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SUMMARY

This thesis describes experiments on the mercury-photosensitized
oxidations of some hydrocarbon alkenes with molecular oxygen.
Products have been identified and variations in product yields
studied in detail as a function of alkena/bxygen ratio, total
pressure, incident light intensity and time for 2-methyl propene.
The reactions of propene and butene-1 have also been studied but
in rather less detail.

To assist the interpretation of the results the reactions of the
alkenes were also studied with (a) ground state oxygen atoms
generated by mercury-sensitized decomposition of nitrous oxide,

and (b) electronically excited oxygen molecules (10,%) formed in

a microwave discharge through oxygen at low pressures. Comparison
of the results showed that the presence of neither singlet oxygen
molecules nor oxygen atoms alone was sufficient to account for the
observed products of the mercury-sensitized oxidations. In fact
it was necessary to include ozone as a reaction intermediate form-
ing some of the observed products.

Plausible routes for the formation of the main reaction products
and some minor reaction products have been suggested, and shown to
be reasonably consistent with the observed variations in product
yields with the reaction parametars. Because of the complexity
of the reaction system, it was not possible to attempt to account
guantitatively for the observed yields of the products.
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CHAPTER ONE

INTRODUCTION AND LITERATURE SURVEY

1.1 PHOTOSENSITIZED REACTIONS:-

This thesis is concerned with mercury photosensitized
reactions involving molecular oxygen and alkenes. The first
chapter will therefore outline briefly the background relevant
to photosensitized reactions in general, before discussing
reactions of excited oxygen mniaculaa and of oxygen atoms.

1.1.(a) Chronology of a photochemical reaction.

A photochemical reaction can be considered in three
stages:

(i) Light Absorption:- During this stage, an electronically
excited state is produced.

(ii) Primary photochemical processes:- These involve electron-
ically excited states.

(iii) Secondary Reactions:- In this the various chemical species
which are produced in the primary processes, their reactions
are considered.

A photochemical reaction is a complex set of competing
processes and to understand it one has to consider each of the
above stages in some detail.

A molecule which has absorbed a quantum of radiation becomes
"energy rich" or excited in the absorption process. It is well
known that absorption in the wavelength region of photochemical
interest leads to electronic excitation of the absorber.

Absorption at longer wavelengths usually leads to the excitation

of vibrations or rotations of a molecule in its ground electronic



state. The energy associated with the electronic excitation is
high compared with vibrational and rotational excitation.
"Franck Condon principle" states that since electronic trans-
itions are very rapid (10_15 sec.) compared with nuclear move-
ments, the former will occur without changes in the internuclear
distances.

The probability of occurence of an electronic transition
and hence the intensity of the associated abserption band is
dependant upon various factors. These factors are included in
"selection rules" which govern whether a transition will be
allowed (high probability) or forbidden (very low probability).
Some forbidden transitions are too weak to be observed easily
but dealing with polyatomic molecules the selection rules often
break down to give reasonably strong absorption processes to
occur.

1.1.(b) Quantum yield:-

A fundamental quantity in photochemical reactions is the
quantum yield ﬁ defined by

ﬁ - number of molecules undergoing a particular process

number of light quanta absorbed
A guantum yield can be defined for several processes occuring
during a photochemical reaction such as primary quantum yields,
product quantum yields, quantum yields of fluorescence, decom-
position, rearrangement, etc. Primary quantum yields are of
great theoretical importance but are difficult to estimate.
Usually one measures the overall quantum yields of products.
The magnitude of the guantum yield of a product ( ﬁ zero to 106)

always provides information concerning the mechanism. Small
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guantum yields of all decomposition products ( £ << 1) indicate
important deactivation, fluorescence or other processes that
lead to no net chemical change. Large product quantum yields
(# >> 1) indicate the importance of a chain reaction forming
these products. The variation of quantum yield with changes
in the reaction variables usually provides valuable information
on the reaction mechanism.

1.1.(c) Excited states:-

A molecule is said to be in an excited state after the
absorption of a photon and promotion of an electron to a higher
vacant orbital. These highly energetic molecules are short-
lived and can often lose their excess energy and return to the
stable ground state before a reaction can occur. The three
types of process whereby the energy of electronically excited
molecules can be dissipated are
(1) Radiative transitions,

(ii) Radiationless transitions that do not produce permanent
chemical changes, and
(iii) Chemical reaction.

The radiation emitted during a radiative transition is
termed fluorescence when the transition is between states of
the same multiplicity and phosphorescence when it is between
states of different multiplicities, i.e. for organic molecules
the emitted radiation is fluorescence for the 5§ ————p SG - huf
transition and phosphorescence for the T1 — 5O - hu”
transition.

Non radiative transitions between the states of like

multiplicity are termed as internal conversion. The process
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is conceived of as involving iso-energetic transitions from a
higher electronic state to an upper vibrational level of a
lower state. The term intersystem crossing deals with the

non radiative transitions between states of different multipli-
city, e.g. T,m—>5,. (Flg., 1.1.(c)s1)s

When a molecule originally excited by absorption of
radiation is deactivated by interaction with other species of
the system, the general term applied is "guenching". However,
in some cases the disappearance of excitation in one species
coincides with the appearance of excitation in some other species
in the system. Such quenching steps are more appropriately
labelled as "energy transfer", implying intermolecular electronic
energy transfer.

In energy transfer systems, life times also play an
important role. The mechanistic lifetime of a donor state is
the reciprocal of the sum of the first order and pseudo-first
order rate constants for all steps which depopulate that excited
state of which the latter will depend on the concentration of
the acceptor.

(1)

Franck predicted early in 1922 that electronic excit-
ation could be exchanged between atoms, and one of the earliest
examples of photosensitization was the production of hydrogen

atom by the effect of excited mercury atom on molecular hydrogen.

Hg 6 (3P1) + H2_'_"_" Hg 6 (150) + 2H
This reaction was discovered by Cairo and Franck(z) in
1922. It is a very convenient source of atomic hydrogen since

hydrogen gas does not absorb radiation in a region being under

consideration.



The process of "photosensitization" involves absorption
of light energy by a strongly absorbing substance, the "photo-
sensitizer", and then the transfer of this energy by collision
to another substance (the acceptor), which then undergoes
chemical reactions to give products.

The obvious advantage of photosensitization is that
sufficient amounts of light energy to induce chemical changes
may be indirectly transferred to a substance in a convenient
spectral region where it itself does not absorb. Photosensit-
ization therefore provides valuable experimental technique which
has been used with great advantage. Chemical changes which
occur in the gquenching molecules during or after the transfer
of excitation energy and the relation of these changes to the
type of photosensitizer used and the amount of energy trans-
ferred are all of interest to a chemist.

1.1.(d) Mechanism of a sensitized reaction:-

(3)

The following mechanism in which S is the sensitizer,
A the acceptor and superscripts indicate the multiplicities of

the excited states, describe the general photosensitized reaction.

hv 1 % .

5 ¥ 5 Excitation 1
1. % ]

§ ———— 3 5 + hv Fluorescence 2
1o* .

5 » S Radiationless decay 3
1% 3 _*

S » S Intersystem crossing 4
6 2

S > S Radiationless decay 8
3 _* ]

S —————+ S + hv Phospharescence 6
3. 3

S + A—— S + "A Energy transfer 7
3

A y Products Reaction B8



In the ideal case, the only function of the sensitizer
is to absorb light, undergo intersystem crossing to its lowest
triplet state and transfer the energy to the acceptor, i.e.
only reactions 1, 4, 7 and 8 are significant in photosensitized
reactions. Inherent in this scheme are two important assumptions.
(i) The only interaction of sensitizer and substrate is energy
transfer, and
(ii) Energy is transferred from the lowest triplet state,
although sometimes these assumptions unfortunately break
down.
Vapours of some metals have been particularly useful as
photosensitizers in the ultraviolet spectral region. The pro-
perties which a suitable metal vapour sensitizer must possess are

(4)

discussed by Steacie and leave the choice to mercury, cadmium
and zinc. With mercury, cadmium and zinc as photosensitizers,
the general behaviour of hydrocarbon and the values of their
guenching cross sections appear to be, in general, consistent
with the postulate that spin conservation rule is valid. (The
experimental observations have been summarized by Steacia(a)).
According to this rule, overall spin angular momentum must be
unchanged in electronic energy transfer. In the case of
triplet - singlet interaction, as in the Hg 6 (391) - alkene
system, the rule requires

Triplet (S = 1) + Singlet (S = 0)

——————3 Singlet (S = 0) + Triplet (S = 1)

SH* - 15——-—-;-19 + 3Ei"‘

with alkenes and triplet metal atoms, formation of excited mole-

cules in the primary quenching act predominates. In this case,

the quenching cross sections are always large.
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1.2 MERCURY PHOTOSENSITIZED REACTIONS:- g

Mercury vapour is very convenient for the studies in
atomic photochemistry and an extensive literature on the
behaviour of excited mercury has accumulated over Fha last half
century. It is the most widely used gas phase sensitizer having
quite significant vapour pressure at room temperature. It is
also not very reactive and does not usually react chemically with
other substances in the system. Recent reviews of mercury photo-

(5)

sensitized reactions include those of Cvetanovic

(6)_

and Gunning

and Strausz Important earlier references include the com-

(4) and Laidler'scTa’ by @) papers

prehensive review of Steacis
dealing with the theoretical aspects. Physical gquenching pro-

cesses are discussed by Pringsheim(a) and Mitchell and

Zemanskycg).

(10)

Excellent general treatments include those of

(11) (12)_

Bowen , Noyes and Leighton and Rollefson and Burton

The excited mercury atom Hg 6 (3P1) is produced by the
absorption of the 253.7 nm. mercury resonance line from a low-
pressure mercury lamp (Fige 1<261). In a system at very low
pressures, practically all the 6 (3P1) states disappear by
emission of radiation as resonance phosphorascsnce(13). An
excited state emits resonance radiation when the emitted light
has the same frequency as that obsorbed in the excitation. For
the process

Hg 6 (391)—>Hg 6 (150) + hvp

the life time for this transition is 1.1 x 10-7 sec. and the
process occurs with such high probability only because mercury

is a heavy atom with appreciable (jj) coupling. The fully

allowed transition ( DB = 0)
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Hg 6 (1P1}_., Hg 6 (150) + hvg (184.9 nm.) J
has a lifetime of 1.3 x 10-9 sec. The absorption of the 184.9 nm.
resonance radiation by mercury is extremely high. The relatively
long lifetime of the Hg 6 (3P1) state reflects the forbidden
nature of the triplet —» singlet intersystem crossing.

The processes

Hg 6 (150) PR TV p—— (SF'D)
and its reverse do not occur because

J=0e¢—F/—>31=0ad A 5=0

The Hg 6 (3PD) state is an example of a metastable state.

.|

It cannot readily relax by emission (T =~ 10 “sec.) to the ground

state for reasons which give rise to the selection rules
(J=0¢4—>3=0).

O0f the above mentioned two, the radiation of 184.5 nm. is
absorbed strongly by oxygen and ordinary quartz. For absorption
of 253.7 nm. radiation by mercury in the reaction cell to be
effective, it is important that the line shapes of absorbing and
emitting system should match as closely as possibls. In the
high pressure u.v. lamps, the line shape is considerably broadened
by collisions. (Callision broadening). In addition to this,
although the total output is very high, the emission is largely
above 300.0 nm. The 253.7 nm. line is almost entirely lost by
self absorption in the lamp. This phenomenon of self absorption
is minimised by using a mercury resonance lamp (or low pressurse
lamp), which has strong emission of the unreversed resonance
lines at 253.7 nm. These usually contain a small amount of
metal vapour, e.g. mercury, cadmium, zinc, etc., and several
millimeter pressure of a rare gas. They operate at relatively

low current and high voltages.
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If in a system containing excited mercury in the 6 (391)
state a foreign gas is added, the energy transfer to the gas
molecules (Quenching) can take place via three main types, i.e.

