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SUMMARY

PART I

Oxidation of Benzene Homologues

Benzene homologues other than toluene (i.e. meta-xylene,
pseudo~-cumene, and mesitylene) have been shown to undergo
electrophilic hydroxylation on treatment with peroxytrifluoro-
acetic acid. An alkyl group in the position para- with respect
to the hydroxyl group introduced, migrates so that the para
quinone can be formed; & mechanism for the rearrangement has
been postulated.

Oxidation of Phenols

By starting with the phenols, good yields of some quinones
have been obtained. Meta-2 xylenol gave para-xyloquinone;
and pseudo-cumenol (2,3,5 tri-methyl phenol) gave pseudo-
cumoquinone, Other phenols, e.g. cresols, and ortho-xylenols,
gave tars; an explanation of this sequence has been put forward
based on the stability of the quinones.,

2,4,5 Tri-methyl phenol (i.e. containing a methyl group in
the position para- to the hydroxyl group) gave 2,4,5 tri-methyl
quinole in good yield. Other methods described in the

literature for the preparation of this compound are unreliable.

High Temperature Vapour-Phase Chromatography
The analysis of complex mixtures of high boiling materials

required the development of a reliable system for working

temperatures about 200°C. This was achieved after much



I<

investigation, by constructing a thermistor detector, and
using a column incorporating 'Apiezon L' high vacuum grease

as stationary phase,

PART II

Polymers
Octafluorocyclohexa-1,3- and -1,4- dienes became available

via the controlled fluorination of benzene. Attempts to form
homopolymers by gamma~irradiation of these compounds were
unsuccessful, A series of co-polymers with hydrocarbon olefins
and the 1,3-diene have been prepared, i.e. with butadiene,
styrene, methyl-methacrylate. No co-polymers with halogenated
olefins (i.e. C,F), and CF,CFC1) could be obtained.

Telomers

A 'reactive' olefin-tetrafluoroethylene (easily forms a
homopolymer), when irradiated with CF5I, and C,F C1 gave solid
products of the formula CF3(02Fu)nI’ with average 'n'-values
between 5 and 10.

An 'unreactive' olefin-hexafluoropropene, has been
irradiated with various telogens, and an order of relative
telogen reactivity has been established, i.e. methyl alcohol =
methyl mercaptan :> CFzBr2:> CClu = 02F5I. Products

t.t

consisted mainly of the 'm" = 1 telomers.
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PART I

OXIDATIONS USING PEROXYTRIFLUOROACETIC ACID

CHAPTER I

HISTORICAL SURVEY AND INTRODUCTION
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The reactions are said to take place via the formation

of a mixed anhydride (I) which then ionises to give an
acyliumcation (RCO)+ because of the extreme electronega-

tivity of the ~CF

UPe
3 group

CF3

CO_
(CF5C0),0 + RCOOH —

0 + CF.COOH
R. co” 3

(1)

CF,CO
3 02 (CF5C00)™ + (rcO)*
R. CO

OH OCOPhH

(Phco) ¥
—_—

Similarly, activated hydrocarbons have been made to
react with carboxylic or sulphonic acids to give ketones

and sulphones respectively.

OCH3 QCH3
CHyco)*
(CHy 0)E

COCH3

W. D. Emmons appears to have been the first to use peroxy-
trifluoroacetic acid, and following are some of the reac-
tione to which he applied the reagent:-

1.  The oxidation of nitrosamines to nitramines.'’>*

R2N.NO———+ R2N.N02



Do

2e The oxidation of aromatic amines to nitro compounds;u
a reaction previously carried out using Caro's acid and
peracetic acid but in poor yields.

Ar.NHZ———4 AP.N02
3e The oxidation of olefins;5 most peroxy acids have
been used for this purpose, performic being one of the most
effective. Peroxytrifluoroacetic acid has the advantage
of increased reactivity, and leads to considerable
rractical advantages in the preparation of alpha-glycols.
Ue The epoxidation of olefins,6 especially those with
substituents which increase the electron density at the
double-bond. This reaction is dependent on the presence

of a buffer in the reaction medium e.g. di-basic sodium

rhosphate or sodium carbonate or bicarbonate,

R,C = CR,— R_C CR

2 2 2 \\O// 2

2

5 The oxidation of ketones to esters,’ and cyclic ketones

to lactones,8 rapidly and in good yields.
RR'C=0—~— R.COOR'

TheAper-Acids3u

These reagents can be represented by the general
formula, R.COOOH. They are mainly used for adding oxygen
to atoms which possess unshared electrons and the epoxida-

tion of olefins

e e C1-CH,-CH C1-CH,-CH

2™ o 277 2
S— _8=0 + R.COOH.
C1-CH2—CH2/ C1-CH,,~CHz
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The common per-acids have been prepared as following9:-
Perbenzoic: Benzoyl peroxide plus sodium methoxide, or
'in situ' by bubbling oxygen into benzaldehyde.
Monoperphthalic: Acetic anhydride plus 30% hydrogen
peroxide,
Peracetic: Acetic anhydride plus 30% hydrogen peroxide.
Performic: Formic acid plus 30% hydrogen peroxide; this
is a hazardous reagent to handle.
Now that High Test (80-90%) hydrogen peroxide is commerci-
ally available, it will probably be used in these prepara-
tions to better effect than 30% hydrogen peroxide.

In this class of reagents we can include Caro's acid
(HQSOS),10 and hydrogen peroxide in anhydrous hydrogen
fluozfide.m’11

The per-acids have been used extensively for the
epoxidation of olefins and the mechanism of this process
has received much attention. It is now accepted that for
this reaction, the per-acids are electrophilic reagents
since -E, or -1 substituents will accelerate, and +E, or +I
substituents retard the reaction (i.e. a =I and -E substit-
uent will increase the -ve charge on the C- atom when
replacing H in C-H).
€eZe -C(Alk) = CH- Accelerated.

It has been suggested that the peracids act by the provi-

sion of free hydroxyl cations12:-



+

+ ~
C\:——s 2y +H

/\j

>c=c< + OH' — >cl:-

OH

(1) |

This mechanism has been refuted on the basis that the

expoxidation is always cis addition; if the stage involv-~

ing a carbonium cation actually existed (1), we should

expect free rotation about the single bond produced and
both cis and trans forms of the epoxide would be formed.

It has been pointed out that c¢is addition would

automatically follow if the initial attack (either by ot
or the highly polarised peracid) gave rise to a structure

analagous to a DEWAR W-complex (2).13’“‘L

\ / \/ 1. v

G C t

[ + oH*— | H—oH — |/o + HY
C C C
/\ |/ /\

(2) )
The opening of an epoxide ring always results in
inversion, producing specifically trans glycols13
cf. halogenation,

Kinetics have shown that the reactivity of perbenzoic
acid follows the double bond orders of the olefinic links
in the series styrenq>>trans-stilben$:>triphenylethylen§>
tetraphenylethylene, and hence the alternative view has
been put forward that perbenzoic acid acts as a 'double-
bond' reagent i.e. attacking the double bond rather than

one of the constituting atoms.15









TABLE..

