.10
0.55 0.20
0.80 035
1.00 0.40
1.50 0.60
2.05 0.85
2,85 1.15
3.70  1.50
4,75  1.95
5.65  2.30
735 5400
9.40 3485

10,70 4435

13.20  5.35

14,20 5.80

15,10 6,15

16.60 6.75

17.70  7.20

18,70 7.60

18.70 7.60

18.95 7.70

0.36

65%

Reaction time = 2% hours, i.e. not taken to completion,
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A.5.

Type of
stirring

[cucT]
[P.P.D]

Time

0
20
30
ko
45

g

-%Egz]x 10

% oxygen

consumption

Magnetic
1.01 x 107t
0.21
D M
0 0
0.75 0.30
1.50 0.60
2,45 1,00
3.30  1.35
4,30 170
5.25 2,15
6,10  2.50
6.85 2.80
8.05 3.30
950 3495
10.55 4.35
10.75 4.40
11.10  4.55
12.35 5.05

1395 575
16.05 6.60

17.40  7.15

2.24

)

" No atirring
1.01 x 107%
0.21
D M
0 0
0.80 0.35
0.80 0055
1.40 0.55
2,05 0.85
3625 13D
4,25 1.75
7.00 2.85
955 .90
11.20 4.60
18.25 7.50
20,80 8,55
22,40 9,60
28,20  9.95
25,10 10,30
0427
20

252

Vibromix
1.01 x 107
0.20
D M
0 0
1,30 0.55
4,40 1.80
6.80 2,75
8.45  3.45
9.60 4,00
10 080 A 040
12,20 4495
13425 5.40
14,80 6.05
16.70 6.80
18,10 7.40
19,10  7.80
20,70  8.45
21.50 8.75
23,20 9.45
25,10 10.25
125,30 10430
25.30 10430
5.3
51

Vibromix

2.7 x 1072
0.156
D M
o 0
1.15 0.25
1.45 0430
1095 OIAO
2.40 0050
3.50 0.70
5.90 1.20
8.35 1.70
10,70 2,20
15.65 3.20
18,90 3.85
23,15 4475
29.60 6.00
1.28
67



2

[cuc] . 4,0k x 107

[A.T.P] 04100

THIOL REACTION AMINE REACTION
Time D M Time D M
0 0 0 1950 extra catalyst
10 0070 0050 in:jected.
20 1.65 0,70 1995  17.55 7.20
30 2.70 1.10 2010 18435 7.50
0 375 1.55 2025  19.25 . 7.90
50 4,65 1,90 2040 20.05 8.20
60 535 2,20 2055 20,90 8.55
80 6.70 2.7% 2070 21.65 8.85
90 7.15  2.95 2100 22,80 9.75
120 8435 3440 2160  24.60 10.05
180 9.40 3.85 2220 26485 10.60
240 9,95 4,05 2500  27.65 11.30
360  10.70 4.40 2700 29.55 12,10
600  11l.65  4.75 2925 31:25 12.80
900  12.45 5.10 3900  33.95 13490
1200 13.65 5,60 4800  37.20 15.20
1800 14455 5.95 6000  40.60 16.60

7200 43,20 17.70
10500  47.70 19.50
13200  49.35 . 20.20
16500 52,50 21.50

Final
reading 63.50 26400
ao,] ) -4 a[o ])M ) -4
(_. _d{z}rhiol = 4,06 x 10 (“‘&? 2l =231x10
'
oxygen ) = §8=90 % oxygen
(consumption Thiol (consump " ion) b = 216 %
. oxygen o
(consumption) Potal = 17 %

Time of colour chenge = 75 seca.
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congumptio

fouc1]
[A.T.P]

1.01 x 1072

THIOL REACTICN

Time o.f‘ colour change

ap\ - 4
(_ _{%Q)miol = 2,60 x 10

Time - D M
0 0 0
15 0.35 0415
30 1.60 0465
45 2,55 1.00
€0 3,60 1.40
75 4,45 1,75
90 5445 2415
120 7.40 2,95
150 9,30  3.70
195  10.85 4430
240 11,25 4.50
300 11,40 455
360 11,50 4.60
480  11.75 470
€00 11.90 475
900 12,30 4.90
1200 12.45  4.95
1500 12,55 5.00
2700 13.00 520
3600 13,10 5.25
J X
Thiol
oxygen
consumptio

n) . Total

Time

AMINE REACTICN

D

M

4620 extra catalyst

injected. -
4680 16,00 £.35
4695 16,90  7.05
4710 17.75 7.05
4725 18450  7.35
4740 20,70  8.25
5770 - 2070  8.25
4800  21.85 8.70
4830 23,05 9.20
4860 25,05 9.60
4920 24,65 9.80
4980 25,15 10.00 .
5250  27.30 10.90
5400 28,10 11.20
5700  29.20 11.65
6300  30.55 12,15
9600 36425 k45
Final
reading 66445 26445
-4
[o -
—_EEéWThiol = 2,21 x 10
oxygen _ ;
nsumption) Amine - 219?
= 176 %
210 seca,