(5).

three types of guenching have been differentiated
i) Hag 391 + A———3Ha 3p0 + A (20.9 K 3.)

i1) Hg P, + Ay Hg s+ A" (469.7 K 3.)
iii) Hg 3P1 + A———Hg 130 + Ay + AZ or Hg A, + A,

where A is the guenching molecule.

In process (i), the quenching of triplet state mercury
to metastable 6 3PG state occurs. Transitions from this state
to the ground state are strongly forbidden and hence species in
this state are relatively long lived (10-3 sec.). This type of
guenching takes place with the transfer of only 20.9 K J.mul-1
energy to the guenching molecule.

In process (ii), the direct quenching of Hg 6 3P1 to the
ground state occurs with a transfer of 468 K J.mol'1 of energy
to the guenching molecule, which raises the electronic level to
an excited state, e.g. Alkenes have their lowest singlets well

above the SP state, but their first triplets lie below, so

1
process (ii) triplet transfer is feasible energetically and

obeys the Wigner rule. The experimental results to date support
such an excited molecule mechanism.

Process (iii) involves the transfer of energy again, but
in this case the guenching molecule breaks up, i.e. it fragments.
Quenching by alkanes is usually of this type where the energy is
quite sufficient to break the C - H bond.

In the light of the important findings of Callear and

(14)

Norrish who made the observation that, although metastable
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6 3Pu atoms are formed when guenching the 3F' state by Nz, H,O

1 2

and CO, these atoms were not produced in quenching by H E

2on 2
Csz' 02, NO and N20, hence the possible chemical reactions
initiated by SPD mercury atoms will not be considered.

(15)

Cvetanovic has revieswed the detailed studies of
mercury photosensitized reactions up to 1962 and dealt further
with the reactions of alkenes with oxygen atoms produced by the
mercury photosensitized decomposition of nitrous oxide (53-56)'.
The technigue has been successfully applied as a good source for
the production and reactions of oxygen atoms in the gas phase.
Before proceeding to the oxygen atom reactions, some typical
primary processes in mercury photosensitization are discussed

below.

1.2(a). Decomposition of Hydrogen, Hydrogen chloride, Methyl
chloride and Di methyl Ether:-
2, 14, 6, 16 - 23)

Detailed studies have shown the follow-
ing primary processes for the reactions of above compounds with

Hg 6 391 atom:

(1) Hg (SF'.‘)+H2____’ Hg H + H
(ii) Hg (3p1) + HCl ———p HgCl + H

(iii) Hog

o
-

—

+

CH,Cl ———— HgCL + CH,

; 3 1
_..._..._'
(iv) Hg ( p1) - CHSEUCH3 Ha ( SO) + CHSDGCH2 + H

1.2.(b) Alkanes:-

The major products of the Hg (3P1) sensitized reactions
of alkanes, RH at room temperature are typical of those expected
from secondary reactions of alkyl radicals and hydrogen atoms,

that is, hydrogen, the radical recombination products R2, and
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olefins formed from disproportionation reactions of the alkyl
radicals. In each case the products are consistent with the
primary quenching act being a C - H bond scission. Mercury
hydride HgH, has been suggested as an unstable intermediate in
the quenching of alkanes and this seems reasonable. However,
. . . ) . (24)
there is no direct evidence for its formation.
Low primary quantum yields were first reported for

Hg 6 3F' sensitized reactions with the alkanes. Subsequently,

1
it was realized that hydrogen atoms formed in the primary act
add rapidly to the alkenes formed in the secondary dispropor-
tionation reactions and that the low guantum yields were due to
(25 - 29)

this self-scavenging.

1.2.(b).1. Decomposition of n-Butane:-

This reaction has been studied in detail by Cvetanovic,

(28)

Falconer and Jennings who showed that the experimental

behaviour of the system could be explained without having to
invoke the occurence of metastable mercury atoms. It has been

reported by Callear and Hedges(1g)

that HgH is not produced in
the reaction of Hg 53P1 with saturated hydrocarbons. They
suggest that the primary process is either

Hg 6 (3;31) + RH———3) Hg + R. + H.

or

b :

Hg 6 F',| + RH ———3 HgR + H.

This reaction is much used as a source of hydrogen atoms for

quantitative studies.

1.2.(c) Alkenes:-

In sharp contrast to alkanes, the quenching cross sections
of alkenes are large (e.g. ’Q = 4.6 & 0.23 nm2 for propene

and propane respectively) and the rates of their reactions
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decrease as the pressure is raised. Quenching by energy transfer

predominates, although there are indications that a primary C - H

(30)

bond split occurs as well. LeRoy and Steacie proposed for

ethylens that triplet energy transfer produced a relatively

short lived (‘ID_g sec.) vibrationally excited triplet,
Ho 6 (TP.) %60, ——alc. . 4 Ha 65
1 2 4 2 s]

which could decompose, because of this excess vibrational energy.

The major products of the reaction are hydrogen and acetylene.

(31)

Their quantum yields are about 0.4 each and are temperature

independant; these values decrease as the pressure of E2H is

4
increased or inert gas CDz is added.(sz)

These facts suggest an excited molecule mechanism and
excellent evidence for this was obtained by Cvetanovic and

(32)

Callear. They further assumed that two electronically and

vibrationally excited states of approximately equal lifetimes
were involved in the overall raaction(za); both were subject to

collisional deactivation but only one decomposed.

3 * 1
C.H +H96(P1)—yCH + Hg 6 'So

24 24

E * H **

2M4 » Loty
*

CHS + CoHy »'2 T3H,
5 i

CoH, » CHy + H,
* ¥

CH % CH, » 20 H,

Rabinowitch et al(za) investigated the Hg 6 3P1 reaction
with transethylene -d2 and found as major products Cis CZHZDZ

unsym-H2£:ED2 and isotopically mixed acetylenes and hydrogens.

Their proposed mechanism involves two excited states and is

(32)

basically that of Callear and Cvetanovic.
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Dissociation of C-C bond becomes an important process in

the mercury sensitized reactions of the higher alkenes. While

at least 90% of excited propene molecules split into allyl + H(SS)

(36)

perhaps 10% go to vinyl + methyl radicals No molecular

elimination of hydrogen occurs in the primary act.

The relatively weak B - C - C bond in 1-butene facilitates
(35)

dissociation into allyl and methyl radicals and at moderate

pressures (15 - 200 mm.) it is about 1.3 - 1.6 times as probable

(37) a -Bond cleavage also takes

(38)

as a primary C - H split.
place but according to Majer, Mile and Robb it is a minor
process. Although isomerization of 1-butene to 2-butene nccura(za)

(37) (39).

it is a minor process as discussed by Cvetanovic and others

They concluded that butene-1 isomerizes to methylcyclopropane and

(37)

not to butene-2. Cvetanovic and Doyle assigned the follow-
ing mechanism to two excited states being involved.

3 v 1
1-E4HB(SD) + Hg 6( p1)_;.c4HB (T.| ) + Hg So

C4Hg (T1“) — 3 Products
I_, (caHB) *

v
C4Hg (T1 | . P ESER T CyHg + M
(CaHB) X Dyadlicts

(EA;HE!)* +M——> A-CH, + M

The initial energy transfer process presumably forms the vibra-

tionally excited triplet state of 1-butene (C,H, T YY) which can

1
then dissociate or rearrange into a second excited state (EaHa)*
which is possibly the vibrationally excited triplet state of

methylcyclopropane. The reaction is good evidence for tuwo

excited states being involved as suggested earlier for ethylene.
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Cis-trans isomerization is the major primary process in

the reaction of Hg 6 SF'1 atoms with either the cis or the trans

butene-2. Thus on prolonged irradiation of the cis-isomer a

(37, 39)

1 + 1 mixture of trans and cis results. This reaction

may also occur through an intermediate vibrationally excited
triplet state.

Mass spectrometric detection of the primary products
formed in sensitized reactions in fast flow reactor shows that
at low pressures both hydrogen atom and EIH:3 radical cleavage
occurs with cis-butene-2 but isomerization to the trans form is

(40)

the major process. Under similar conditions, the primary

act of dissociation of isobutene is formation oF,B -methallyl

radical and a hydrogen atum.(SE)

(41)

Arai and Shida investigated the mercury 391
sensitized reactions of ethylene at 350°C. The major products
with Hg 391 atoms are the same as at 25°C and the kinetics of
the reaction fit quite well the Cvetanovic mechanism.(sz)

1.2.(d) The Mercury Photosensitized Decomposition of Nitrous Oxide

The mercury photosensitized decomposition of nitrous oxide

has been studied by Manning and Nnyes(az)

in 1932, who found that
when the reaction was allowed to go to completion, the products

were nitrogen and mercuric oxide.

N,O + Hg * ——— N

- + HgO

2
By studying the pressure change, they found out that

although initially small pressure increases had been thers but

overall there was no pressure change. It was thought that the

intermediate decomposition products may be other than nitrogen.

Two primary processes were considered to be possible.
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3 2 4 1
(a) Hgs(p1)+N20_—_.ND(wr)+N(s)+Hg5 So

(b) Hg 6 (3p1) + N,0———N, (13 ) + 0 (SP) + Hg 6 150

2

(43, 44) reinvestigated this reaction in 1955

Cvetanovic
and found that at small conversions the products were nitrogen
and atomic oxyagen in the ratio of 2 : 1. Due to the formation
of mercuric oxide, there was a slight deficiency in the oxygen.
The slight variation in the rate of formation of nitrogen in the
system was attributed to the depletion of mercury vapour in the
system and also to the formation of mercuric oxide which reduces
the transparency of the cell windous. Cvetanovic also noted
that in the presence of an oxygen consuming compound (alkane
or alkene) no mercury depletion occured and mercuric oxide was
absent. He also found that the rate of decomposition of
nitrous oxide was identical to the rate of formation of nitrogen.
He concluded that the primary process in the above reaction was
reaction (b), i.e. in which the formation of oxygen atom and
nitrogen molecule takes placse. Spin conservation rules pre-
dict that the oxygen atoms formed should be in the triplet state.
Formation of an electronically excited NZD molecule and form-
ation of an energy rich HgO molecules

Hg 6 (°P,) + N,O——> Hg 6 'S0 + N0 *
(3

& Hg 6 P,I) + N0e— > HgO * + l'\l2

were also a possibility, but both of these were ruled out by
Cvetanovic for several reasons. The former was ruled out on
spectroscopic grounds and alsoc because the rate of decomposition
is pressure independant and in the latter HgO * could not show
the reactions attributed to triplet oxygen atoms in the Hg/NZD
system and also HgO is not formed in the presence of oxygen

consuming compounds.
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The above technique is widely used as the most convenient
source of ground state oxygen atoms due to its several advantages
as listed below.

1. The system can be used over a wide pressure range.

2. The nitrogen formed in the system can be easily
measured, thus making it possible to calculate the
number of oxygen atoms produced.