PRODUCTS OF OXIDATION OF BENZENE

BY DIFFERENT REARGENTS.
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HARRIES and WEISS (1904) 24
PERRET and PERROT (19LS5)"?
STEIN andWEISS (1948,1949) 8
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CROSS et ql. (1900) 2*
COOK and SCHOENTAL(1950) 17
MILAS (19Lb) 28
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This type of compound (4) has been formned on aromatic
side-~chains,

The literature is not very well defined on the
oxidation of aromatic systems compared with other oxidation
reactions.

Table 1 shows the products which have been obtained in
the oxidation of benzene. Comparison is made between:
ozonolysis; the attack of free hydroxyl radicals produced
in agueous solution via X-, or gamma-rays, benzoyl peroxide,
or from a mixture of hydrogen peroxide and ferrous sulphate;
and reaction with hydrogen peroxide containing catalytic
amounts of osmium tetroxide.

This series illustrates how varied the products of an
oxidation reaction can be, depending on the reagent and the
REACTION COMNDITIONS employed.

Kirmagoi and Wolfenstein29 oxidised toluene with
alkaline potassium persulphate to dibenzyl, and para cresol
to dihydroxy dibenzyl; acid persulphate oxidised para
cresol to L-methyl catechol and 3-methyl hydroquinone.

An emulsion of ortho xylene in dilute sulphuric acid
was electrolysed,3o by Fichter and Renderspacher, giving
3,4 di-methyl phenol (5), which was then further oxidised

through the guinole (6), to 2,6 benzoquinone (7).



CHs | CHy OH 0
CHy CH3 CHy CHy
—_— —_—
OH 0 0
(5) (b) (7)

At the same time, some di-xylenol and ortho-tolyl aldehyde
was l1lsolated. The electrolytic oxidation of ethyl benzene
gave a varlety of products but mainly ethyl benzoquinone.

Waters has oxidised phenols31 with benzoyl peroxide
and with free hydroxyl radicals. Hydrogen abstraction
occurred, glving rise to mesomeric free phenolic radicals,
Dihydric phenols and various products arising from coupling
of the free phenolic radicals were 1isolated. Phenol and
cresols appear to have resulted nainly in dihydroxy
derivatives, but mesltol gave many dlmers corresponding to
the ways 1n which the phenolic radicals coupled.

sooth and Saunders’? oxidised mesitol and gualiacol
with peroxidase plus hydrogen peroxide,. They isolated
products formed by side-chain attack on tanse methyl group in
a posltion para to the original nydroxyl group l.e. an
alcohol (8), aldenyde (9), and meta-xyloquinone (10),

together with other products.

10.
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Reactions with 1,2 benzanthracene are the most
interesting to note because, in this case, products arising
from meso attack can be clesrly differentiated from those
arising from attack of the reactive bond (between
carbon-atoms 3,4).

There has been a great deal of discussion in the
literature about the mode of reaction of some oxidising
agents, and with a number of them, the mechanisms are by no
means agreed upon. Permanganate oxidations of aromatic
hydrocarbons can be taken as an example; the products are
complex mixtures containing phenols, quinones,
hydroquinones and other products. Since the reactions

tend to go past the phenol stage, Shoental has interpreted

16 6

this as characteristic of an ionic reaction, © but Wateps™
holds the opinion that nermanganate and related reagents
react by abstracting atomic hydrogen from the hydrocarbons,
and then the addition of neutral hydroxyl radicals occurs.

A complication in some reactions may be that under
certain conditions, a particular process (free radical or
jonic) is energetically most favourable but a slight change
in conditions e.g. an increase in temperature, is sufficient

to make another process energetically possible, and hence

more than one process may occur at the same time,



17.
Some of the apparent divergences of opinion in the

literature over the ease of certain reactions e.g.
peracetic acid on aromatic hydrocarbons, may arise from
differing experimental conditions, Arnold and Larson39
have shown that peracetic acid prepared from excess acetic
anhydride and perhydrol (30% hydrogen peroxide) is
unreactive to benzene and toluene whereas a mixture of
glacial acetic acid and perhydrol reacts. It is not
possible to decide to what extent peracetic acid is being

formed and hence responsible for these reactions. .

Approach to the Present Investigation

Most of the oxidising agents which have been used
appear to involve free radical intermediates, but there are
cases in the literature, where oxidation appears to involve
electrophilic attack by the oxidising agent, The most
apparent examples are those supplied by the organic per-
acids; these may or may not involve the existence of free
hydroxyl cations., It has been proved conclusively that
reactions of organic peracids with ketones (Baeyer Villiger
reaction), and with olefins, involve electrophilic attack.
However, it does not necessarily follow, that a particular
peracid will be a simple electrophilic reagent toward
aromatic systems, even if it is the case for reactions with

olefinic compounds.
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Derbyshire and Watersh7 have demonstrated the existence
of the OH" entity. They calculated that this should exist
to a considerable extent in a solution of hydrogen peroxide
in 10-Normal acid. Acetic acid plus hydrogen peroxide was
unreactive to mesitylene and other aromatic hydrocarbons
but addition of sulphuric acid to the mixture caused
reaction to occur; mesitylene gave a good yield of mesitol,

There appears to be no justification for neglecting the
formation of peracetic acid on the addition of mineral acid;
it is known that mineral acids catalyse this formation,.

The peroxide bond in peracetic acid should be more highly
polarised than the peroxide bond in the more symmetrical
hydrogen peroxide molecule, Hence, peracetic acid, if
formed to any extent, should have a greater tendancy than
hydrogen peroxide, to produce oH'.

Thus, although the existence and reaction of OH' has
been conclusively proved, the origin of this ion remains in
some doubt,

It seemed that if the other peracids could be regarded
as electrophilic reagents, then peroxytrifluoroacetic acid
was likely to be an excellent source of free hydroxyl
cations. Examples of the superior oxidising power of
peroxytrifluoroacetic acid has already been demonstrated by
Ermmons | 23~ 7 and his co-workers, and the ease of formation of

the ion, CF3COO-, is clearly demonstrated in the work of
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order of the olefinic links and suggested that the reagent
L4

behaves as a double-~bond reagent, Waters disagreed with
this inference on the basis of being able to isolate
products arising from only 'meso'-attack, in reactions with
rolycyclic hydrocarbons.