[cucd] 1.01 x 10~

fa.r.P] 0.100
THIOL REACTICN AMINE REACTION
Time D M Time D M
0 o 0 2200 extro catalyat }
15 0.10 009 injected. |
20 0.90 0.35 2235  16.85 6.75 |
35 1.45 0.60 2265  18.80 7.55 |
€0 2,05 0.80 2280 19470  7.90 }
120 4,45 1.80 2320 21,90 8.75 |
150 5.70 2430 2340 22,85 9.15 |
180 6.90 275 2370 24420 970 }
240 9,10 3.65 2500  25.55 10.25 |
300 11,10 4.45 2460 28,45 11,40 |
260 12,80 5.15 2520  30.15 12,10
390 13,25 5.30 2700 32,30 12,95 ‘
520 13,45 5.40 3150 35,15 14.10
480 13,70 5.50 3600 36,80 14.75
600 13,95 bB.6O 4500 38,60 15.45
900  14.25 5.70 7080 43,30 17.40
1200 1430 5,75 16800  48.30 19.35
1800 14,40 5,80 Final
reading 0925 2047
afo ~h
(‘Eﬁ?’ hio1 = 1498 * 10 (—‘%i:z-')" = 2.0 x 107
_ Amine:
oxygen _ ' oxygen _
(consumption) Thiol = 077 | (consumption) Amine B 22’*:%
oxygen _
(consumption) Total = 186 %

Time of colour change = 370 = 405 secs.,
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b

[cuc) 3.03 x 10”
[a.1.p.] 0,100
THIOL REACTION AMINE REACTION
Time D M Time D i
0 4] 0 5760 extra catelyst
15 0.40 0015 injected.o
30 0.80 0430 5790  15.60 6.20
45 1.20 0,50 5805  16.80 6.70
éo 1.65 0.65 5820  17.90 7.10
[¥] 2.05 0.80 2830  18.95 7.55
90 2,45 0.9 2850 19.90  7.%0
120 3.25  1.30 5880  21.55 8.55
150 3495 1455 5940  25.55 10.15
180 4,80 1.90 6000 28,05 11.15
240 6.30 2,5 6180  31.80 12.65
300 7.60  3.00 6360  32.45 12,90
480 11,45 4,55 6600 34,45 13,70
600 13.20 5.25 7800  36.25 14.40
660 13,65  5.45 13500 42.20 16.80
750 13,85 - 5.50 21600  49.10 19.55

900 14,05 5.60 Final
1900 14,25 5.65  reading [9+00 30.05
3600 14,80 5.90

afo ~4 afo -4

(— Ele)Thiol = 1.09 x 10 (- T2 Mindne  © 2,95 x 10
oxygen - oxygen : _

(consumption) Thiol = 0% (consumption) ine = 22 %

oxygen = 201 %
(consumption) Total

Time of colour change = 645 = 700 secs.
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§

4

[CuC1] 1,01 x 10°

(A.7.P.] 04101

THIOL REACTION AMINE REACTION
Time D M Time D M
0 o 0 2800 extra catalyst
30 0 0 . injected.
(% 1.00  0.40 2835  21.00 8455
90 1.70 0.70 2850 22,60 9.20
120 - 2,30 0.95 2880  25.20 10425
150 2.85 1.15 2895 26,30 10.70
180 3,30 1.35 2910  27.40 11.15
250 5.30  2.15 2925 28,90 11.75
360 7.75  3.15 2940 30,10 12.25
A80-  10.45 425 2070  32.25 13.10
€00  12.80 5.20 3000 34,10 13.88
750 13,60  5.55 3150 38,50 15.65
900  15.45 6.20 3600  41.55 16,90
1200 17.00 6.90 5400  45.65 18.55
1350  17.00 6.90 9000 50475 20.65
1500  17.30 7.05 18900* 59,75 24,30
1800  17.50 7.10 Final
2520 17.50 7410 reading 049 339

* Piston wes at the bottom of the gas turette when the
final reading was teken.

afo _ -4 a{o0,.] _ ~4
(- -522‘5'] 1ol = 0092 x 10 ("‘ at2 )! ine = }050 x 10
oxygen oxygen

= 136 % ( ) = 2]0%
onsumptior) Thiol consumption/ , . o '

oxygen = 223 9%
(consumptio:) Total _

Time of colour change = 1230 - 1320 secs,
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(
(