3. By changing the intensity of the incident radiation
the rate of atom production can be easily controlled.

4. The absence of molecular oxygen is ensured.

5. Nitrous oxide is inert to oxygen atom and free
radical attack under most conditions.

Although the guenching efficiency of nitrous oxide is
only about half as large as that for olefins, nevertheless by
using a large excess nitrous oxide, the quenching of mercury by
olefins can be minimized.

1.2.(e) Monoisotopic Mercury Photosensitization:

The method of monoisotopic excitation has been developed
not long ago. It was first demonstrated by Nrazomski(aa)
followed by Zuber,(ds) McDonald and Gunning,(47) and Zelikoff

et al.(aa)

Subsequently, the utility of this technique as a
photochemical means of isotope separation and of determining the
primary act in mercury sensitized reactions has been well
demnnstratsd.(S’ 6)
Under special conditions, it is possible to achiesve mono-
isotopic excitation in natural mercury vapour by the use of an
electrodeless mercury discharge source containing a single

isotopic species. When one of the fragmentation products of

the primary decomposition of the substrate combines with the
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sensitizer to form a stable compound of mercury, the method
becomes a unique and indispensible means of obtaining inform-
ation regarding certain fine details of the primary reaction
mechanism.

Gunning(ﬁ) and his co-workers have used the technigue
to obtain information about the course of mercury sensitization
in several systems. Natural mercury consists of seven stable
isotopes, and the A = 253.7 nm. resonance line consists of
ten hyperfine components of varying intensities. By use of a
resonance lamp containing only nguz, from which a single line
is obtained, it is possible to excite that isotope alone in the
reaction mixture. Radiation enters the reaction cell contain-
ing reaction mixture consisting of normal mercury and a sub-
strate and is selectively absorbed only by .the 202Hg component
of the mercury. The excited 202Hg atom then initiates photo-
sensitized reactions of the substrate which are followed by
subsequently analyzing products and reactants for their isotopic
distribution. (The mixture, and more especially the lamp, must
be kept cool so that the width of the H9202 line is not suffi-
cient to overlap the absorptions of other isotopes).

If a product of the sensitized reaction contains mercury,
it may have been formed in the primary step or in some secondary
step: if the former, the product will show enrichment of the
ngoz isotope; if the latter, the Hg abundances will be normal.
Calomel forming reactions are among those that have been studied
by this technigue. Mercury sensitized photolysis of HCl or of

alkyl chlorides yields mercurous chloride as a product. Two

possible routes can be envisaged:
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Hg* + RCl ——» HaCl + R (a)
OR
Hg* + RCl —o Hg + R + C1

(b)
Hg + Cl1 » HgCl

The product HgCl contains, in fact, over 50% 2DzHg

(natural abundance 29.8%) in some cases. Where RC1 is hydrogen
chloride, the product is enriched by 35%, thus suggesting that
35% of the reaction proceeds via reaction (a) and 65% via reaction
(b).

Monoisotopic sensitization may offer a method for isotope
separation. Mercuric oxide is formed on mercury sensitized
photolysis of water. In the presenﬁe of butadiene (to supress
secondary randomising reactions due to OH radicals) up to 95%

pure ngozu can be produced with H9202 resonance lamp.

Repetitive photolysis could yield nguz of high isotopic purity;
the other isotopes should be equally amenable to separation.
Zuber(46) attempted to separate the isotopes of mercury
by the isotopically specific mercury photosensitized
reaction with oxygen. He obtained the evidence that both the
unreacted mercury, and the mercury in the HgO product, differed
isotopically from natural mercury, provided nitrogen was added
to the substrate. The pure oxygen reaction, on the other hand,
was found to be much less efficient from the standpoint of iso-
topic specificity.
The oxygen reaction reviswed by Gunning(Bg) in 1958
proceeds by two routes with the isotopically specific one being
1.9% of the other. The addition of butadiene results in the

(41, 42,51, 52) HQZGE

formation of 88 - 95% pure 0 which represents

the highest enrichment obtained to date in a single step
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monoisotopic photosensitization process. Significantly, also,

the effect of nitrogen on the reaction is negligibly small(sq),

(46). On a similar basis as that used

contrary to Zuber's claim
for the water reaction, Desnoyer et al (51) postulated the
formation of an activated complex molecule, (Hg.Dz)* in the
primary step, which decomposes by subsequent guenching reactions
to yield products. The two substrates, watervapour and oxygen,
both have bond-dissociation energies which exceed the energy of

the 6 P, state of mercury by about 20K J mot ) o o BN et 1

1
Therefore, dissociation in a simple energy transfer process
would be of very low probability. The oxygen reaction, however,
has generally been thought to lead to the formation of an excited
oxygen molecule and the possibility of formation of an excited
complex betwsen an Hg 6 3P_I atom and an Uz molecule had not been
previously considered. A controversy has developed in the
literature concerning the state of the energy rich oxygen mole-
cule thought to be formed in the primary step. The kinetic
evidence used in these arguments seems to be of doubtful

validity. However, this would be discussed later when dealing

with mercury photosensitized oxidations.
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1.5 REACTIONS OF OXYGEN ATOMS (u3p) WITH ALKENES

In this section, the reactions of oxygen atoms (DSP)
with alkenes are discussed briefly as they may be involved in
the oxidation system in the present study.

1.3.(a) Hydrocarbon alkenes:-

(15)

Cvetanovic studied the reactions of oxygen atoms
with alkenes making use of the nitrous oxide technique for the
production of excited oxygen atoms. He first studied the

(53)

reaction with ethylene and conclusion was reached that the
primary process was a direct addition of an oxygen atom to the
double bond to form an energy rich intermediate ("hot" adduct
molecule) which then underwent further reactions. The products
formed were carbon monoxide, hydrogen, several paraffins (CH4,
CoHgo CS g’ EdH1D)' aldehydes (CHSEHD and some higher homologs)
and small amounts of ethylene oxide and some other compounds.
These wers explained by a predominant primary split of the "hot"
adduct into .CH3 and .CHO

C2H4 radicals
. LH0———»C0 + H —m8 —» .82H5 ———» paraffins

-
C2H5 + CHO + M —-———;CZHSCHCI + M

Acetaldehyde could result from the combination of .EH:3
and .CHO or from direct stabilization of the initial adduct.
It was found that there was a slight pressure dependance of the
yields of some of the products, CO decreasing and EHEEHU and
ethylene oxide slightly increasing with increasing pressure.

This indicated "hot" precursors of very short life times.
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When Cvetanovic (54-56)

studied the reaction of oxygen
atoms with the higher homologs of ethylene, much more definite
information on the formation of hot adducts was obtained. In
general, the major reaction products obtained were addition pro-
ducts for e.g. epoxides and carbonyl compounds. Fragmentation
products were mainly carbon monoxide, acetaldehyde and ethane.
He also noted that the amount of addition products increase and
fragmentation products decrease with increasing pressure. This
indicated hot molecules of short lifetimes.

When the epoxide and carbonyl compounds are formed, they
possess excess energies of the order of 376 and 480 K3mul_1
respectively, as a result of the high exothermicities of these
reactions. The pressures at which efficient removal of this
excess energy by collisions will occur depend on the lifetimes
of the 'hot' products with respect to their fragmentation.

These lifetimes in turn will depend on the number of degrees

of freedom and on the bond strengths of the weak bonds in the
molecules formed. In the case of ethylene, the number of
degrees of freedom is relatively small and predominant fragment-
ation takes place at pressures where the products from propylene
and 1,3 butadiene are largely stabilized. In case of butenes
and higher alkenes, the lifetimes are still longer.

The type of addition products formed with a number of
alkenes are well known. The products consist of the epoxides
and some isomeric carbonyl compounds. The formation of these
products can be sxplained on the basis of the following points.
(i) Addition is nonsteresospecific.

This is evident from the fact that with either of cis or

trans butene-2 both cis and trans B butene oxides are formed.
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(ii) In unsymmetrical alkenes there is a pronounced orientating
effect in addition.

(iii) Internal rearrangements occur in the initial biradicals to
form carbonyl compounds.

(iv) The initially formed biradicals are probably very short-
lived.

The results of Cvetanovic showed that the yields of
addition products increased and those of fragmentation decreased
when the pressure was increased in the system. This type of
behaviour of the addition products is knows as "Pressure depend=-
ent fragmentation". The initial biradicals contain appreciable
quantities of vibrational energy and they are capable of very
rapid reactions along several paths. One of these paths is a
"Pressure Independent Fragmentation", which occurs at high pres-
sures where the fragmentation of the hot products is completely
supressed. Fragmentation still takes place and the products are
formed because the biradical is presumably very short-lived and
does not experience a collision before partially decomposed by

the pressure independent fragmentation route, as shown in the

scheme below.

:
R
3
o
R Ra / i Ry
N Ao e :
b Z .
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fragmentation products
[]

Stabilized carbonyl

Compounds

If the excess energy of the biradical is not removed by
a collisional deactivation, it will be carried over to the "hot"
addition products of the reaction. These "hot" products can be
stabilized by collision and forms the observed addition products,
that is to say epoxide and aldehyde at high pressures. If the
pressure is kept low, most of energy is left behind with the
adduct leading to a greater degree of fragmentation, some of the
products decompose by the pressure dependent pathuway.

The extensive study of the reactions of ground state
oxygen atoms DSP with olefins has revealed a number of general
features about the reaction and its mechanism. They can be
briefly summarized as Follaus.(15)
(1) Only addition to the double bond and no insertion into C-H
bond occurs;

(2) The addition is non-stereospecific and is best explainable
by assuming initial formation of a biradical intermediate;

(3) The biradical intermediate seems to be extremely short-lived

(cis 2-butene and trans 2-butene do not give the same ratio of
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cis and trans 2,3-epoxybutane) as its lifetime is comparable
with the time of rotation around the original double bond.
(4) The biradical reacts unimolecularly in several ways:
(a) It is converted to "hot" epoxide by ring closure,
(b) It rearranges by internal migration of H atoms or
alkyl groups into "hot" carbonyl compounds,
(c) It decomposes."Pressure-independent fragmentation"
occurs.The biradical is too short lived to undergo
collisional stabilization.
(5) The relative probability of reaction paths (a) - (c) in (4)
is dependant on the energy content of the biradical when formed.
Thus the pressure independent fragmentation has been observed to
be more extensive at higher temperaturss and probably also when
the reacting oxygen atoms possess greater kinetic energy.
(6) The excess energy content of the biradical is carried over
into "hot" products.
(7) The lifetimes of the "hot" products depend on:
(a) the number of degrees of freedom in the molecules and
(b) the bond strengths of the weak bonds in the molecules
which undergo rupture.
(8) Ground state oxygen atoms exhibit an electrophilic trend in
the rates of their addition to olefins.
(9) The trend in reactivity is almost entirely determined by

differences in activation energies.



- B

1.3.(b). Fluorinated Alkenes:

1. Reaction of oxygen atoms with perfluoro olefins:
By studying the reaction of oxygen atoms with several

(8% = 63) ¢ 1o Pound tiat 1P tha perfluoro

perfluoro olefins
olefin has a terminal double bond, the product is always carbonyl
fluoride (CFZU), that is to say

5
CnFZn-1 CF = EF2 + 0P CnFZn-1 CF + CFZU

The biradicals formed can
1. add to the original olefin,
2. cyclise or rearrange,
3. dimerise with another biradical.