It was decided that the reaction of peroxytrifluoro-
acetic acid and polyeyeclic (carcinogenic) hydrocarbons was
worthy of careful investigation; reactions with naphtha-
lene, anthracene, 1:2 benzanthracene and pyrene were
envisaged. It was thought that the reagent may behave in
a manner analagous to halogenation and only attack the
'meso' positions.

The opinion was held, that the work of Waters 4did not
go into sufficient detail, in order to identify reaction
products other than those arising from meso-attack, It
was the aim in this investigation to be able to decide
absolutely whether only meso attack occurs, or whether this
is accompanied by attack on the reactive bonds,

Unfortunately, events have only allowed time to begin this

part of the investigation.
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CHAPTER Il

DISCUSSION OF RESULTS
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DISCUSSION OF RESULTS

THE OXIDATION OF BENZENE HOMOLOGUES

Since the equilibrium in which peroxytrifluoroacetic

acid is formed is set up instantaneously,

(CF'3CO) 50 + H202:_:‘ CFBCOOOH + CFBCOOH
it was not necessary to preform it before mixing with the
hydrocarbon solution, In later experiments, it was found
that trifluoroacetic acid could be used instead of the
anhydride, The yields were lower by one-third, but the same
products were obtained, and its use cut out the losses
incurred in preparing the anhydride.

It was found that a 30-40% conversion of alkyl benzenes
into a mixture of phenols and quinone could be effected,

The aqueous layers yielded only trifluoracetic acid, and
traces of a gum; no appreciable breakdown of the aromatic
ring appeared to have occurred, otherwise, unsaturated acids
would have been isolated.

Proof of the electrophilic oxidation came from the
reactions with meta-xylene and pseudo-cumene (see FIGURE 1).
In the former case, the products were meta-2 and meta-4
xylenols, (1 and 2 respectively), and meta-xyloquinone (3), in
yields of 15%, 35% and 20% respectively, based on the amount
of hydrocarbon used up.

Oxidation of pseudo-cumene gave 2,3,6 tri-methyl phenol.

(5), 2,4,5 tri-methyl phenol (6), and pseudocumoquinone (7).
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FIGURE |.
meta- X YLENE
CH,
\ AN 2
!
\\/’CH3
»
CH3 CH3 CH;y
[:::] [\¢4JCH3 J::;;T;HJ
(1)
C Wy

NO FORMED
HO CN}

(L)

PSEUDO-CUMENE

*l N #*
~ CHy
CH3
HO
Q. O (;r

(6) (5)
CHj
NO FORMED
HO CHy
CH,

®)






25.

HO
nzu\ Mo
—>
M s N
HO
ZERN T
|
qu U
(o

T 330914



26.
amount of pseudocumoquinone, The latter probably resulted
from the formation and rearrangement of mesityl quinole.

This compound itself was not isolated from the reaction
mixture, but by treating 2,4,5 tri-methyl phenol (13) with
peroxytrifluorocacetic acid, the ocrresponding 2,4,5 tri-methyl
quinole (14) was isolated in about 10% yields The mechanism

for the complete reaction is probably as shown in FIGURE 2.

OH e
CH3 CH3
CHy CHy
CHy OH-” " CH4
(13) (L)

Derbyshire and Watersu7 effected electrophilic
hydroxylation of mesitylene and other aromatic hydrocarbons
by adding concentrated sulphuric acid to a mixture of the
hydrocarbon and hydrogen peroxide, in acetic acid solution.
They attributed this oxidation to an ionisation of the
hydrogen peroxide under the strongly acid conditions,
producing free hydroxyl cations i.e. rather than the
production and ionisation of peracetic acid.

HO~OH — HO™ + OH'
Cosgrove and Waters did not consider what appears to De

an alternative explanation, the production and ionisation of

Caro's acid.
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HO ++ O HO_++ O°

Ho” >o- Hoo” No-

I

HSo; + on*

In the present series of reactions, the fact that the
reaction products were the same, using either trifluoroacetic
acid, or trifluoroacetic anhydride, and 'high-test peroxide'
shows that the reaction process was the same in each case.
Trifluoroacetic anhydride gave a greater yield of products
than did trifluoroacetic acid, and it is obvious that in the
reactions using the anhydride, peroxytrifluoroacetic acid
had been formed, and ionised producing ou*. If reaction
had occurred via ionisation of hydrogen peroxide under the
acid conditions, then trifluoroacetic acid would have given
a greater yield of products than the anhydride.

OXIDATION OF PHENOLS

Bamberger37 claims to have isolated very small amounts
of tri-methyl quinole (14), and other guinoles by the
oxidation of methyl phenols with Caro's acid. He was able
to rearrange them in the presence of either acid or alkali
but gives no experimental details; this has not been
confirmed because other workers have not been able to repeat

31

the preparation of the quinoles” .
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quinone which is formed, Erdtman55 investigated the
stability of methoxy, and methyl substituted quinones, by
their reaction with acetic anhydride plus concentrated
sulphuric acid; and by treating with acid and alkali.
Erdtman55 has described a quinone as two keto-enoid

gystems, of the type (19), and the effect of substituents on

(19)

the reactivity of the gquinone nucleus depends on the

polarisation of the two attached conjugated systems.
The reaction of acetic anhydride (plus sulphuric acid)
carried out by Erdtman on quinones, was simple addition of

acetic anhydride.

-« 0" 0"
e.g. + 0 — _—
+ 0Az
H H
|-+

(0]}
—
ORe ORe
oQz

o-
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di-methyl quinone (24). At first sight, there appears to be
no reason for the stability of 2,6 di-methyl gquinone (25)
(meta-xyloquinone) because although one of the systems is
stabilised by this means, there is at the same time, another
system
R m@: CH-
(29)
which might be capable of conjugation as shown, and the
final expulsion of a proton.
Erdtman gave no explanation for the stability of
2,6 di-methyl quinone. The fact which was not appreciated
at that time, is that a methyl substituent in a keto-anoid
system (27) can conjugate with the carbonyl group, whether
attached to the alpha, or beta carbon atom (with respect to
the carbonyl group). Thus, in (29), the alpha methyl group
would prevent the polarisation indicated (which would result
in the elimination of a proton).

Colour Formation

In the oxidation of a hydroquinone to a quinone, whether
the oxidation occurs from the unionised hydroquinone (30), or
the di-anion (31), the intermediates are free-radical in

nature.



or
b o

H
O  +ve L0 +VeQ 0

.0
Q: a 0.4Ve °
(30)
:6:-Ve 0 o o
-1e -
-ie | e [:::]
0. -Vve ‘AN o ]
0. -ve ;0. 0

(31)

These intermediates (semiquinones) are analogous to the
highly coloured Wurster salts, and account for the intense
colour changes produced during the oxidation of phenols with
peroxytrifluoroacetic acid.