(cuca) 3,03 x 1077
[4.7.P.] 0.102
THIOL REACTION AMINE REACTION
Time D M Time D M
o o K¢ 4320 extra catalyst
20 040  0.15 injected.
40 0+95  0.40 4350  19.25 7.55
60 1.25 0.50 4365 20,40 8.10
80 1.55 0.60 4380 21.15 8.40
120 2,15 0.85 4410  22.85 9.10
150 2.55 1.00 4425 23,60 9440
180 3,00 1.20 440 24,50 9.70
240 3,85 1.55 4470 25,80 10.25
300 4,75 1.90 4500  27.10 210.80
480 7.00 2.80 4560 29,55 11.75
600 8.00 3,20 4680 33,10 13.15
900  10.65 4.25 4800 34,60 13,75
1200 13,30 5,30 5100  37.00 14,70
1800 16,30 6.5 6000 41,05 16.35
2700 173257 6485 93007 30.30 20.00
3150 17445 6,95 16500  57.55 22.90
3600  18.00 7.15 22500  59.60 23,70
3900  18.00 7.15 Final
' resding 75 ’95 29‘40
alo,] -4 (do _ -4
-ﬁdmﬂ=omxm a%%mﬁ_zwxm
Xygen - oxygen _
o = 1z (consumption) ine = 2 %

consumption) Thiol

( oxygen
consumption Total = 195?

Time of colour change = 3600 ~ 4200 secs,
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(
(

[cuca] 1,01 x 10~

[A.T.P.} 0,102

THIOL REACTION AMINE REACTION
Time D M Time D M
0 s 0 6985 extra catalyst
20 O'L5 0.#0 injectedo
40 1.00 0.40 7245 21,25 8.60
0 1.25 0.50 7260  21.75 8.80
90 1.75 ©0.70 7275 22,50 9.00
120 2.15 0.85 7290  22.85 9.25
150 2.50 1.00 . 7320 25,70 9.60
180 2.90 1.15 7350 24,30 9.80
240 3,70 1,50 7380 24,75 10,00
3607 5.0 2,05 7440  25.80 10.45
480 6.50 2,65 7560 26,80 10,85
600 7.75 3.15 7800 28.05 11.35
780 9.10 3.70 8400  29.60 11.95
900  10.05 4.05 10200 31.95 12.90
1200 11.75  4.75 13500  37.35 15.10
1800  14.40 5.80 20100 43,05 17.40
2400 12.20 2.50 24900 46,10 18.65
3600 16.80 6.80 reading 8.0 25455
6600  17.85 7.20

-Eg—ge])tl‘hiol = 0,52 x 0™t (- dé%a]>m6 = 1.70::10'4

oxygen
consumption Thiol

_ oxygen ~
= 1407 Q:onsumptior; Amine - 165ig

( oyges = 155 %

consumptior) Total

Time of colour change = 3600 - 5400 secs.
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[cuc] 1.01 %10~

[A.7.P] 0.100
THIOL REACTION AMINE REACTICN
Time D M Time D M
0 0 0 2160 extra catalyst
15 0.55 0.20 injected.
30 1.50  0.60 2340 20,20 8.25
45 2,75 1.0 2500 21,60 8.80

0 3,90 1.60 2490 22,15 9.05
75 4,95 2,00 2580 23,40 9.55

9 = 6.15 2.50 2700 24,20 10.00
120 8.15 3.35 2850 25420 1030
150 © 10,10  4.10 3000 26,10 10.65
180  11.90 4.85 3600 28.60 11,65
240 14,90 6.10 4500  31.80 13.00
270 15,50 6.30 5400 34,40 14.05

300 15.60 6435 7200 39.35 16,05
360 15.55 6.35 10800 46,70 19.05
480  15.30 6.25

600 15,00 = 6,10

900  14.40 5,70

1800  14.40 5.70

afo,] _ ~h ~afo _ ~h
(" —d—.'Ee)ThiOI = 5.10 x 10 ("‘ dtZ])! ine = l.40 x 10
oxygen _ oxygen -
(consumption) Thioi = 126 % (consumption) Amine 1 %
oxygen ) =126 %
(consumption Total

Time of colour change

il

260 = 265 secs.
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onsumptioc

[ouct]
fa.1.p]
THIOL REACTION

Time

0
15
30
45
60
15
%0

135

150

180

210

240

270

300

260

480

€00

900

1200

1500

(- 9"tg"cézll)l'h:i»ol = 2

r) Thicl

Time of colour change

onaumptio.

1,01 xi10™7

Time

- 2160

2340

2570
2400

2430

2460

2520

2700
300

3600
4200

6300

7500

oxygen
onsumptio

n) Total

~ AMINE REACTION

D

M

extra catalyst

injected.