The reaction scheme can be written as follows:

3 *
EnF,. ) CF = CFy & 0°P v (CnF2n_1 cr\;/crz)
CnF,_4 CF = CF,

CFZD + Products

2. Reactions of oxygen atoms with partially fluorinated olefins:
The reaction of sz with halogenated 1,1-difluoro-
ethylenes CFZ = CXY has been studied by Mitchell and Simons(ﬁa)

using flash photolysis technique. They found that the oxygen
atom adds to fluorinated carbon when X and Y are halogens, but
to the other carbon if X and Y are hydrogens. The reaction pro-

ducts of halogenated 1,1-difluoroethylene was carbonyl fluoride.

CF2 = XY + DSP—————} CFZD + CXY

Some partially fluorinated alkenes behave much more like

their corresponding unsubstituted alkene than the perfluoro
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alkenes. The reaction products.of oxygen atoms obtained by
mercury photosensitized decomposition of nitrous oxide with 2-
trifluoromethyl propene (65) were found to be the epoxides and
isomeric carbonyl compounds. The mechanism proposed for this
addition reaction was analogous to the one proposed by Cvetanovic
for the reaction of DSP atoms with unsubstituted alkenes. This
mechanism can probably be applied to most partially fluorinated
alkenes but excluding those with fluorine substitution at the
double bond. The alkenes with a fully fluorinated double bond
behave similarly to the perfluoro alkenes.

(66)

In a similar study with 2-F1uaro propene, Morley found
that the major products 2-fluoro propene epoxide and 2-fluoro
propionaldehyde accounted for 90% of the oxygen atoms at pres-
sures higher than 500 mm.

From both reactions, i.e. 2-trifluoromethyl propene and
2-fluoro propene, the oxygen appears to add to the less sub-
stituted carbon atom to form a biradical which can then cyclise
to form the epoxide or rearrange to form the aldehyde.

Jones (67) in dealing with the reaction of DBP atoms with
1,1,2-trifluorobutene-1 found that the major products of this
reaction were cis- and trans-1-fluoropropene and carbonyl
fluoride. Minor products were fluorocyclopropene, propionyl
fluoride, ethane, ghylene and propane. No detectable epoxide
was formed.

(68

S. Rattanaphani ) studied the reaction of Ozﬁ atoms
generated by mercury photosensitized decomposition of nitrous

oxide with fluoroethylenes. She found that 1,2-difluoroethylene
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and trifluoroethylene reactions are mainly alike and form mono-
fluoromethylene (CHF) radicals and carbonyl fluoride. The CHF
radicals then added to fluorcethylenes form "hot" fluorocyclo-
propanes which could be stabilized by collision (or isomerize or
fragment).

(69, 70) have measured the relative rate

Moss and Jennings
constants of the reaction of oxygen atoms with the fluorinated
ethylenes and partly fluorinated propenes and butenes by using
the nitrous oxide technique. They conclude that the rate of
addition of oxygen atoms towards the fluoro-alkenes is decreased
progressively with increasing flﬁnrine atom in any position of
the moleculs. The only exception is that for C2F4, the rate con-
stant is greater than ethylene itself.

Hence all the present information available indicates quite

clearly that the reactions of oxygen atoms (UBP) with a variety

of alkenes in the gas phase are well understood.
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1.4, PHOTOSENSITIZED OXIDATIONS WITH MOLECULAR OXYGEN

1.4.(a) Reactions in Solution:

A lot of work has been done in this area of photosensitized
oxidations in the liquid phase. Most of the early work in this
field is due to Schenck and his cn-uorkars.(71)

Photo-oxidation is a reaction of molecular oxygen in the
presence of light. It may take place as a direct process where
a reactant absorbs the light or an indirect process where the
light is absorbed by an added sensitizer, which then transfers
its energy to reactants. The common sensitizers used in photo-
oxidations are xanthenedyes, methylene blue, porphyrins,
carotene, rubrene, chlorophyll, vitamin A, hypericin, polycyclic
aromatic hydrocarbons and many other compounds.

The process of indirect or photosensitized oxidation can
be further subdivided into two types.

(1) Type I process:- where the intermediates are free radicals

formed as a result of absorption of light.

PhC Ph + CHO
%0 —+

(ii) Type II process:- where there are no free radicals but only
electronically excited molecules occur as intermediates.

Dealing with the above processes the guestion arises
whether the substrate or the oxygen is "activated" when it enters
the termination reaction, which leads to the final product(s)

AD where A is the substrate). Hence we may distinguish an

5 (

acceptor-activation mechanism from an oxygen-activation mechanism.

Furthermore, in each of these mechanisms the activated species
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may be either the electronically excited A or 02 respectively

or the electronically excited complexes of the primarily excited

species with A or 0, respectively (see Table 1.4.1.).

TABLE 1.4.1.

(75)

DIRECT

INDIRECT
(Photosensitized)

A+ hy ——p A *

P 7R SRERE - 38

I. ACCEPTOR-ACTIVATION MECHANISM.

(direct

A* + 02"—) HUZ
combination)

A* + A= (AA)* complex form:

(AR)* + 02——rn + A02

S* + A—PS + A* (Energy
Transfer)

A%® + 02 ———-}HUZ

S* + A —»(SA)* complex
formation

(SA)* + 0O + AO
2 2

II. OXYGEN-ACTIVATION MECHANISM.

A*¥ 4+ 0, ——p A + 0,* (energy
2 2
transfer)

02* - A——PAD2

A% + O,~—p (HUZ)* complex form:

(Anz)* + A=——pA + AD,

S* 4+ 0,—»5 + 0, * (energy
transfer)

Dz* + A —---)r‘-’tEl2

S* 4 02——->(502)* complex
formation

(S0,)* + A—— S + AU,

A = substrate, A* = singlet or triplet excited A

(AAR)*, (AQ,)* = electronically excited complexes

S = sensitizer, 5* = singlet or triplet excited §

(SA)*, (502)* = electronically excited complexes
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(72)

Livingston has discussed type I and type II direct

and indirect photo-oxidation reactions including their mechan-

(73)

istic aspects. Hochstrasser and Porter have reported on

the primary processes in photo-oxidation. Type II direct and

indirect photo-oxidations of diene systems have been compiled

(74)

by ‘Gollnick and Schenck Most of the work on alkenes as

substrate in type II indirect photo-oxidations can be found in

(71)

early papers of Schenck and his co-workers, and recently it

has been reviewed by K. Gnllnick(75) and uthers.(TG)

Gaffron(77 - 79)

was the strong supporter of the acceptor
activation mechanism and he showed that the quantum yields of
the direct and indirect processes are independant of the inten-
sity as well as of the exciting wavelength of light. He also
observed that in the direct photo-oxidation of rubrene, two
rubrene molecules have to take part in the reaction sequence,

which leads to stable endoperoxide. He concluded the formation

of an activated double molecule (Ruz)* occured as shown below:

Ru* + Ru ——p (ﬂuz)* 1a
(formation of activated double molecule (eximer formation)).
(Huz)* + 0y —p HuDz(stable) + RU ———1b

The same reaction was also studied by two other groups of

(80 - 82) Schumacher (81)

investigators, confirmed the particip-
ation of two molecules of rubrene in this reaction, however he
pastulated the formation of an unstable electronically excited
rubrene oxygen complex which should either dissociate into its

components or can be stabilized by collision with other rubrene

molecule.
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Ru* + 0, » AU0* ———— 2

(Ruﬂz)* » Ru + 02——-—-— 2a

(Huﬂz)* + Ry =———P Rub, + Ru === 2b
A variation was proposed by Schonberg(ss) that the light
absorber forms a labile complex with oxygen and then delivers
its oxygen to a substrate forming the peroxide and the light
absorber in the original state.
(Ruaﬂz)* T Rua + R Dy s 2c

During the same time, Kautsky(84 - 88)

while studying the
extinction of fluorescence and phosphorescence by various
quenchors assumed a mechanism quite contrary to the assumption

of a sensitizer oxygen complex formation. He assumed that an
energy transfer from an electronically excited molecule to oxygen
occurs by which oxygen should be transferred from its triplet
ground state into its electronically excited singlet state pre-

3
(85, 85). Later on the 1[39 state of

(88)

1_+
sumably into Z:g state

(89) as the

oxygen discovered in 1933 was discussed by Kautsky
low energy (92 Kﬂ/hnla) singlet oxygen formed in Gaffron's
experiments. In the latter years, Gaffron's acceptor activation
mechanism was almost omitted since the results obtained by dif=-
ferent inuastigators(§1’ %0, 91) were only in agreement with an
oxygen activation mechanism, however the nature of activated
oxygen species remained obscure.

(71, 90, 92 = 08} oot oantributor to the fisia

Schenck,
of photosensitized oxidation reactions, strongly advocated the

view that the interaction between an electronically excited

sensitizer and oxygen should result in a (chemical) addition
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reaction rather than in a (physical) energy-transfer reaction.
He also found that the Yate of disappearence of the active
intermediate does not depend on sensitizer concentration.

Until recently, the singlet oxygen mechanism was gener-
ally disregarded, despite the following observations:
1. Kautsky observed that reaction occurs even when sensitizer and
acceptor are adsorbed on separate granules of silica gel, which
would indicate that a reactive intermediate is formed which is

(85, 86)

capable of diffusion under vacuum. Similar phenomenon

were noted by Rosenberg and Shumbert.(gs)
2. The "moloxide" would have to have an unexpected property, for
example in the reaction with anthracens, which is both sensitizer
and acceptor, the kinetics require that the intermediate (which,

if it is a moloxide, is presumably of structure I) cannot collapse

to product II itself, but must transfer oxygen to a second
(76)

(T’O

anthracene molecule.

I 1

This represented a sharp change in the established visws
of the reaction. In 1964, very strong evidence in support of
the mechanism involving excited oxygen was found by Foote and

(76) and by Corey and Taylor(gs), who showed that the

Wexler
typical products obtained from cyclic 1,3 dienes and olefins

which could only be made by a photochemical reaction and were
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explained on the basis of excited light absorber-oxygen complex,
were also obtained when excited singlet oxygen molecules, pre-
sumably ng , are reacted with substrates suitable for photo-
oxidation reactions. Singlet oxygen may be generated either

chemically or by electric discharge.(gs’ 97)

Furthermore, Foote
and his co-workers showed uneguivocally that singlet oxygen
oxidation and photo-oxidation give rise to the same product dis-
tribution in stereoselective reactions and that both oxidation
reactions display the same kinetic features with different sub-
strates. These results allow the conclusion that the photo-
activated oxygen in the previous works is identical with the
reacting species in Foote and Corey's experiments singlet oxygen.