The phenols with methyl groups para to the hydroxyl
group d4id not exhibit the full colour sequence. This was
obviously because oxidation progressed through quinoles,
and these rearranged very slowly to the hydroquinone, whose
subsequent oxidation produces intense colour,

Reaction of Grignard Reagents and Quinones

Bamburger and BlangeySu obtained a small amount of
1,2,5 tri-methyl quinole by the reaction of methyl magnesium

iodide, and para xyloguinone.
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CH OMqT

0
-+ CH3 msl 5 HYDROLYSIS
CHy CHy
o] (o)

This reaction has been repeated in connection with the
present investigation, The products were eluted over
alumina, and some quinole was isolated; in addition to the
quinole, a quantity of white needles (m.p. 21&00) was
obtained. Thus, it seems obvious that dimerisation had
occurred, but the constitution of the material is still
unknown,

The reaction of methyl magnesium iodide, and meta-

xyloquinone gave a very small amount of 1,3,5 tri-methyl

gquinole,
(o]
CHy OMqT CHy;  OM
HYOROLYSIS
CH3 CH, CH} CHy CHy CH;y
0 0 o

and some high melting material.

Perhaps similar considerations apply in these reactions
as apply in the oxidation of phenols. Any fully conjugated
system of the type

—cn £cr Y ¢ L0 would give -CH - (|JH clz - OMg R

CH3
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with a grignard reagent, but if tﬁe conjugation were reduced
by the introduction of an electron donor into either the
alpha or beta position (with respect to the carbonyl group)
then the carbonyl group should polarise simply to give
~Cc*-0", and this would yield the quinole.

Suggestions for Further Work

1. The reaction of quinones with grignard reagents appears
to involve an abnormal reaction to give some dimeric
products, this field is worth pursuing.

2 Feroxytrifluoroacetic acid oxidised benzotrichloride
gquantitatively to benzoic acid but benzotrifluoride was not
effected. It would be interesting to attempt to oxidise
amino- and hydroxy-benzotrifluoride in order to determine
whether any trifluoroacetic acid is produced by the reaction,

Oxidation of Polycyclic Systems

Insufficient investigation has been carried out in this
section to enable definite conclusions to be drawn. The
oxidation of phenanthrene, and phenanthragquinone to dipheniec
acid is in agreement with the manner in which we would
expect an electrophilic reagent to react with these systems.

Future Work

1. It is evident that a careful investigation of the

oxidation of 1,2 benzanthracene would be very valuable,
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EXPERIMENTAL

SECTION 1:- THE OXIDATION OF BENZENE HOMOLOGUES

Previous workers have carried out reactions by dropping
the reactant into pre-formed peroxytrifluoroacetic acid.
Some initial experiments in this investigation were carried
out on anisole, in an attempt to effect hydroxylation, At
first, the pre-formed peracid was dropped slowly into a
mixture of anisole and chloroform; these conditions proved
to be too drastic, because the product was a dark, viscous
tar.

The procedure was adopted, of preparing the peracid
'in situ'; ‘'high-test peroxide' (85% hydrogen peroxide) was
added slowly to a mixture of trifluoroacetic anhydride,
anisole, and chloroform. Under these conditions, guaiacol
(ortno-methoxy phenol) was identified amongst the reaction
products. Similarly, mesitylene yielded some mesitol.

Methylene chloride was next used as a solvent, and
milder conditions were obtained by maintaining the reaction
flagk immersed in an ice-bath contained in a dewar-flask.

It was found that trifluoroacetic acid could be used instead
of trifluoroacetic anhydride, a lower yield of products
being obtained.

Under these mild conditions, mesitylene yielded crude
mesitol, but reaction with pseudo-cumene, and meta-xylene

produced dark red oils. These oils had very high boiling
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points. By distilling under vacuum, using a multiple
receiver-adaptor, several fractions were obtained; these
varied in shades of red, and in some cases, partially
crystallised, An extensive black residue was left in the
distillation flask in each case.

Phenols and quinones are known to interact, forming
pheno—quinones. It was believed that the red oils
constituted such a mixture. Smith and his co-workersh9
reported the formation of red oils (pheno-quinones) in the
preparation of quinones from phenols (via the amino-phenol),
and were unable to separate them; distillation was
particularly ineffective. The infra-red absorption spectra
of the oils produced from pseudo-cumene and meta-xylene,
confirmed the presence of carbonyl and hydroxyl groups
(either free or hydrogen bonded).

It was confirmed that the red oils were not simply
gquinhydrones (mixtures of quinones and hydroquinones)
since attempts to oxidise them completely to quinones were
unsuccessful, Oxides of nitrogen, chromic acid, and
manganese dioxide were used as oxidising agents for this
purpose.

Thus, the problem resolved itself into the development
of a method for separating phenol-quinones mixtures.

Authentic mixtures were made up, and a resolution was sought

by means of liquid elution chromatography; paper
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chromatography being used as a quick means of comparing
different eluting solvents on the mixtures., Using an
alumina column, it was possible to separate quinones and
phenols from quinone-phenol mixtures, using light petroleum
ether (b.p. 40-60°C), benzene, or methylene chloride as
eluent; apart from mesitol, the phenols investigated could
not be removed quantitatively from the column.
Deactivating the alumina rendered separations impossible.

It was decided to analyse the mixtures with the aid of
high temperature Vapour-phase Chromatography. The reaction
products 4id not lend themselves easily to Vapour-phase
Chromatography and, in addition, it has been shown that
quinones and phenols interact enough to prevent separation
by this means. The problem was overcome by methylating
the mixture; the methyl ethers so formed were ideal for
analysis and separation by Vapour-phase Chromatography.

It was not possible to confirm the mechanism of
reaction by hydroxylation of toluene because, under conditions
necessary to cause reaction to occur, the toluene reacted
vigorously, with much breakdown, to give a complex reaction
product which was not easy to separate. Benzene behaved
similarly.

Ligquid Elution Chromatography

The columns were constructed as shown in FIGURE 1.
When the apparatus was clean and dry, a plug of glass wool

was placed above the sintered disc, and a slurry of alumina
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in the eluting solvent, was added. The column was tapped
with a piece of rubber tube after each small addition, this
prevented air-bubbles being formed (air-bubbles, and breaks
in the column give rise to chanelling, and hence non-uniform
bands ).

The inclusion of a tap in the construction, enabled a
colum of alumina which had been made up from a slurry, to
be kept for a short while before use, without running dry.
When the first fractions had been eluted from the column,
the apparatus could be fitted up as a soxhlet extractor in
order to remove strongly absorbed components. Even
continuous extraction in this manner with methyl alcochol
was not sufficient for gquantitative recovery of the phenols
investigated.