26,85
27.70
28,75
29,15
29.50
29495
50]20

21,25
33.05

35435

9) Amine

94 %

10,20
11.15
11.50

11.65

11.80
11.96
12.05

30,35 12.10

12.50
15420

34,20 13.65

14.10

G.Q%QQQAminc = 2,51 x 10

= 747

285 « 295 secs.
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"~ afo _ -4 afo y ] -
(- dtzimhiol = 2.8? X 10 (- "'&th Amine = 5-15 x 10
oxygen
= 97 %
consumption) Thiol
Time of colour change = 160 secs,

[cuc1] 1.01 x 1072

[A.T.P.] . 0.101
THIOL REACTION AMINE REACTION
Time D M Time D M
o] 0 0 1080 extra catalyst
10 0.50 Q.20 ) injected.
20 1.10  0.45 1125  17.50  7.00
30 1.95 ©0.80 1140  18.00 7.20
40 2.70 1,10 1155  18.95 7.60
50 3,50  1.40 1170 19.60  7.85
60 4,30 1.75 1185  20.40 8.20
75 5.45 2,20 1200  21.05 8.45
90 6.65 2.65 1230  22.45 9.00
120 8,70 3.50 1280{a) 24.05 9.65
150 10,75 4.30 1320  2h.,55  9.85
180  11.95 4,80 1350  25.00 10.05
240 12,20 4.90 1380  25.80 10.70
300 12,40 5.00 1440 26.65 11.55
450 12,69 5.10 1500 ©  27.10 11.90
600  13.10 -5.25 1620(b) 27.75 12.40
900  13.50 5.40
1500 14,40 5.80
2100 14.75 5.9
6.00

2700 14.95

At (2), half of the reaction mixture was taken from the flask

and added to & large excess of water (sample 1).

At (b), a large excess of water was added to the remaining

reaction mixture {sample 2).
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[cuCl] 1,01 x 10~

[A.T.P] 0.201

THIOL REACTION AMINE REACTION
Time D M Time D M
0 0 o 1410 extra catalyst
10 0.95 Q.40 injected.

20 1.70 0.70 170 19,70 7.85
30 2,40  0.95 1485 20,80 8.30
50 3,15  1.25 1500  21.90 8.75
50 3485 155 1515 22,95 9.1
60 4,50 1.80 1530 2%,85  9.50
80 595 235 1545 24,90 9.9
100 7.35 2.95 1560  25.90 10.35
120 8.65 3.45 1590  27.60 10.95
150  10.75  4.29 1620 29,00 1l.55
180 12,75 5.10 1680  31.85 12.70
210 13.15 5.25 1800  35.15 14,05
250 13.40  5.35 1920 37.20 14.85
300 13.65 5.45 2010  38.45 15.35
550 14,10 5.65 2040(a) 38.85 15.50
600  14.10 5.65 - 2880(Db) 44.05 19.65
750 1435 505

900 14,50 5.80
1200 15,10 6.05

Semple %-was teken at (a) and sample 4 was taken at (b).

(-

a[o
at

2])Thiol = 3,15 x 10

oxygen

4

(;consumption) Thiol

Time of colour change

afo e
(- %Q}mim = 1.91 x 10

L

105 %

=

263

175 =ecs.,




[cuc1] 3,03 x 10°7

[a.T.P] 04099
Time D M
0 0 0

30 1.20 0.50

60 1.65 0.65

90 2,05 0.81

120 2,40 0495

150 2,65 1,05

180 3,10 1.25

240 3,80 1.50

300 4,50 1.80

360 5.25 2,10

480 6.75 2.70

600 7.70 3,05

750 9.20 3.65

1050 11.85 4,70

1200 12.70 5405

1500 14,65 5.80

1800 15,55 6415

2400 16.20 6,45

2640 16,25 645
Vacid 0.0
LT 2.00
Vittre 7.00

Normality of 0.010
' Nazs 205 .

% PhSOSPh 2

alo &
(' —Eigarhiol x 10 0.50

oxygen ,) 127 %
(consumptio Thiol i
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A.T.
Calibration using benzil,

Concentratibn Voltage (mV.)

of solution: (C)

(grms/litre) vl v2 v} ave.
20,04 648.9 6728 645.8 65548
10.02 371,2 369,1 362,8 367.7
5.01 184 .8 184.9 - 184.,9
2,50 - 977 106.5 102.6 102.3

E = 8510 = Calibration constant.
¢ v v v v
1l 2 3 ave

11,70 176.0 1614 167.2 168,2

7400 125.4 112.4 112.8 116.9

4,20 945 9049 - 92.7

2.50 534 5545 - 5445

(Vi) = 25,0
Molecular welght = 340

265

v
ave

32,8
36.8
5740

40.9

v
ave

;1&.4
16.7
22.1

21.8



243.5 243,5
18%,.6 -

15044 127.8

(e, = 22,5
Molecular welght = 380

c v, v, vy
10.4 127.9 127.6 116.0
73 100.0 92.8 97.2
5.l 71.3 €9.1 68.2
}o57 51-2 49 09 49 09

/Yy o = 159

Molecular weight 540

266

ave

247.8

181.0

134.0

ave

113.8
96+7
€9.5
5043

ave

25,1
24,5

24,0

ave

10.9
13.3
13.7

14.1



APPENDIX B.