Trozzolo and Fahrenholtz(ga)

» in a recent study involving
the ability of 2,5 diphenyl-furan endoperoxide, obtained by the
sensitized photo-oxidation of 2,5 diphenyl furan, to transfer
molecular oxygen to other oxygen acceptors such as tetramethyl
ethylene, cyclohexadiene-1,3 and rubrene (all of these have been
shown previously to react with singlet oxygen molecules to form

characteristic products)(gg' 71, 75)

thought that if the evolving
oxygen is in singlet state then this would form products with the
above acceptors. In fact, they were confirmed in their results
that the singlet oxygen mechanism applies to the oxygen transfer
reactions of their compound 2,5 diphenylfuran endoperoxide.
Recently, Schenck has inferred that in the case of Type II
photosensitized oxidations formation of singlet oxygen occurs by
dissociation of excited sensitizer-oxygen complexes (Kautsky-
Schenck mechanism).(juu)

A novel variety of Kautsky-5chenck mechanism is described

as formation and reaction of Kautsky exciplexes with 02 forming
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sansitizar—02 exciplexes as intermediates of photo-oxidations

and precursors aof 10 This complexolytic mechanism of 10

2 2
formation is predominant under normal conditions, provided that
(i) sensitizer concentrations are high enough for efficient
fluorescence self quenching, and
(ii) oxygen pressures are low enough (normal oxygen pressure) so
that self guenching precaad§ oxygen quenching.
Gnllnick(1ﬂ1) et al., during their studies of phﬁtu—
sensitized oxidations as a function of the triplet energy of
sensitizers have concluded that their results so far obtained
clearly indicate that only one oxidation species is involved in
the photosensitized reactions in solution. This species theay
say is with all probability the singlet oxygen presumably in

1
its .ng state produced from 3(

o

T, 7%) as well as from

n, w*)-sensitizers independently of the energy of these
triplet-excited sensitizers. The above authors have also said
that in view of their results it seems rather unlikely that
reactions of singlet oxygen in 12& state produced from triplet-
excited sensitizers by energy-transfer in solution have ever been

observed. Their conclusion is in agreement with Dgryzlu'3(102)

results according to which the 1EQC& -‘hg(DE trans-
ition is so effective that the rate constant for reactions with
135 02 would have to be about 708 times larger than that
for hg CE reactions in order to be competitive. Further=-

(101)

more, their results provide further evidence that a sensitizer-
oxygen contact pair participation in the product forming step (9)
(as shown in reaction sequence) is very unlikely. These two

1_+
species, excited sensitizer-oxygen contact pairs and Zg O

1
should, however, play important roles as precursors of Ag 02
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in photosensitized oxidation reactions in solution.

Hence, by replacing the complex discussed by singlet

oxygen, the following reaction scheme accounts well for the dirsct

and indirect photo-oxidation reactions.

's_ + hy Labs »'s, Absorption (1)
151 K2 “150 + hu1 Fluorescence (2)
4} K 1 .
51 3 S Su Internal conversion (3)
1 K, 3 .
s, ' > S, Inter system crossing (4)
3 K 1 ;
5, 5 » S, Inter system crossing (5)
LR e s 0 g )
Wt 2 o8 2 ) Energy transfer and (6)
) .
351 " 302 K7 shet 02 ) singlet oxygen
formation (7)
1021 :302 Deactivation (8)
0. % o—s S tha) ] Product formation (9)
2 ) { 2) o

singlet ground state, excited singlet and

triplet stats of sensitizer S respectively.

singlet ground state of organic substrate

A and product A0, respectively.

2

triplet ground state and excited singlet

3

- 1
state of oxygen, Z4 and/or Ag

<*
=8

respectively.

1.4.(b). Nature of Singlet Molecular Oxygen:-

A considerable number of electronically excited states of

oxygen atom and molecules are known to exist, and spectroscopic
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data have provided detailed information about many of them.
Several of these excited species are known to be involved in
chemical reactions, either as reactants or as products. In
contrast to most even electron molecules, the ground state of
oxygen is a triplet spin state and the electronic metastable
states are singlets. The ground state configuration of mole-

cular oxygen is:
: : 2 2 4 2
K K (7 2s) (ru2s)(Tg 2p) (7u 2p) (g 2p)

& 1 Y%
and can give rise to the three state = ’ Ag and =
T 9 g
The ground state is Zg and the states bg and 2;’
lie above it at 0.98 eV and 1.63 sV respectively. Both the
singlet states, therefore, correlate with ground state, 3P,
oxygen atoms.

Additional excited states are formed by the transfer of
an electron from the bonding ( Ay 2p ) orbital to the anti-
bonding ( ﬁg 2p) orbital to give

> 2 2 3 3
KK (g 2s) (T 2s) (5 2p) (Fu 20) (Rg 2p)
this would produce the states Eiu ,EElJ » ZBLJ P ﬁSU
and :Eilj . :Eatl dissociates into USP - 010, the rest
all into ground state 03P atoms.

(103) data on three lowest electronic states

The physical
of molecular oxygen reveal very small structural changes upon
excitation as shown by the near consistancy of the internuclear
distances. The potential curves for molecular oxygen reveal

this by the near coincidence of the potential minima for the

three lowest states (Fig. 1.4.b.7).
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Transitions from 32; to 1Z-\-'E] is forbidden and
similarly transition from 325 to 12; is also forbidden.
A very strong transition comes from a triplet state STEEJ: and

Yt

transitions from ==g to this state is possible with 190 n.m.
(62B.UKJ) very high energy. Normally, it is not possible to
obtain 32: state especially with photosensitized reactions,
hence the only two easily obtainable states by means of photo-
sensitization are 1&9 and 125 states.

The photosensitized generation of singlet molecular oxygen
involves transfer of energy from an excited sensitizer molecule
to normal molecular oxygen :Eii_é . In a mechanism propocsed as

(104, 119) _ 4 others, the triplet state of

2
probably by Kawaoka
the sensitizer molecule is quenched, leaving the oxygen molecule
1 1 +
in a singlet state ( Ag or Zg ) after the collision. The

excess energy of the sensitizer is left as the vibrational energy
of the sensitizer. 1 R,

s AE(T'SO) iz (123-35.9')

Energy transfer from triplet sensitizer to triplet oxygen to give
singlet oxygen is a spin allowed process. The lowest states of
oxygen are shown below with the electron distribution in the

highest occupied (degenerate) orbitals.(ws)

States of the oxygen molecule Occupancy of highest Energy abave

orbitals ground state
bt
Second excited state ( =9 ) $ % 154.9 K 3
1
First excited state ( &g ) «T—'I- - 92.1 K J

3 =
Ground state ( 29 ) l
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1
The Ag state has an energy only 92.1 K J oL~

above that of the ground state, both electrons are paired in a
single orbital, leaving the other vacant. This state rﬁight be
expected to undergo two-electron reactions; it resembles
ethylene electronically, but should be more electrophilic. The

1
higher singlet state ( Eg ) resembles ground state oxygen
electronically and might be expected to undergo one-electron
free radical reactions. Both states have been identified
spectroscopically as products of electrodeless discharge and of
the chemiluminescent reaction of sodium hypochlorite and hydrogen

(97, 106) and at least one of the states is produced in

(107 - 109)

peroxide,

1
certain other reactions. The Ag state has a much

1 -
longer lifetime than the Zg , and is the major product of the

hypochlorite-hydrogen peroxide reaction.(g'?’ 106)

1.4.(c). Formation of Singlet Molecular Oxygen.

(i) Chemical Methods:
(110, 111, 106)

of hydrogen peroxide with hypochlorite
(76, 112)

1. Reaction

or hypobromits. Quantitative yields of (probably)

1 1 +
mainly Ag with some equilibrium amounts of Eg . Reaction

yields enhanced by use of nonagueous solvents (e.g. methanal).

(113)

2. Reaction of potassium superoxide with water. Possibly

1 +
a favorable source for 29 production.

3. Thermal decomposition (109)

of arylperoxides. Probably favors
4 ;
ég production.

(ii) Physical Methods:

(99, 104, 114) by visible or near-ultraviolet

1. Photosensitization
light absorption, with excitation transfer to normal oxygen. Prob-

1 + }
ably favors Eg with most sensitizers. Exclusively ﬁg could be
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produced with suitable infrared sensitizers. Uses ambient
moderate light intensities with normal oxygen bubbled into
irradiated reaction mixture.

(97, 115 - 118) through a stream of

2. Electrical discharge
1

gaseous oxygen. Stream of mainly Ag bubbled into reaction

solution after suitable scrubbing.

(118)

During the recent years, Kearns and co-workers have
calculated that in the region between about 155 - 205 K J mt:rle;"‘I
I + 1
the ratio of formation of 29 and Agogis a function of the

(120) Sensitizers

triplet energy of the sensitizers applied.
with triplet energies equal to or below 155 K 3J rm:nler_‘1 produce
.'/_'}3 O, , on raising the triplet energy to 205 K 3 :m:rle'1 a smooth
increase of 125 O, occurs having a ratio of 12—% Oz'/bgoz
to about 10. They suggest that low energy sensitizers like
hematoporphyrin and methylene blue produce only 1&9 O, whereas
high energy sensitizers such as esosin or fluorescein however
produce about ten times as much1§:§ O, as O, 1.{39.

A mechanism (as shown in the scheme below ) for the produc-
tion of singlet molecular oxygen by triplet energy transfer is

proposed by Pitts. (121)

S,
3
L]
o
>{c
858
£)H0
T

\‘\\ Energy Transfer to Oxygen
1 +
e 29
ﬂ\‘\’_— 1
—

3 -

w
o
I Absorpfion

O» ACCEPTOR 3
DONOR < 0
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1.4.(d). Detection of Singlet Molecular Oxygen:-

Detection of the presence of singlet molecular oxygen in
a system may be effected by direct physical observations if con-
centrations permit, or indirectly by the result of singlet oxygen
reactions. Some useful detection methods are:

(118, 111, 115 - 117)

1. Luminescence Spectroscopy Characteristic

single-molecule transitions and double-molecule simultaneous
transitions readily detected.

1
2. Mass spectroacopy(118) The presence of Z5§3 is monitored

T
by CE appearance potential, the latter decreased relative to

1 3 -
ground state 0, by the transition energy Ag — Zg

(96, 99, 122)

3. Chemical scavangers Observation of characteristic

products of singlet oxygen reaction.

1.4.(e). Dye Sensitized Oxidation of Alkenes:-

Dye sensitized photo-oxidation of alkenes, dienes, stc.,
proceeds via singlet oxygen formed by energy transfer from triplet

(75, 99) The dyes that sensitize photo-

sensitizer to oxyagen.
oxidations among them chlorophyll, is the most effective for
organic substrates.

The typical product of dye sensitized oxidation of an
ethylenic bond is an unsaturated hydroperoxide having the position
of unsaturation moved one carbon atom away from the original
ethylenic bond. These rearranged allylic hydroperoxides are the

(71, 75, 99) The process formally

ma jor oxidation products.
resembles the -ene reaction.

In 1943, Schenck discovered the photosensitized oxidation

of alkenes which leads to the formation of «,f unsaturated
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hydroperoxides in which the double bond is shifted to the allyl
position with respect to the starting material, according to the

following scheme:

e T sens/ h /0, It ]
?-_Hg-__|3___ i 1?“'§===§""
H H H\
o e AR

As oxygen displays the same features as e.g. maleic anhydride

. : . (123) :

in the well known Alder reaction (-ene reaction) y this type
of hydroperoxidation reaction was called indirect substitutive

(s0) (124) described

addition in the allyl position. Schonberg

this reaction as Schenck reaction. It occurs in thrse steps:

(i) Attachment of 02 molecule to one of the carbon atoms of the
double bond;

(ii) Shift of the double bond into the allyl position (|:2--y 83)
and

(iii) Migration of the allyl hydrogen atom to the terminus of the
peroxy group.

The main features of this hydroperoxidation reaction ars
that in any case a shift of the double bond is connected with this
reaction, and that no free radicals are involved; i.e. no
hydrogen abstraction from the carbon atom a« to the double bond
occurs prior to the C - 0 bond formation, as is the case in auto-
oxidation reactions.