Paper Chromatography

Method 1. The Rf value (the distance moved by the

component divided by the distance moved by the solvent
during elution) of a component for a particular eluent can
be determined guickly and simply: a strip of chromatography
paper is folded, taking care not to touch the paper with the
fingers (FIGURE 2); a line is drawn across the paper a
short distance from one end, and another line is drawn
parallel to it, 10 cms. away, A spot of material is placed
at each edge of the paper, juwst sufficient to show on the

other side, and the paper is then placed in a measuring
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cylinder containing the eluent, the level not being
sufficient to reach the spots. The cylinder is closed

by a rubber bung and the paper developed until the solvent
front has reached the second line, At this stage, the
paper is removed, dried, and the distance from the starting
line represents the Rf value of any components.

Method 2. In the 'two-way' method a sguare of paper is

cut and a spot of material is placed at a suitable distance
(the origin) diagonally from one corner. The paper is then
laid with one edge immersed in a trough of solvent contained
in a glass tank; the 1lid is replaced, and downward elution
commenced., After the solvent front has reached a
convenient distance from the origin, the paper is removed,
dried, and re-eluted in the same manner, but using a
different eluent, and developing in a direction at right-
angles to the original direction. This technique has been
applied to a remarkable extent in the elucidation and
separation of complex mixtures of amino-acids.

Both the methods described were used with a variety of
eluting agents, in an attempt to separate the components of
the red oils. Diazotised sulphanilic acid, and ammoniacal
silver nitrate were used as spot-tests to detect phenoliec
components,

Little, or no success was achieved in effecting an

actual separation, the original spot moved as one in all
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solid sodium hydrogen carbonate; a small amount of water
was added to the mixture to aid the process.

When neutralised, the layers were separated, and the
aqueous layer was extracted several times with methylene
chloride, the extracts being added to the initial methylene
chloride layer.

Agueous Layer: After re-acidifying with dilute

sulphuric acid, the layer was continuously extracted with
methylene chloride, The methylene chloride was removed

by distillation, leaving a dark residue containing
trifluoroacetic acid, which had been extracted by the
process; the trifluorocacetic acid,was removed by warming
under high vacuum, and only a minute amount of a gum remained.
Thus, there were no di-carboxylic acids formed by breakdown
of the aromatic system.

Methylene Chloride Layer: Methylene chloride was

remov ed by distillation, and then the meta-xylene was
removed, as far as possible, under reduced pressure, using
an oxygen-free nitrogen 'air leak'. 6.3 gm. of meta-
xylene was recovered, and 3.3 gm. of a red oil remained.
There is a tendency for meta-xylene to form an
ageotrope with methylene chloride, and it is thws not
possible to acecount for all of the meta-xylene. In a
further experiment, meta-xylene in the methylene chloride

distillate was estimated by Vapour-phase Chromatography.




























































65,

Column 1. 5.4 gm. eluted.

Fraction 1. (methylene chloride):- Removal of the
solvent left a dark paste (L4.23 gm.). |

Fraction 2, (methyl alcohol):- A black solid
(0.82 gm.) was obtained. This solid was methylated,
giving a dark, viscous material (0.48 gm.), but V.P.C,
did not reveal the presence of methyl ethers of either
meta-xylenol, or meta-xylohydroquinone.

The paste obtained from Fraction 1 was eluted over
a second column of the same dimensions as the first.
An initial methylene chloride fraction was collected
whilst the eluent remained yellow, Fraction 2 was
collected when the emergent methylene chloride became
dark.
Column 2. L.2 gm, eluted.

Fraction 1. (methylene chloride):- meta-xyloquinone

(0.9 gm. ).
Fraction 2. (methylene chloride):~ A dark paste

(2.7 gm.).

Fraction 3. (methyl alecohol):~ A viscous oil (0.93 gm.).
This was methylated, and the product (0.48 gm.) was shown
to be largely meta-2 xylyl methyl ether (probably

containing some meta-l isomer).

Fraction 2 was re-eluted over Column 3.
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Column 3. 2.7 gm. eluted.

Fraction 1. (methylene chloride):- meta-xyloguinone
(O.Uly gm, ).

Fraction 2. (methyl alcohol):- A viscous red oil
(1.6 gm.). This was methylated, and the product
(0.49 gm.,) on analysis (V.P.C.) was shown to contain
meta-2 and meta-4 xylyl methyl ethers. The chromatogram
contained later peaks, one of which corresponded to
meta-xylohydroquinone of di-methyl ether.
PSEUDO~CUMENE . (1,3,4 Tri-Methyl Benzene)

A. Trifluorocacetic Anhydride plus Hyarogen Peroxide
used as Oxidant:-

A mixture of pseudo-cumene (19 gm. - O.16 mole),
and trifluoroacetic anhydride (32.6 gm. - 0.15 mole) in
methylene chloride (50 ml.), was treated with 'high test
peroxide' (6.5 ml. - 0.19 mole), and the reaction mixture
was worked up in the manner described for the Reactions A
and B, with meta-xylene,

Agqueous Layer: Only a minute amount of a gum was obtained.

Methylene Chloride Layer: A red oil (6.2 gm.) was

igsolated and 12 gm. of unused pseudo-cumene was accounted

for, by recovery, and by V.P.C. of the methylene chloride

distillates.
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for the acid to percolate through the phosphurus pentoxide,
the mixture was distilled, using a receiver cooled in a
solid carbon-dioxide - acetone freezing mixture. In order
to remove all of the anhydride (b.pt.39°C) from the
phosphorus pentoxide residue, it was necessary to have the
oil-bath temperature at about 110°C for a considerable time.
For a final purification, the anhydride was re-distilled.

Using this method, yields between 70-80% have been
obtained.

SECTION 2:- THE OXIDATION OF PHENOLS TO QUINONES.

These reactions, as already stated in the introduction,
were an application of the reactions involving oxidation of
hydrocarbons, rather than an extension to the problem,

In each case, the phenols were treated with four
eguivalents of oxident (a much greater excess has been shown
to lead to considerable breakdown of the quinones formed)
at room temperature, in methylene chloride solution.

The temperature was a2llowed to rise, and invariably,
within half an hour after the addition of hydrogen peroxide,
the hezat of reaction was sufficient to cause the methylene
chloride to reflux. Colour changes took place, through
red to almost black, and then to orange-yellow, over a
period of eight hours. The last stage often needed the aid
of a warm water bath for completion, There were exceptions

to this sequence; ortho-3 xylenol (2,3 di-methyl phenol),
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mixed m.p. with an authentic specimen of meta-xyloguinone,

7200; authentic specimen, mePe. 7&.500.