Calewlation of the Rate of Oxypen Absorption
and the Percentage Oxygen Consumption.

(a) Rate of Oxygen Absorpiion.

The partial pressure of oxygen (P,) in the closed systenm
is given by:=

Py = Paimos = Ppy * Ppiston (A‘B'l_)

‘where P,y = atmospheric pressure (mm.Hg).
Ppy = vagpour pressure of pyridine (mm.Hg).

P pressure exerted by the piston and .

piston the mercury seal (mm.Hg).

PPY at 25°C = 20 mm.Hg (see reference 68).

The frictional forces between the piston and the walls of
the gas burette have been neglected. These forces were assumed

to be negligible as compared to the other terms in equation A.B.l.

Ppiston is given by:-

Total ﬁeight of the nisﬁon and the .mercu.ry seal (=9.9 grms)

Ppiston = C.5.A of gas burette ( = 0.4 % Ir ) xfp He

(A.B.2)

where C.3.A = cross sectional area

{O = density of mercury.
He

Thus the moles of oxygen consumed/litre at S.T.P. () can be

given by:-

M =D x CSeAs x ],v;zzo % 27572 T X ng x 223390 (A+B.3)

where pr = yolume of pyridine (solvent) in the reaction mixture.
267
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T = reaction temperature (°C).

22,390 cc = gram molar volume of oxygen.
(b) Percentage Oxygen Consumption.
Heactions occurring in the thiophenol oxidation are:-

2 PhSH + § 0, —— PhSSPh + H,0 (AB.#)

2 PhSH + 0, ——3 PhS0SPh + Hzo : (AsB.5)

The percentage oxygen consumption is glven by:-

% oxygen . actusl moles of oﬁcigen conbumed/lltre x 100%
consumption moles of oxygen consumed for the complete
oxidation of PhSH to PhSSPh

(A.B.6)

and thus can be expressed by:-

% oxygen  _ actual moles o_i: oxygen consuned/litre x b x 1004
consumption 1initial concentration of thiophenol (moles/iitre)

(A.B.7)
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APPENDIX C.

Calculation of the Percentage
Thiolsulphinate {see section 5.2).

The reactions occurring in the titration are:=-

Liberation of iodine ' + - § o
¥ + PhSSPh + I, + H

by the thiolsulphinate  PSOSFPR + 2H" + 27— , + Hy

(A.C.1)

Titration of liberated o1~ + 2Nat + Na 9,0
iodine by NayS,0, Ip + NagS05 — BI Neg"i's
(A.C.2)
Thus the weight of thiolsulphinate in the reaction mixture
(wthiol.) is given by:-
Titre of Normality of molecular weight V. + ¥

‘ - T acid
y ) Na2$203 X Na23203 x of PhSOoPh )
thiol 2000 Valig,
(A.C.3)
where V, = volume of the reaction mixture (ml.).
Vacid and valiq. were defined in appendix A.
The percentage thiolsulphinate can be expressed as:-
4 vnsospy = Nelent of thiophenol oxidized to PhS0SPh
7 PR T Total weight of thiophenol oxidized (A.C.4)
By considering the following mass balance:-
2 PhSH o} PhSOSPh
220.4 — 234.3 (A.C.5)
it can be seen that equation A.C.4 can be written as:-
- 220.4
o o _ “thicl. x  ZI5.3
Ph30SPh =
” Initial veight of thiophenol (A.C.6)
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APPENDIX D.

Calculation of the Thiophenol .
Concentration (see section 5.3),

The reaction occurring in the thiophenol titration is:-

-PhSH + AgN03 ——3PhSAg + H + NO3 - (AJDLY)
white
precipitate

moles/litre of £ Dormal 1 v

thiophenol in the = Xigl%e ° b ofrnAlgN%; 5""9'4_}: -‘?2 (A.D.2)

sample ) Py

1 . ' .
.95 is the correction factor (see section 5.3).

pr and Vr were defined in appendix B and appendix C, respectively.

Vr/ pr is a correction factor which compensates for the volume
fraction of the thiophenol in the reaction mixture.
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APPENDIX E.

Caloulation of the Factor 'f ‘(see section 6.1.6.).

i.e. to prove that:-
| (1+ @)
wheres | b = moles of PhSH consumed to give PhSOSPh
" moles of PhSH consumed to give PhSSPh and PhSOSPh

f=

Flis

From the previously reported equations 6.1.3.2 and 6.1.3.3 :=

2 PhSH + 0,  PhSSPh  + Hy0
-9)  1a-¢) a-9) (6414342)
2PhSH + O Ph303Ph  + H,0 ‘ (641:3.3)
6 i 19
- alod P+t
we obtaini- at = ¢ °
at
- 4afo S '
but since : --%%1 Z - i%%—Hl X £ (equation 6.1.6.3)
- d{Cs,]
therefore E"E-g"]- = £ = 4+@+Q)
- d[PhsH]
at

2




APPENDIX F.