(125)

In more recent investigations by Schenck et al. on the

photosensitized oxidation and on the autn-oxidatinn(126) of

optically active olefins such as (+) limonene and (+) carveomenthene
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the differences between the two reactions have been revealed, thus
ruling out any mechanism which assumes hydrogen abstraction to be
the initiating process in the type II photosensitized hydroper-
oxidation reaction. The results also show that no insertion of
the oxygen molecule into a C-H bond a to the double takes place,
and that type II photosensitized oxidation reactions occur much
faster with tri- and tetra substituted ethylenes than with di or

(127, 128)

mono substituted ones. The cis relationship between

oxygen attack on a double bond and the migrating allyl hydrogen

(129, 130) that the allyl hydrogen

was shown by Nickon and Bagli
taking part in the reaction has to be cis to the oxygen attack
on the double bond.

Until very recently, the above views seemed to be gensrally
accepted. However, upon careful examination, the arguments used

)(75, g9, 122, 130) arnd to

to support the above mechanism (-ene

eliminate other possible mechanisms seem less secure now, and

there appear to be other schemes that deserve consideration.
Dioxetane intermediates (2) appear to be important in

the formation of carbonyl containing products that are frequently

observed in the reaction of conjugated olefins with singlet

oxygen(131 - 133) and it is possible that they are alsc inter-

mediates in the formation of allylic hydroperoxides according to

the following scheme:

Wi 01
f3=.

— ) ——iC
O
O
o

{-\
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Perepoxides (3) have also been suggested as possible

intermediates in the formation of the allylic hydroperoxides

according to the following sschantams: =)

- o =
>( & l\ i C!JOH /CL’
::>c===c —_ > '*?“4f“? '——‘“*—‘*;>C——4f’/
L 3 4

Kearns and his co-workers have provided the experimental
evidence for the presence of di-oxetane and perepoxide inter-
mediates in singlet oxygen reactions with olefins, and at thé
same time provided strong evidence against the mechanism of the

-ene raactinne.(133, 135)

According to their theorstical cnnsiderations,(135)
regarding the reactions of singlet oxygen with alkenes, simple
mono alkenes such as methyl substituted ethylenes, perepoxide
formation will be favored over dioxetane formation. Rearrange-
ment of the perepoxide to a dioxetane or to an allylic hydro-
peroxide both appear to be possible (theoretically), although
experiment indicates that the intramolecular abstraction reaction
dominates. With those alkenes that have particularly low ion-
ization potentials theory suggests that dioxetane formation will
become more favorable. Their calculations also inferred that

the reaction of singlet ‘hg oxygen with alkenes to form pere-
poxides intermediates is an allowed reaction, whereas the reaction
to form dioxetane intermediates may or may not be allowed, depend-
ing upon whether the alkene has a sufficiently low w ionization
patantial.(TSS)

In subsequent studies involving the effect of substituents

and solvents, the evidence points more in favour of the -ene
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mechanism, whereas the arguments supporting the alternative

mechanisms seem less sacure.(75’ 136 - 139)

Ashford and Dgryzln(1du)

took up a study on some reactions
of singlet oxygen with olefins in the gas phase to obtain

Arrhenius parameters for several -ene reactions in the gas phase
so as to compare them with a few values already reported for the

reaction in salutiun.(141)

They arrived to several interesting
points such as:

1. In the gas phase, the large variation in reactivity of the
olefins (under study) can be attributed almost entirely to dif-
ferences in activation energy. Within experimental error, these
changes in activation energy for both the linear olefins and
cyclic pentenes can be reproduced if it is assumed that:

(a2) the introduction of a methyl group reduces the
activation energy by 6.2 K J ol
(b) one group cis to another causes a further drop of
3.3 K 3 mol™"
(c) a second pair placed cis to one another causes an

additional drop of 1.2 K 3J mol™"

t,(75’ 136, 139, 141) ihie

As many workers have pointed ou
rate accelerating effect of the methyl substituents is undoubt-
edly associated with the electron donating ability of this group
and the electrophillic nature of singlet oxyagen.

2. The room temperature rate constants in solution are about two
orders of magnitude larger than those in the gas phase.

Since few reactions have been studied in both gas and con-

densed phase hence there are controversies over what differences
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should be expected. When either reactant is polar, differences

(142)

have been observed. However, when both reactants are not
very polar, it would appear that there is usually very little
change in the Arrhenius parameters when the medium is altered.

(140

The authors ) have further said that since in their
studies where the reactants were also non-polar, the differences
between the two phases could be taken as evidence for a polar
transition state and they have cited following points in the
favour of the above state.

1. A dioxetane intermediate appears very unlikely since all the
available evidence points to the exclusive formation of carbonyl
products from the decomposition of dioxetanes whereas the reactions
under consideration produce hydroperoxides exclusively,

2. The -ene mechanism supposed a simple sixcenter cyclic inter-
mediate analogous to that which is assumed in the conventional
-ene reaction. Though the lack of a strong solvent effect has
been used by Fuute(143) to argue against other mors polar inter=-
mediates, there is no reason to believe that the -ene transition
state would not be somewhat polar in view of the strong electro-
phillic nature of 02139 . Their data cannot be considered
inconsistent with this mechanism.

3. The perepoxide intermediate was favoured by some 'azide
trapping' experiments but later on it was discovered that the
technique suffered from several complications and the results

4
(139) Their(1'u} data also proves against

(144)

are inconclusive.
this intermediate. Kopecky and van de Sande have also con-

cluded that neither the perepoxides nor the 1,2 dioxetanes are
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involved in the singlet oxygen reaction.
4. A charge transfer complex has been proposed for the analogous

(145> There is also some

Diels-Alder reaction of singlet oxygen.
correlation between the ionization energiss of the olefins and
their reactivities. It is important to observe, however, that
if no bound species exists and there is simply a charge transfer
"interaction" in the transition state, the intermediate would be
indistinguishable from that proposed in the -ene mechanism. On
the other hand, a bound charge transfer complex seems much less
likely. Electronic relaxation of 02259 would probably be
favored in such a complex unless the species were drawn together

(146) Since attempts to intercept(139) or

(147)

extremely strongly.
isolate an intermediate at low temperatures have been
unsuccessful, such a possibility has little to recommend it at
the moment.

In the end, they have concluded(140)

that a comparison of
the same reactions in solution suggests a somewhat polar trans-
ition state is involved and in the absence of any evidence for
a bound intermediate, this reguirement can be accommodated by
the simple -ene mechanism.

Type II direct and indirect photo-oxidation reactions with
alkenes, etc., in solution are quite well understood now.
Excited oxygen in the singlet state is with all the probabilities
the oxidising agent in the reactions discussed. The mechanism
by which it reacts with olefins and by which it is formed is

receiving much attention. Many questions with regard to the

mechanisms involved remain open, especially the effect of the
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nature of solvent on various processes is not fully understood
at present. Intermediate singlet oxygen formation may also be
important from a biclogical point of view and may plan an impor-
tant role in air pollution. The photosensitized oxidation
reaction can be used for the preparation of allylhydroperoxides
and allyl alcohols. It may also be used for the preparation of
certain organometallic hydroperoxides. The industrial use of
singlet oxygen reactions is rather limited at the moment, but

may be extended substantially in the years to come.

! .
1.4.(f). Gas-phase reactions of AgO, with Alkenes:-

There is strong evidence that the excited 02 (preferably
1
in &g state) reacts with alkenes in solution, but the cor-
responding gas phase reactions have received little attention.

(148)

Wigner and Bayes studied the kinetics of the decay
of excited oxygen generated by the use of a microwave discharge
in the presence of tetramethylethylene (TME) vapour. They
identified the hydroperoxide as a product but did not measurs
the yield.

HC CH

3 3 1
3 >Se=c + o, >
< i e

OOH

ch C H3

S i e
o

(96)

Corey and Taylor however found no reaction between
:
0O, ékg and TME in the gas phase. Similarly, Murray and
(149) _. ; : :
Kaplan mixed O, Ag (obtained from a triphenyl

phosphite-ozone complex) with TME vapour but their results were

inconclusive.
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(150)

Broadbent and co-workers have observed the reaction

of dimethylfuran and TME with excited oxygen produced through a
1 1 +
microwave discharge. The presence of excited 0, (Ag or 29)

in electrically discharged oxygen was first shown by the spectro-

(151)

scopic studies of Noxon. Its survival in the oxygen stream

outside the discharge was indicated by the mass-spectrometric

(152)

study of Foner and Hudson. The selective removal of

oxygen atoms from such a system by the introduction of mercury

into the discharge was described by Elias and nthars.(qaz)

(150) their results

Coming back to the study of Broadbent et al.,
confirmed that both TME and DMF react with (32159 in the gas
phase. Their results were further confirmed by a number of

(154, 155) in more subseguent studies. The product from

workers
TME being a hydroperoxide and with DMF the unstable product formed
in the reaction given below is an unstable pure ozonide (II)

which on reaction with methanol gives the compound (III) whose

properties were the same as those of an authentic sample.

_l?i:::j§__ +-(:LLQLQ R -_TEE;;E?I;-—llﬂilﬂ——r
e O L CHQO

Absolute rate constants for the above reactions were

OH

recently obtained by Broadbent, Gleason and Whittle, and are as

follous:(155)
k 1 4 0.5 % 10° 1it Ton | sap |
TME = i . X 1Cres molie sec
k.. = 3.7 4+ 1.4 x 10° litres moley ' sec”

DMF
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As a comparison the rate constant for the reaction of ozone with

=1 (156)

TME is 4 x 1CI4 litres mulas_1 sec The rate constant

for the reaction of TME with oxygen atoms is, however, very much
1

faster than with either 0, or C% tﬁ&g.

3
The above quoted rate constants were considerably smaller

02)

preliminary estimation of 108 litres moles_1 380-1.

than Arnulds(1
She investigated the removal of O, 1Ag by a series of olefins.
Presumably all the olefins may react initially with 02 1"39
to form hydroperoxides, although in view of the sensitivity of
the hydroperoxides to surface decomposition as well as thermal
instability and probably at low temperatures the very low yields

might make it difficult to detact.(121)

(157)

Kummler reports a private communication from Mahan

which suggests that the rate constant for the reaction between
1

C5 Ag and ethylene is slower, but not more than ten times

slower than the reaction between atomic oxygen and athylané.

Thus the rate constant should be between about 2 x 1[]7 and 2 x 108

(154)

litres mnlea_1 SeC . Recently Herron and Huie have

5
examined the reaction rates of some of the alkenes with O, Ag
and have provided absolute rate constants for a number of alksnes

and have compared them with those of atomic oxygen (Table

14.(Ff)s1).
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TABLE 1.4.(f).1 (154)

Rate Constants for some Reactions of sz and 021 Ag

l((c:m:3 mo1”" sec-1) 5 ]
Reactant k0O P/k02 A g
0°p 0215 a*

8 (158 - 160) 11 7 4
Ethylene 4 x 10 1 x 10 4 x 10
Prupena(sa’ Lo 162)2 X 1012 1 x 107 2 105
1-Butene ZeD X 1012 1 x 1U7 Z+0l% 105

(158, 162, 58)

13
2 Methyl Propene Tix 10 - -

(158, 162)
2-putene158r 162) 14 . 4g" | 4 4 107 1 x 10°
2 Methyl-2-

Butene o4} lL s 10WP 1 x 10 4 x 10°

¥ This work

8 References given are for kD3P

1
There is no direct evidence for a reaction between CB jgg;'
1
and alkenes although if it relaxes first to CE Ag state
rather than the ground state then the latter species would react

(102) Khan and Kearns have shown that if there is

with alkenes.
a concerted addition of singlet oxygen across a double bond, then
on the basis of the correlation diagram for the process, it can
be predicted that only 02 1&9 and not O;Z; will react.