OH 0
CH CH
3 3 CH
CF,CO0H Ch 3
bl hubiiN
+H, 0,
0

From meta~-5 Xylenol (3,5 di-methyl phenol): A mixture of

meta-5 xylenol (8.2 gm. - 0,07 mole), trifluproacetic acid
(8 gme - 0.07 mole), dissolved in methylene chloride

(50 ml.) was treated with 'high-test peroxide' (7.5 ml. -
.27 mole), and the reaction was carried out, in the same
manner, as for meta-2 xylenol.

Crude meta-xyloguinone was obtzined (5.3 gne - 57%
vield); and this was purified by eluting over alumina
(Column RB), using methylsne chloride as eluent (m.p. and
mixed mep. wWith an authentic specimen, 73°C; authentic
specimen m.p. 7he5°C).

Oxidation of meta-2 xylenol Using Trifluorcacetic Anhydride
plus Hydrogen Peroxide as Oxidant.

A mixture of meta-2 xylenol (20 gm. - O.16 mole),
trifluoroacetic anhydride (32 -5 gme - 0.5 mole), and
methylene chloride (50 ml.) was cooled in an ice-bath, and
'high-test peroxide' (10 ml. - 0.36 mole) was added. After
half an hour, the mixture was allowed to come to room

temperature, and stirring was continued for a further eight

hours.
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After neutralising, the methylene chloride layer yielded a
reddish solid (17 gm. ).
Elution: The red solid (2.6 gm.) was eluted in methylene
chloride, over alumina (Column B). Fraction 1 was
collected as a yellow band emerged; the Column was then
continuously extracted with ether for two hours (Fraction 2).
Fraction 1:~- meta-xyloquinone (1.8 gm.) was obtained on
removal of the solvent (m.p. and mixed m.p. with an
authentic specimen, 73°C).
Fraction 2:- A brown-white solid (0.5 gm.), Mmepe 15800;
treatment with light petroleum ether left a white solid,
m.p. 170-172°€C.

An attempt to acylate the compound, using acetic
anhydride and one drop of concentrated sulphuric acid,
resulted in the formation of a dark tar. Shortage of time
prevented further investigation of this compound.

PSEUDO-CUIICQUINONE (2,3,5 tri-methyl benzoguinone).

From Pseudo-Cumenol (2,3,5 tri-methyl phenol): A mixture

of 0,09 pseudo-cumenol (10 gm. - 0.07 mole), trifluoroacetic
acid (10 gm. - 0.09 mole) and methylene chloride (50 ml.),
was treated with 'high-test peroxide' (9 ml. - 0.27 mole)
at room teumperature.

The mixture turned very dark, and heat of reaction
caused the methylene chloride to reflux slightly. After

7% hours, the mixture was warmed for half an hour, until the
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corresponds to the melting point of the tri-methyl quinole

(1), prepared by Bamberger.37
ONW o
CF;COOH
CHy Cuy "OH
(10) (1)

Analysis:
Calculated for C9H1202; C,71.C%; H,7.9%.
Found; C,71.1%; H,8.4%.

It is worth noting that a carbon-hydrogen analysis
cannot differentiate between a tri-methyl guinole, and a
benzyl alcohol derivative, {e.g. 12), which have the same
molecular formula, However, the three possible isomers of

this type of compound have melting points much higher than

o
1167¢C. OH

Cﬂs
CHy

CH, OH
(12)

Reaction 2: An attempt was made to prepare tri-methyl

gquinole in greater yield than in Reaction 1, 'High-test
peroxide' (8.2 ml., ~ 0.3 mole) was added to a mixture of
2,4,5 tri-methyl phenol (9.7 gm. - 0,07 mole},

trifluoroacetic acid (10 gm. - 0.08 mole), and methylene

chloride (50 ml.).
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A red cil (6.7 gm.) was obtained, and this was eluted
over alumina (Column B), Fraction 1 was dbfained by
continuously extracting the column with methylene chloride
until a pale yellow band had emerged, and the eluent was no
longer coloured, Fraction 2 and Fraction 3 were obtained
by continuously eluting with ether, and methyl alcohol
respectively.

Fraction 1:- Removal of the solvent left a viscous
vellow brown oil (2,7).

Fraction 2:- A yellow oil (1.1 gm.).

Praction 3:- A dark red oil (2.0 gm.).

Fraction 1: By fractional crystallisation from ether, as

described in Reaction 1, white crystals (1.1 gm.) were
obtained as the first crop. After recrystallising from
water, these did not depress the melting point when mixed
with a sample of the guinole obtained from Reaction 1.
Benzoate: A portion of the guinole was shaken with benzoyl
chloride, and sodium hydroxide in the normal way, until a
derivative was obtained.

The product was recrystallised twice from agueous

alcohol meD. 82—8300. After four further recrystailisations

from the same solvent, the melting point was constant at

93°C.
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The solution was cooled to 1500, and a solution of sodium
nitrate (7.4 gme.) in water (25 ml.) was added, and the
mixture was then immediately poured into a mixture of ice
(120 gm.) and concentrated hydrochloric acid (22 mls,), and
allowed to stand for thirty minutes.

The diazonium solution was poured into a well-stirred
solution of 2,3,5 tri-methyl phenol (12.6 gm.) in water
(60 ml.) containing sodium hydroxide (15 gm.); excess
alkali at this point was important.,

The mixture was allowed to stand overnight and wan then
made strongly acid with concentrated hdrochloric acid
(50 ml.).

Without removing the red azo compound, stannous chloride
(33 gm.) in concentrated hydrochloric acid (4O ml.) was
added, and the solution heated to almost boiling, until it
cleared, and became dark brown. Care was taken at this
stage, not to boil the solution, otherwise tri-methyl amino-
phenol could have been lost in the steam.

The mixture was transferred to a large flask, excess
ferric chloride (160 gm.) was added, and the mixture at once
steam-distilled. It was necessary to use a very large
flask (five litres) for the distillation, otherwise, the
extensive foaming can spread into the condenser.

The distillate was extracted several times with
portions of ether; on removing the ether, pseudo-

cumoouinone (8 gm.) was observed as a yellow oil (58 yield).



87.

<+ -
OH NEN | OH
Ch,
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& Hs CHy CH,
SOyNa
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° OH N
Chy CH
(rF)eflsoo_g *Snlhy
CHy ey C D by CHy Chy HCI

If the steam-distillation had not been carried out
immediately following the addition of ferric chloride,
extensive amounts of chlorogquinones may have been formed.

In this case, elution over alumina produced a
reasonably pure product, but in other cases, even this
process gave an unsatisfactory product.

In later experiments, ferric sulphate was used in
place of ferric chloride as oxidising agent, giving products
of satisfactory purity, and in yields of the same order as
those obtained using ferric chloride.