Calculations Showing the Inadequacy of the Iodometric
Titration for Thiolsulphinate Determination of Samples
Taken During the Course of the Thiophenol Oxidation
Reaction (see section 6.1.6). . .

The three major chemical species pre.sen‘l‘. at time, %, are
thiophenol, diphenyl disulphide and diphenyl thiolsulphinate.
The normal determination of thiolsulphinate is by liberating iodine
from acidic iodide solution (equafion A.F.4), the liberated iodine
being titrated against standard sodium thiosulphate solution. However,
the liberated iodine reacts with any thiophenol which is present
(equation A.F.5)s We now consider the case where a known excess
of iodine in potassium iodide solution is added to the titration mixture
before titrating against standard sodium thiosulphate. The net iodine
liberated by the sample, | even when it is a negative gquantity, can

then be calculated.

Lot (i) rmoles of thiophenol in the

initial reaction smixture = S
(11) moles of thiophenol consumed at time, t = x
(iii) moles of diphenyl thiolsulphinate
produced at time, ' = .y
» « moles of thiophenol remaining at time, t =135 =~ x
The following mass balance is then obtained :-
2 PhSH + % Op ——3 PhSSPh + H 0
X =2y  #(x-2y) F(x-2y) (A.F.1)
2PhSH + 0, —3} PhS0SPh  + H20 (AF.2)
&y y y
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Thus the total moles of oxygen consumed at time, t (C) is given by:=
¢C = y+i(x~-2y) - (AF.3)

'.Efodine ”‘ri't‘ra‘t.ioh

Todine is liberated by the reaction :=

PhSOPh  + 2HY + 2I7 —— 4 PhSSPh + I, + 21,0

¥ _
o (AF.4)
and iodine is consumed by the reaction i

2 PWSH + I, —— Ph3SPh + 28 + 21°
S - x £(3-x) ' (AFe5)

Thus: iodine liberated by y moles of PhS0SPh = y moles

jodine consumed by (S - x) moles of PhSH = 5 (5 - x) moles.
The net iodine liberated (L) is thus given by :-
L =y -~ % (3-2x) ' (AJF.6)
mldtiplying A.F.3 by 2 and rearranging gives :‘...
%
2C = y+3 (AFe?)

equation A.F.6 rearranges to

-y _8

(AeFe?) = (AF.B) gives i

5 3 -
20 L=2 = 20 o2 T
> or L ¢ > (A.F.9)
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Thus equations A.F.3 and A.F.6 cannot be solved for x and

¥y i.e. they are not independent equations but there exists a relation-
ship between C, L and 5 as shown by equation A.F.9. This means that,
at any time, 1, during the course of the reaction, the net amou_nt of
iodine liberated in the lodometric titration is dependent only upon
the initial thiophenol concez;t.ration and the oxygen consumed uwp to
time, t, and is independent of the relative amounts of the 3 species

present.

Upon careful consideration, it can be deduced that the iodometric
titration will fail to determine the relative amounts of the 3
species present at any time, t. The starting material was thiophenol
and as a result of the oxidation reaction up to time, t, and the
iodometric titration of a sample at time, t, the end product of this
sample was diphenyl disulphide only. This is always true regardless
of the relative amounts of ﬁhe 3 species present in the reaction

mixture at that time, t.
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APPENDIX G

Calculation of the Relative Amounts of the
Three Species. (PhSH, Ph35Ph and PhSOSPh)

Present During the Course of the Thiophenol
Oxidation Reaction . (see Section 6.1.6), . .

(1) Thiophenol Titrations.

The calculation for the thiophenol concentration in a given
sample has been described in appendix D (equation 4.D.2).
moles of thiophenocl initial concentration of Concentration of thiow
consumed/litre of = thiophenol in the reaction - phencl in the sample
solvent at time, t  mixture (moles/litre) at time, t (moles/litre).

(A.G.1)

(2) Thiolsulphinate Titration at the End of the Reaction .

The thiclsulphinate concentration cannot be determined exactly
as in appendix C since an appreclable volume of the reaction mixture
was removed during the course of the reactlon. The weight of thioc-

| lsulphinate in the sarple taken for the titration is given by:-

Welght of Titre of Normality of molecular weight

Ph305Ph in ¥a, 5,0, x= N 520 x ‘of PhSOSPh -
the titration = —2-% 3 A (A.G.2)
sample 2000

Volume of reaction initial volume volume of samples\ .
mixture left at the _ of the reaction _ Z removed for PhSH

end of the reaction mixture tltrationb
( vi‘inal) (virﬁ,‘tial) sample
(A.G.3)
+ +» Volume of solution from which
the aliguot was taken for v v
Ph30SPh titration (V) = final + ‘acid (A.G. &)




v was previously defined in appendix A.

acid

+ « Wweight of Ph305Ph o
in the final reaction weight of Ph305Ph ¥V vinitial
mixture if no samples = in the titration 'x . VE e
had been removed sample aliq final
W, . .)
. thiol’ . (A-GoE)

220.4

W
. « % PnSOSPh = thiol x 2303 44 4n equation A.C.6.
: Initial weight of
thiophenol

(3) Moles of Oxygen Consumed/litre (M).