The prediction cannot apply if the process involves more than one

additive stages.
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1.5. MERCURY PHOTOSENSITIZED OXIDATIONS OF HYDROCARBONS

The mechanism of oxidations of hydrocarbons in the gas
phase is quite complicated and difficulties usually arise in
initiating the reaction at sufficiently low temperatures. The
use of mercury photosensitization in a flow system helps to
overcome most of the difficulties.

; . : > ,.(165)
Although the field is quite old, in fact Marshall's
gearly experiments on mercury sensitized reactions of hydrogen

and oxygen were conducted in the 1920's, but then Gray(qsﬁ’ 167)

(168, 169) experiments with alkanes were per-

and Nalbandyan's
formed in the early 1950's, and then in the years to come
oxidations were mostly performed with oxygen atoms involving

this technique. Little attention was paid on mercury sensitized
oxidations with molecular oxygen, probably because of the com-
plications in the system where oxygen, ozone, and oxygen atoms

are all present and reacting.

1.5.(a). Reaction of Excited Mercury with Oxygen:-

Molecular oxygen is an effective guenchor for the
253.7 n.m. mercury resonance line. The quenching cross section

is large. Values in the literature vary in the range 1.32 -

(9, 11) (170)

have adopted a value of

1.99 n.m. Burgess and Robb

3
1.72 n.ms for UECE Hg6 P . This guenching process involves

the transition from the 6313',I state of Hg to the 15D state, a

transition that occurs with an energy liberation of 4.88 ev or

469.7 K J mul-1. The formation of ozone and HgO by the reaction

of HgGZP1 atoms and molecular oxygen was first reported by

(171)

Dickenson and Sherrill, but thers was no certain information
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regarding the state of the oxygen molecules involved in the
guenching collisions with Hg63P1 atoms.
Leipunsky and Sagulin(172) and Dickenson and Sharrill(171)

suggested that one of the reactions (1) or (2) may occur.

H963P1+02——)-HQEI+U (1)

Hg 6 3p1 + 0, ——FHg + 02* (2)

Mercuric oxide has been observed as a product of the

mercury photosensitization of oxygen-containing mixtures(166’ 14 = 1¢9)

and in Hg = D2 mixtures irradiated with 253.7 n.m. radiations(171’ 180)

but this may arise either from reaction (1) or from the reaction

of mercury with a product formed as a result of reaction (2).

(181)

Volman while studying the effects of foreign gases

on the formation of ozone in the mercury sensitized reaction at
253.7 n.m. have suggested the following three processes for the

deactivation of Hg 6 3P atom ultimately leading to ozone

1

formation:

Hg 6 3p,| + 0, ———> Hg 6 15D + 20%p AH=z23KJjnoe

3 AHz =87+ A
._._-—-_P B ——
3 1 *
Hg 6 “P, + 0, ———F Hg 6 5, +0, ——— (3)

where A is the heat of sublimation of Hgﬂ(s) estimated

<96 K J mul-1.

These reactions have been discussed by Uolman(qsz) as

follows:
Process (1) is sufficiently endothermic that only one

collision in ‘IU4 may be effective, thus since the quantum yield

of 0, lies in the range 0.03(183) to D.14(1B4) and chains are

3
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not involved reaction (1) must be unimportant.
While process (2) originally suggested by Leipunsky and

(172)

Sagulin is exothermic by at least 267.9 K J and is ener-
getically possible, the extent depending on the value of the
heat of sublimation (estimated 96.2 K J)(}Bz) solid HgO is
formed and mercury removed from the reaction zone. Further,
if this were followed by

0+ 02 —_ I:I3
there would be one ozone molecule formed from each mercury atom

(171) - 60(181) molecules

removed. It is claimed that from 7
of ozone are formed per mercury atom entering the reaction zone
hence this reaction cannot be important unless Hg is regenerated.

Following reaction has been suggested.
HgO + 0, ——— Hg + O, AH= 68—\

However, if the heat of sublimation A is 96.2 K J
or less, as seems liksly, then the above reaction will be highly

endothermic and hence (2) seems an unlikely primary process.

(182)

cites the fact that Pertel and Gunning

reported no isotopic enrichment in 202Hgl] when the radiation

Furthermore, VYolman

source was a 202Hg monoisotopic resonance lamp. This sesemed

to be a strong evidence against primary process (2) at that time.
The effect of foreign gases were studied in the mercury

sensitized reaction at 253.7 n,m. and the direct photolysis at

184.9 n.m.(181’ 185)

The relative ozone yields drops in the
order 1.0, 0.6, 0.6, and 0.4 for He, Ar, Ne and CUZ and Volman
suggested that the added gases deactivate the excited oxygen

formed in primary process (3) before it can undergo the proposed

secondary ozone generating reactions.

(185

)
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0 + 02 + M — 03 + M

0, + H§ ——p HoO + O,

Since HgO is formed in a secondary process, no isotopic

enrcichment in 2GzHgG would be expected. Thus Uulman(182) con=

cludes that (3) is the major primary process and notes that

several possible states of the excited molecule have been pro-

(186 - 189) (184)

posed. Callear, Patrick and Robb also arrived

at the same conclusion as Volmans and further added that since

HgO was formed in a secondary process, hence reactions such as
Hg 6 P, + 0 HgO
—"
9 g7 e 9%
—_——
Hgﬂ2 - 02 HoO + D3

can be axcluded(11) and that (3) is the major primary process.
They however could not speculate on the nature of energy rich
oxygen molecule formed in process (3).

Various suggestions have been made in the later years

regarding the controversy over the initial act of energy transfer.

Gunning and Strausz(s) reported that with 2ﬂzHg 6 3P1

sensitization of oxygen-butadiene mixtures, mercuric oxides

202

containing 88 - 95% Hg were recovered (which corrected an

garlier false lead)(qaz). The result could have been inter-

preted in the favour of process (2), were it not for the fact
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that the relative ozone yields are reduced by the addition of
inert foreign gases. This opens up the possibility of a process

(4), the formation of the excited complex (Hg.ﬂz)*

3 *
Hg 6 Py + Oy ~———p (Hg.0,) —————— (4)

as it could lead to isotopic enrichment of the ultimate product
HgO.

Oxygen is not the only compound capable of forming com-

(190)

plexes with Hg 6 3P atoms of short duration. J.B. Homer

1

explains the rise in the rate of decomposition of certain com-

pounds by excited mercury in the presence of carbon monoxide by

the supposed existence of a HgCU* complex. G. Karl(191’ 192)

interprets the I.R. spectrum emitted by CO and NO in the presence

of atomic mercury Hg 6 3P again by granting the existence of

1
* * (193) .
HgCO and HgNO complexes. M.Z. Hoffman interprets the

photodecomposition of ammonia by atomic mercury Hg 6 3P1 using
the help of a (Hg - NH3)* complex. Such complexes have never
been shown by direct evidencse.

*
The idea of forming an unstable excited species HgO, in

2
(194)

the primary process was originally proposed by Chen in 1957

(195)

and was also advanced by Desnoyer et al. It was suppaosed

that the "complex" dissociates in a gquenching reaction to form
ozone and HgO. The quantum yield of ozone formation was thought

(194)

to be 0.51 by Chen. The situation is unresolved, but it

would seem that the sequence

2 (Hg.0,)"
Hg 6 P1 - 02 e g.D2

* 1
(Hg.Dz) + M » Hg 6 S  + 0, + M

*
(Hg.Dz) + 0, » Hgl + 0,
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might be consistent with both the inert gas kinetic results of
Volman and the isotopic enrichment studies of Gunning and Strausz.
The possibility of a process (5)
3 S - 3 £
Ho 6 “P, + 0229 ———>Hg 6 P + 0, (5)
in which the excited mercury atom is ought to be found in a lower
energy level, i.e. the metastable state 6 3P0 rather than the

1

6 So state and where Dz# is a vibrationally excited molecule

(196)

is rejected by Callear and Williams who have shown that

molecular oxygen does not deactivate mercury Hg 6 SP to Hg 6 Spu.

1
Their view was further supported by a recent study of Morand and

nier(197)

who were considering the possible deactivation pro-
cesses of Hg 6 3P1 by molecular oxygen. From their study of
the oxidation of mercury in the mixtures Hg + 02 and Hg + 02 +
butadiene illuminated by photons of 253.7 n.m. from a monoisotopic
mercury (202Hg) lamp, they arrived to the conclusion that two
possible deactivation processes of Hg 6 3P1 by molecular oxygen
should be considered.

The most important process is the direct energy transfer
to the oxygen molecule,

Hg 6 3;:1 & U:EQ--—; Hg 6 ’5(J + 02*(125)

the second process leads to the formation of an excited complex.

3 -
Hg 6 3P1 +0,2g —> (Hg-ﬂz)*

- 1
(Hg.DZ) »Hg 6 S+ 0,

The results obtained show the value of cross section for the

formation of the complex (Hg.Dz)* to be of the order of 0.25 A? .

This gives a very strong support for the processes (3) and (4).
Accumulating all the possible processes of deactivation of

Hg 6 SP atoms by molecular oxygen, one can speculate that only

.T




e

processes (3) and (4) seem to be consistent with the results so

far obtained in the literaturs.

Hg 6 °p, + 0, e H961SD+203P EIEC S e

Hg 6 391 + 0, » HgO + 0°p —_—(2)

H963P1+E12 g H95150+02*—(3)

Hg 6 3p1 + 0, - (Hg.uz)* e (4 )

Hg63P1+I32 . y Hg53p0+027‘{____(5)
(186 - 189)

Various suggestions have been made regarding

the state of the oxygen molecule in the process (3).

3

(o
Hg 6 Py + 0, '29 —— Hg 6 150 + 02* (4.88 ev)

According to the corrslation rules, possible complexes

B s
from Hg 6 3P and 02 ﬁE:Q allow transitions to any of the stable

1

02 states arising from two Gzp atoms. The transitions are also

allowed energitically as the 4.88 ev available at 253.7 n.m. is
above the minimum necessary to reach any of these statas.(189)

Mitchsll(188) suggested that since the ground state of
oxygen has a vibrational level at 4.86 ev, which corresponds
closely to the energy released, this state will actually be
formed; in other words, the electronic energy of the mercury
will pass almost entirely into the vibrational energy of the
oXygen. Laidler(1ga) points out the possibility of mercury
sensitized photoexcitation in a spin allowed energy exchange
process.

3

3 1 1

-— +

Hg B Pt 0 Eg——-——_—-—* Hg 5 'S =0 gg
1 2 o 2

(189) suggested that

In a subsequent paper, Laidler
state would be the one that should be produced, since in involves

the least loss of electronic energy.
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(181)

Volman concluded from his earlier work that the O

2
is in a vibrationally excited 125 5 Ag or XSZQ state
(Fig. 1.5.(a).1). This conclusion was based on the fact that
the ozone production was increased by the presence of foreign
gases, the order of effectiveness being He > Ar > N2 > Cﬂz.
Volman argued that in order to explain the difference in produc-
tion of ozone between added He and Ar, the 02* had to be formed
in a highly excited vibrational state (either 125 P 1&9 or
X?EE;% ) so that the results could be explained by the difference
in rates of vibrational deactivation. If the Dz* corresponded to
any of the highly excited electronic states in particular tha%ZiCtthen
it is difficult to explain the relative effects of the added He
and Ar. He did not consider the 3AU or 12-\.1 states, but the
same arguments would hold for these states.