Mono-Semicarbazone: Pseudo-cumogquinone (1 gm.) was

dissolved in alcohol (5 ml,); water was added until
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was poured onto ice, and made alkaline with ammonia. The
derivative was filtered off, and recrystallised from
agueous alcohol; m.Dp. 110°c.

Analysis:

Calculated for C H160u: C,66.1%; H,6.7%,

13
Found: C,66.1%; H,6.7%.

Meta-Xylogquinone,

The preparation was carried out as for pseudo-
cumoguinone, using two-thirds the quantities used by Smith
et al.'49

Thus, from 31.6 gm. of 2,6 di-methyl phenol, 15.5 gm.
of meta-xyloguinone was obtained (45% yield). The melting
point of the crude product was very low, and could not be
reised to within 10°C of the literature value (73-74°¢),
even after several recrystallisations from alcohol and ether,
and elution over alumina,

The same preparation was carried out using ferric
sulphate as oxidising agent; 19.5 gm. of meta-xyloquinone
was obtained, which was easily recrystallised pure from
alcohol, M,De 7u°C - (55% yield).

Several attempts to prepare a semicarbazone of this

guinone were unsuccessful; it is not obvious why this

should be so.

Para-Xyloguinone.

Using ferric sulphate as oxidising agent, in the method
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band of unused phenanthrene down the column was followed by
means of the violet phosphorescence produced by ultra-violet
light,

Two fractions were obtained, the first (6.4 gm.)
consisted of a mixture of pure phenanthrene, and the second
(6.3 gm.) consisted of a mixture of phenanthrene and
bhenanthraguinone.

A green band, and a dark-brown band remained on the
column after elution.

A small amount (2 gm.) of the second fraction was
eluted over a second column of alumina (100x2.5 cms.) in
benzene, When the yellow band reached the foot of the
column, the eluent was collected in 80 ml. batches. Each
of the batches gave a slight phosphorescence under ultra-
violet light, but that did not necessarily indicate that
more than a trace of phenanthrene was present,

The last of the yellow batches gave a small amount of
a yellow solid; this melted over a range, 19&-19700; when
mixed with a sample of pure phenanthraguinone (14) (m.pe
203°c), m.p. 196-199°C.

o)
)

)

(1)
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The products were:-

(i) A large quantity of dark brown material which was
insoluble in aqueous sodium bicarbonate, and in
methylene chloride. On drying, it yielded a
trown powder, soluble in sodium hydroxide.

(ii) A brown tar wos obtained from the methylene
chloride layer, from which a yellow quinone was
sublimed (m.p. 12500). This corresnonds to
1,4 naphthaguinone (m.p. 12500) which is also
yellow; 1,2 naphthaguinone is red (m.pD. 11500).

The residual tarry mass left after sublimation,
dissolved in sodium hydroxide, and could not be
re-precipitated by hydrochloric acid. This
probably consists of a mixture of unreacted
alpha-naphthol, and naphthaguinone.

(iii) Acidification of the aqueous layer gave a pale

yellow precipitate.
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CHAPTER 1V

HIGH TEMPERATURE VAPOUR-PHASE CHROMATOGRAPHY
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High Temperature Vapour-Phase Partition Chromatography

Introduction

Vapour-phase chromatography1 can be defined as the
separation of gases or vapours by eluting in an inert
carrier-gas, over a stationery liquid phase
(e.g. dinonylphthalate) which is supported on some inert
porous material (kieselguhr). Hence the terms CARRIER-GAS,
STATIONARY PHASE, AND INERT PHASE.

Stationary Phases. >

A stationary phase must possess some solvent power for
the components of mixtures which are to be separated, In
theory, it should also be stable, inert, and non-volatile
over the temperature range at which it is being used.
Obviously there are no 'perfect' stationary phases but up
to 120°C there is a host of ligquids, or low melting solids
which will meet almost any requirement; at higher tempera-
tures, the choice is considerably restricted.

When a range considerably higher than 120°C is required,
the choice becomes extremely limited. The difficulty lies,
in finding compounds with a sufficiently low vapour
pressure, Most of the high temperature stationary-phases
'pleed' in the initial period of running but this quickly
reduces to an acceptable amount; silicone oil, and
Silicone and 'Apiezon' high vacuum greases have been used

extensively. The use of esters of di-nitro diphenic acid
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has been quoted. More recently, plasticizers have been

applied to this purpose;3

e.ges a useful Stationary-phase
can be obtained by heating succinic acid and di-ethylene
glycol, together with a little para-toluene sulphoniec acid
and di-glycerol (to produce cross-linking).

Detectors

Various methods have been used to record continuously
the constitution of a carrier-gas as it emerges from the
column. Some of these methods appear to have served more
to demonstrate the remarkable practical skill of the
inventors, who were able to make them work rather than
provide an easily reproducable and reliable method of
detection. H

Glass and metal thermal conductivity cells are the
most common forms of detection in use, The hydrogen-flame
method depends on using hydrogen as carrier-gas and,.on
emerging from the column, burning it below a thermocouple
junction. A Dbeta-ray detector has been described which
involves passing the emergent gas between a radioactive
strontium source and a recording instrument.

One of the accepted systems for a vapour-phase
chromatography apparatus is as shown in FIGURE 1. X1 and X2
can represent the suspended wires (spirals have been used
with excellent results) in a nickel or platinum wire
catharometer, or the corresponding components of other

detectors. R1 and R2 are standard resistances with a low
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temperature co-efficient, X1 and Xz, and similarly P R2
are made almost equal. The bridge can be balanced by
adjusting the variable resistance,

Samples are injected into the carrier-gas through a
serum cap by means of a hyperdermic syringe. On emerging
from the column the sample gives rise to a deflection on
the galvanometer (or automatic recorder); its presence
alters the thermal conductivity of the carrier-gas and
subsequently, the resistance in the conductivity cell (X2).
The way in which the thermal conductivity of a carrier-gas
is altered by the addition of a sample is said to depend on
temperature, By altering the temperature peak reversal

can sometimes be obtained.

Carrier-Gases

Nitrogen is the most common carrier gas in use but
this is because of its cheapness. Hydrogen and helium
are considerably more efficient in that, to a rough
approximation, the peak area for a component is directly
proportional to the mass, regardless of the component.
Thus, for a quantitative analysis only an initial calibra-
tion would be required.

The Development of a High Temperature Apparatus in the
Laboratory.

When it became desirable to identify and preferably
separate small quantities of high boiling phenols (boiling

points of the order of 200°C), the apparatus which was being
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used in the laboratory, very effectively at temperatures
up to 100°C, was totally inadequate for the purpe e.