In order to obtain the total moles of oxygen consumed/litre
(M) at any time, t, the method of calculation given in appendix 3B
has to beo modified. This is because the total volume of the reaction
mixture changes when a sample is removed for the thiophencl titration.
A value of M(Mn) has to be calculated for each section of the reaction,
one section being the interval between sucessive sampling. The total
value of M up to any time, t, is the cumulative total of the calculated

Mpn's up to time t. The individual values of M, are calculated as follows:-

— C.3.A of the 273 e 1 1000
Mn =D x gas burstte X 273+ X ?60 x 22'390 X 7 (A.oGoé)
y(t)
where
volume of pyridine initial volume volume of sample

v (t) = in reasction mixture = of pyridine in - taken for the

12 at time, t. reaction mixture thiophenol

(v..)) titration

124

(A.G.7)

N.B.. The value of D is corrected fo compensate for the volume of the
sample which was removed from the closed system for the thiophenol

titration.
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%

Therefore:= M, at time t = E M (A.G.8)
n

o
and:=

% oxygen x) = % at time t x 4 x 100
consumption initial concentration of PhSH (A.G.9)

Lf the thiolsulphinate and the disulphide were the orly
products of the thiophenol oxidaition reaction then:-

% oxygen = + % PhS |
oot on(X) = 100 + & PHSOSPh (A.G.10)

For the thiophenol oxidation reactions considered in se;:'biqn
6.1.6, 'bhis is not exactly true but X was greater than {100 +
% PhSOSPh) by about 10%. As stafed in seétion.6.2.l.1. (b), oxidation
products of thiophenol other than the disulphide and the thiolsul~
phinate were probably formed. Thus these products must be taken
into account in the present calculations. As stated in seetion
- 6.2.1.1. (b), the thiclsulphonate (Pl'sSOzSPh) was not detected in the
final reaction mixture of the oxidation reaction and thus the
compounds Ph30,50Ph and PhSOQS() Ph would probably not have been formed

2

either. Other possible products are PhSQH, PhSO2

the extra 10% oxygen consumption was used to formi=

H and PhSOBH- If

(1) PhSOH, then 5% of the initial thiophenol concentration would be
used. to form PHSOH. |

(2) PhSOzH, then 2.5% of the initial thiophenol concentration would
be used to form PhSOZH.

(3) PhSOBH,= then 1.7% of the initial thiophenol concentration would
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be used to form PhSOBH.

If we assume that 3.4% of the initial thiophmnol concentration
was used in consuming the extra 10 oxygen consumption, then the
maximum error would be + 1.7 of the initial thiophenol concentration

(i.0. well within the limits of experimental error).

Thus it is assumed that 96.6% of the initial thiophenol

present was used to give the disulphide and the thiolsulphinate. Then:-

« Concentration of PhSH thiophenol

. « consumed in producing (G,) = consumed x 0.966 (A.G.11)
PhSSPh and PhSOSPh (moles/litre)

Similarly, the value for the moles per litre of oxygen consumed

has to be corrected.

. moles/litre of oxygen actual moles/ 4 o |
. «» consuned in producing (M.) = litre of oxygen x 100 + EPhDOSPh
Ph3SPh and PhSOSPh consumed 4
(A.G.12)

e now consider the following iwo reactions cceurring in the

thiophenollokidation.

2PhSH + % 0 — PhSSPh  + H,0 (A4.G.13)
a La za

2 PhSH + 02 —>PhS05Ph + H,0 (A.G.14)

b 3b %b

From the above mass balances we obtain {_
a + b = G’c (A.G.l5)
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These two equations can be solved for a and b thus giving the

relative amounts of the disulphide and the thiolsulphinate
present in the reaction mixture at time, t; from this the values

of F(see section 6.1.6) can bs found.
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APPENDIX H

Derivation of the Kinetic Rate Exprebbionb .
From the Kinetic Schemes Given by Tsuchida et al(15)

The three kinetic schemes considered weretw

Kox Ky K, v K,
1. E+02,‘.‘*:"‘Eo02:E02+‘-_;ESO——)ESOZ-—-—}
K..ox K.‘-1
B 02' + 8Y —— ) coupling (AL
B
Kl Kox Ke Kd
2, E+ S—=E5; E9+02‘_—__—_:}$02-————)E302"———)
K K
-1 ~-0X
E 0, + 8! —— coupling (A.He2)
E
K K X K
3. E+S5/—= s e}ES';ES'+02\_P—-TJE_* Esa ' —3,
K K 2
-1 -0X
E 0yt + 5' ——— coupling (4.1.3)
E

il

Where B copper catalyst species

5 = substrate (phenol monomer)

i

BEO copper-amine-oxygen complex
ES 02 =  copper-amine-phenol-oxygen complex

ES 0,'= activated copper-amine~phencl-oxygen complex

8
)

copper-amine-phenocl complex

and E3' activated copper-amine-phencl complex
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The reaction rate, vy was given by kdE‘.SOzfl and was expressed by :i-