Until this time only quite volatile compounds had been
subjected to V.F.C., and no need for a heated detector

had arisen, It had not been necessary either to make the
connection between column and detector as short as possible
or to heat it (i.e. to avoid condensation).

Thus, an initial apparatus was constructed; the short
lead from column to detector was wound with a heater. The
detector itself consisted of four nickel wires, suspended
in four glass tubes., Nitrogen passed through two of these
tubes, through the column, and then through the remaining
tubes. The detector was first heated by immersing the
tubes in an oil-bath. This method produced great
instability in the detector and was replaced by surrounding
the tubes with copper turnings, which were contained in an
electrically heated beaker. With this system, it was
possible to examine synthetic mixtures containing the
required phenols, but the detector was far from satisfactory.
The sensitivity diminished quickly with temperature and
this was accompanied by a deterioration in stability. It
is the author's opinion that instability is inherent in a
detector constructed from glass, and that at elevated

temperatures, detectors constructed from metal blocks should

be used.






106.
The Thermistor Detector.,

Thermistors have been incorporated in a commercial

H.T.V.P.C. appa:c'a’cusl‘l

but their use is not very well
described in the literature.5 A satisfactory design was
developed as shown in FIGURE 2. Ball-Joints and thermistors
were sealed to the copper and brass respectively by means

of a cold-curing silicone rubber.6

Thermistors of the STANTEL 'A' type were used;’ the
bead which was in the direct stream of gases had the glass
sheath removed, hence increasing its sensitivity. The
other thermistor, which formed the standardising arm of
the Wheatstone Bridge circuit, was left sheathed and was
simply maintained at the same temperature as the unsheathed
one, It was not introduced into a stream of the carrier
gas, since the opinion is held that this leads to
instabilities in the system, rather than to correct for the
variations (e.g. of flow-rate) which this procedure is
reputed to do. The third and fourth arms of the bridge
were wire-wound resistors, approximately 50 ohms each.

In this particular apparatus, 1,000 ohms thermistors
(i.e. room temperature resistance) were used but since then,
pairs with values 2,000 and 500,000 ohms each have been used
in the laboratory, with equal stability but somewhat less

sensitivity.
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Heating.
Initially, the brass-block was heated by immersing in

copper turnings contained in a glass vessel which was
electrically heated. The idea was that an equilibrium
would be set up, giving rise to a steady temperature gradient
throughout the copper turnings. Although this gave a
system more stable than that which the nickel-wire catharo-
meter provided, it was not satisfactory. It appears that

in such a system, any slight changes are quickly trans-
mitted to the brass-block.

The most satisfactory method of heating was by means
of a cylindrical heater, packed with woolly asbestos, which
extended from the column heater to the trapping system (see
FIGURE 3).

Column Design.

The columns were used vertically at first but with the
advent of longer columns, it was decided to arrange them
horizontally. This arrangement leads to a more uniformly

heated column, since convection currents will not run along

the length of the column heater in this case; but the main
advantage is the ease of aligning the system and the
effective use of a simple heater for the detector and the
connecting tubes (FIGURE 3).

A vaporising heater was wound round the inlet of the

column and a few turns of the same heater were employed to

prevent condensation in the column outlet to the detector.
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THE EFFECT OF RADIATION ON ORGANIC MOLECULES.l

Absorbtlon of Energy.

The absorbtion of light waves (infra-red, visible, and
ultra-violet) depends in general, on the molecular structure
of the absorbing material, and not on its atomic composition.
The energy of gamma-rays is almost entirely absorbed by
ejecting electrons from the atoms through which they pass,
and this process 1s almost independent of molecular
structure.,. Thus, the absorbtion of gamma-rays is less
selective than that of light.

When a quantum of light is absorbed, the ensergy is
stored in tine molecule, which becomes excited; it can then
undergo one of many possible reactions, or lose its energy
as heat or light (fluorescence). When a quantum of gamma-
rays 1s absorbed by an atom, it loses an electron, The
energy of the quantum absorbed is always much greater than
that required to eject an electron from the atom, and thils
excess 1s stored as kdnetic energy of tihe sjected electron.
This electron is then sufficlently energetic to produce
lonisation in the atoms through which it passes. Almost
all of the ionisations are produced by the ejected electrons
and the effect of the initial absorbtion can usually be

neglected. Thus, the ions produced are not distributed,
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uniformly throughout the solutlon, but are concentrated along
the track of the ejected electron. These effects illustrate
some difference between Photochemistry and Radiation
chemistry.

The energy required to produce an ion pair(w) is
approximately 32.5 ev. (gases) for gamma-rays, wnereas the
ionlsation potentlal of most gases 1s conslderably less than
this value, The extra energy is dissipated in 'excitation',
a term used to denote tnat an electron in tne molecule has
been raised to a higher energy level, This process 1is quite
different from the excitation of a molecule by heating, whnen
the energy 1s used up initially to increase tne strain in a
bond, causing it to increase its vibrations and oscillations.

Free radicals, and excited molecules both have a very
short 1life in condensed phasses (1079 to lO"6 sec.) but for
different reasons. Free radicals are extremely reactive
entitles, and their life 1is so short because they react
readily; they do not decompose, or change spontaneously.
In contrast, excited moleculea are inherently unstable, and
must lose tneir energy even 1f no colllslion with other

molecules occurs.

Transference of Energy.

In complex molecules, energy of exclitatlion can be
transferred both intra- and inter-molecularly. Energy can

be transmitted from one molecule to another, even when they

are not in direct paysical contact; this is achieved by
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'radiationless transitions', -processes which can only be
described in quantum wmechanical teras. Energy transfer
within the same molecule is called 'internal conversion'.
Here, the excited wolecule returns to tne ground state, and
the eXcess energy 1s converted into vibrational and
oscillational energy. The molecule then behaves as 1it
would 1if heated to a much higher temperature, and the
irradiated substance can undergo changes similar to those
which occur on pyrolysis.

The influence of excitation 1s difficult to assess on
any quantitative basis.

Reactions of Ions.

Ions whieh are formed on irradiation are really free-
radical ions, since they contain an uneven number of
electrons; thils distinguishes them from the stavle ions
produced by the dissociation of salts.

Negative Ion Formatlon.

The electron which is originally ejected from an atom
('tnermal electron') can be captured by a neutral molecule
('ion-pair' formation), this process is.not accompanied by a
large cnange in energy; or the electron can recombine witn
a radical, a process accompanied by a large change in energy.

In ion-pair formation, relative electron affinities
determines with which atom the electron will combine,

Oxygen and halogens have a high affinity; wmolecules such as

straight-chain paraffins have low affinities; hydrogen and
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CHAPTER VIII

EXPERIMENT AL





























































