YaT BT X, (e
A [0,]
vhere V . = EE—ZT r— [E]o {AH.5)
K. + K K
and X = ( -1 21 . /K d - (AH.6)
: Kl \ e + 4

A = K K X, for equations A.H.l, A.H.2 and A.H.3.

ox ‘e "d
B = ¥4 (K-l + Ke> for equation 4.H.1
B = Kd (K-QX + Ke) for egquation A.H.2.
B = Kg (K_ox + Kd) for equation A.H.3.
Cc = Kox (Ke + Kd) for equations A.H.1, A.H.2., and A.H.3.

substituting equation A.H.5 in equation A.H.4 and simplifying gives:-

a1, Ls]

d= C[OzJ [SJ + B [S:l + km ¢ faz:[ + Bk_m

(AHe7)

Derivation of the Kinetic Rate
Equation From the Hinetic Schems.

It is assumed that (1) the concentrations of the complexes
EOz. E305, ESOZ', ES and E3' are constant during the reasction and

(2) there is a negligible concentration of the complex B 0,*

- 28




Equation A.H.L

d|E0z| _ K oo EIP2] - K_oe[B0] ~ Kl[E-Oz][S] + K_J_[’E.sozj: 0 (A.H.1.1)
dt

a |qu2|

= Kl [B-0][5] - K4 [8‘302:]- K [ES0,]= 0 - (A.H.1.2)

dlm°2|~ . [704] - %4 [ms0,] = o (4.H.1.3)

[2 ] =[2]+[E0,] + LESO?] + [E.soz'] (AHolo4)

Thus we have 4 independent equations (A.H.l. 1-4) and 4 -
variables (the four expressions on the right hand side of equation

A.H.1%) and thus the values of the 4 variables can be found.

The rate is given by i=

vy = K, ]:E'soz'] (AvHo1.5)

By manipulation of equations A.H.1. 1-%, an expression for E30,'
in terms of known quantities can be found. Substituting this
expression in eguation A.H.1.5 and rearranging gives thoe

following expragsion i=

Kox Kg Kd [E 01[5] [02]

dKox

v, =
d K-()}{Kd

(5 #8,) + KK [s]+ === (x ) [0 ] +x (k) [5] [0,]

(A.H.1.6)
This equation is not the same as that given by Tsuchida et al.
However, it is now showm that an expression of this form would still

give linear Lineweaver-Burk plots.

Aguation A.H.l.6. is of the form :-

.2.82




7 2] 15,

v, = (A.H.1.7)
G [og] + H[5][0,] + 4 [5]+ L |

vhere F, G, H, J and L are constants
Th R S L (AvH1.8)

“*‘“ [e][n]o fe], F o[l " F [0,ILT1E], e

: J

* - _]_-__ = _]: { G 4o L -+ : = M (A.H.l-g)

R [‘ﬂlF ] F[0,] [E]s FIE], Flo[E], |

It can be clearly seen that a plot of 1/vy; wvs 1/[5],the
Lineweaver-Burk plot, would be linear (provided the partisl pressure

of oxygen was constant).

Thus, the kinetle scheme given by equation AJH.1 would give

a linear Lineweaver-Burk plot.

Equation A.Ii. 2

8 Using a similar procedure to that for equation A.H.l., it can
be shown that the rate expression corresponding to the kinetie

scheme of equation A.H.2 1is given by:

ox d [“] LL"

& T X

=0 ©

H ‘H

(A.H.2.1)

X KK K 1
_1 (K _+K) + e ox d [0 ?J+ Kd(K_oxﬂ{e)[S] +Kox(Ke+K d) [3 _J [OZ]

This is again different to the equation obtained by Tsuchida et al.,

but is still of the general form given in equation A.H.l.7 and thus

would still give linear Lineweaver~Burk plots.
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Equation AJH.3

Using 2 similar procedure to that for equation'A.H.l,' it can
be shown that the rate expression corresponding to the kinetic
scheme of equation A.H.3 is glven by:-

v, = i i . (AH3.1)
CK, 0] + CI,IT+ B [5] |

where the values of A, B, C and Km are those previocusly defined.
Again this equation is different to the one given by Tsuchida et =l.
However, again it can be seen that the Lineweaver-Burk plot would

sti11 give a linear relationship.

Thus although the kinetic rate expressions derived from the
given kinetic schemes, differ slightly from those given by Tsuchida
et al., 2ll the corresponding Lineweaver-Burk plots would give

linear relationships.
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