Gill and Laidlar(wg) however argued that if 02* were
formed in a high vibrational level, the foreign gases would
readily cause vibrational deactivation, and no overall increase
in rate would be observed which they felt was evident from an
analysis of Volman's experiments. To account for the effect of
foreign gases, they concluded that their major role was on the
reaction given below:

0+ 0, + M =———————ely 03+I'!

2
and that the order of effectiveness was:

He S Ac 57 N, D €0

2 2

There is abundant kinetic evidence that this is extremely unlikely.

(189)

Another argument used by Gill and Laidler was that the

most probable mechanism for (3) is one involving the least loss of



= BOL

S
total electronic energy. According to them, the = u state
satisfies this requirement.
' . . (186)
An attempt was made by Volman, Gill and Laidler to re-
solve these conflicting arguments in a subsequent paper. They

(181)

mentioned that the original work of Volman could be misinter-

preted because of the possibility that the concentration of Hg 3P1
is greater at the higher flow rate, this effect being more or less
independant of the flowing gas. Although they could not explain
the relative effects of He and Ar but suggestéd that the 3£+u
state may still be the one involved.

An adequate explanation based on the potential snergy

curve determinations of various states of 0, was made by J. Fallon,

2
Vanderslice and I'Iaaun(187) (Fige 1.5.(2a).1). These authors point
1 13
out that the curves for both the &g and =g states cross the
curve for the 1E-u state. The first crossing occurs at 4.96
ev above the lowest vibrational level of theSZ§ state and the
second at 4.88 ev. Both of these crossing points are uncertain
by about + 0.1 ev but analysis indicates that the curves do cross.
They point out that in addition to least net loss of
electronic energy, a transition to one of the upper electronic
states is more probable according to Franck Condon principle,
since much less change in internuclear distance would be necessary
and assuming that the transition is indeed to one aof the states
SZt ,1Z; and SAU a radiationless transition to
one of the low lying electronic states is possible. Both the
12% and T/.Bg curves cross the 12; curve at an energy
around 4.9 ev, above the lowest vibrational level of the 32;

state. A pressure induced radiationless transition from the

Yol 1
S u—— Ag state is permitted, but the transition



- 60 =

fo 0T 1 e
ZU—"* =9 is forbidden by the + <—~—+ - rule.

In order to explain the sffect of foreign gases, the mole-
cules must get from any of the states SZ: ;Z: > B;Qu over to
the 1&9 state via .the 12: state since it is the only
one crossed. This can happen if the initial transition goes
directly to the 12: . It can also happen if the initial

3
transition is to the A\ and then the two pressure induced

1
AQ . These

3 1 -
steps occur Ny —— Z.u

(199)

transitions are permitted by Zener's rule but the transitien

e e
E a ——PZU is not because of + ‘-—|——0 - rule. Also

3 ~
the Eu state can be definitely excluded as it reacts with

(198)

ground state 02 to give 03 with a guantum yield of 2 whereas

from mercury sensitization g (03) is only 0.03(183) - 0.14(184).

3 1 =
Hence, of the three upper states the Au or the =_, are the
1 o~
most likely ones involved in the reaction, with the - 4R being

the most probable since it has a vibrational lsvel lying exactly
3o
4.88 ev above the lowest vibrational level of the Eg stata(zm).

3
Another reason for the £\, state to be less important than the
1

—

zu is that in the region where one might expect the trans-

3 1 -
ition A,——— => |, to occur, the nuclei are moving quite

(201)

rapidly making the transition less liksly. Also the form-

1 5. 3
ation of Zu rather than &u appears more probably, since

the Wigner Spin Conservation rule would favour the formation of a

singlet rather than a triplet oxygen state to conserve total

Spin.(11)

3 1 =

Therefore, either the formation of Au or ZU by

energy transfer from Hg 6 3131 could result in the formation of

1

Ag O, 1in a high vibrational level. This interpretation could

satisfy the arguments of Gill and Laidler that a high lying
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electronic state is initially formed, and at the same time it
would satisfy the argument of Volman that the foreign gases affect

a vibrationally excited low lying electronic level.

Finally, I-iezic:klan(:m:35 - 205) ,, his studies strongly
1

supports the :E:u state of 02 to be the one formed in the

deactivation of excited Hg 6 3P by molecular oxygen. He points

1

out that the excited molecule in process (3) must contain suf-

ficient energy to react with an unexcited 02 to producse EI:3 and

L 1
oxygen atoms some of the time. Thus the =g and Qg states
are eliminated unless they contain a large excess of vibrational

*
energy. However, if this were the case, O should be vibrat-

2
ionally deactivated rather efficiently by collision, contrary to

the findings of Heicklen and Johnstnn.(ZDS)

Furthermore, the
Franck Condon rules tend to favour the formation of electronic
levels with small amounts of vibrational energy. All the
transitions between ground state 02 and the energetically
accessible states are optically forbidden. The mercury
induced transition permits the optically forbidden transitions.
If this is the only optical selection rule which is relaxed then
1:5:; is the only permitted product stats. This interpretation
is consistent with the studies of the mercury photosensitized

(203 - 205) However, the

(197)

oxidations of per fluoro olefins.

state cannot be completely ruled out. Morand and Nief have

1 -

also considered the :E:ll state to be the one involved.

1.5.(b). Hydrocarbon Oxidation:

As previously said, most of the early work on mercury

photosensitized oxidation of hydrocarbons with molecular oxygen

have been carried out by Gray and Nalbandyan(166 - 169).
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Nalbandyan's(168’ 169)

experiments were conducted at high
relative oxygen concentration and at temperatures up to 310°C.
He concluded that peroxides were the initial products and that
conditions could be reached such that they were the only products
of the reaction. He suggested a mechanism involving the form=-
ation of free radicals by the action of excited mercury on the
hydrocarbon, which reacted with oxygen to give peroxy radicals,
thus resulting in a chain reaction. At long contact times, the
peroxides decomposed to form aldshydes, which then either decom-
posed or were oxidised to CO and CDZ' The peroxides were not
identified but the aldehydes were found to be formaldehyde and
acetaldehyde in the ratio of about five to one. Previous to
Gray's experiments, no-one had isolated or identified the
peroxides. GCray's expts. confirmed that peroxides were the
only primary products and also showed that ethyl hydro peroxide
was the only peroxidic substance produced in the initial stages
of oxidation of ethane. Similarly, he obtained considerable
amounts of methyl hydroperoxide in the photosensitized oxidation
of methane. On contrary to Marshall, he mentioned that absence
of detectable amounts of water or hydrogen peroxide in the pro-
duct indicates that at the temperatures used, hydrogen atoms
are removed by way of

H 4 Oy ——p HO, ——pH 0 or H,0,
and that radical recombination or abstraction of hydrogen from
ethane is of greater importance. The proposed mechanism is

as follows:



T

1 o 3

Hg 6 Su + hv » Hg 6 P1
3 1
Hg 6 F‘,I + RH » Hg 6 Sa + R + H
R + D2 ',--RU2
RO, + RH » ROOH + R

2

The course of the reaction is in general similar to that

(206)

proposed by Bateman and Gee in the photochemical oxidation

of alkenes and was modified later on by Watson and Daruant(ZU?)
who explained the low yields of peroxide obtained in the esthane

oxidation by suggesting the following reaction:

» ROOH + O

R02 + HO

2 2

They pointed out that the chain mechanism proposed by Gray would
have to be of considerable length if the gquantum yield was to be
unity, since oxygen has a far smaller quenching cross section
than ethane. Unfortunately, neither of the previous investi-
gators determined the quantum yield. Watson and Darwent also
showed that the quantum yield was 0.5——0.75 and independent
of intensity temperature, pressure, and composition at 40 - s0°c.
Both of these findings are against the occurence of chains.

(170) in their experiments on mercury

Burgess and Robb
photosensitized oxidation of hydrocarbons, proposed that the rate
of oxidation of the straight chain paraffins is found to be
independant of pressure, while the other hydrocarbons show a
dependence on the hydrocarbon pressurs. This is interpreted as
evidence for two types of chain reaction, the narmal paraffins
being oxidized by an "aldehyde" chain and the remainder by a

"hydroperoxide chain". They say that the initial step involves

the production of a radical R by the action of the products of
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of photosensitized oxidation on the.hydrocarbnn. Oxygen mole-
cule adds to this radical to produce a peroxy radical, the
nature of which determines the next step in the oxidation. In
general, two types of reaction are possible, either the radical
may abstract a hydrogen atom from the parent hydrocarbon to
produce a hydroperoxide

REI2 + RH ———> ROOH + R

_—
R + 0, RO,

or it may decompose, liberating a hydroxyl radical and an
aldehyde or ketone. They have also said that the peroxides and
hydroperoxides observed in previous works probably arise from
non-chain reactions of the type

RO, + HO

2 —> ROOH + DZ

2

and RO, + HCI2 ——————» ROOR + O

2 2

There is a possibility that the peroxy radical formed

_—
R + 0, RO,

when R is small (e.g. methyl) may contain sufficient excess

energy to undergo reactions which would not normally occur.

(208) (170)

Bell and McDowell also supported Burgess and Robb's

view that the peroxide is formed in the reaction

e
RO, + HO, ROOH + O,

They studied the mercury photosensitized oxidation of isubutana(zua)

using a static system. There was a slow removal of mercury

4 4 at 100°). The main

vapour (f = 6 x 10 at 30°C and 2 x 10°
product was t-butyl hydroperoxide together with smaller yields
of t-butyl alcohol, acetone, methyl alcohol, formaldehyde and

isobutyraldehyde.
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There was no indication of a peroxide chain, the yields
being below unity and independent of pressure, of a fixed hydro-

carbon-oxygen mixture. Following mechanism was proposed by them.

*

RH » R + H
R + 02 :'RUZ
H + 02 —i H02

—_—
HD2 -+ an ROOH + 02

They also suggested that since the yields of peroxide which is

formed in the main terminating reaction (HO, + RO,—— ROOH + 02)

2 2
increases with the increasing role of hydrocarbon in the excited
mercury quenching processes, hence suggesting that the reaction

between an excited hydrocarhon molecule and

*
.......—.-...—........—’
RH + Dz R + H02

oxygen is important in the initiation process. Low peroxide
yislds for the oxygen-isobutane = 10 : 1 mixtures are attributed
to a low efficiency of reaction, as shown below:

—_—)
02 + 02 D3 + 0

They have proposed a detailed mechanism for the oxidation of
hydrocarbons through mercury photosensitization.

When mercury is illuminated by 253.7 n.m. radiation, the
excited mercury atom may be guenched by either oxygen or the

hydrocarbon.
1

3 *
Hg 6 P, + RR—>Hg 6 'S + RH (a)

o 6 b & Oyt 's 18 g™ (b)
9 7 ¥ 9 g T4

The excited hydrocarbon molecule may be deactivated,decompose,

or react with oxygen.
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*
RH —_——>» R + H (c)
*
RH + M ————) RH + N (d)
RH" R
———
+ 0, + HO, (e)
For 02* the following sequence of reactions is given:
0" 0, + 0
_—
2 *+0, 5 + (f)
0; % A —————> RO + HO, (g)
RO + RH ———— ROH + R (h)
i 4 Q| Se——m—— Ry OH (i)
RY +# OR ——————p R & HaO0 (j)

The oxygen atoms may react also to give 03.

Bt 8, £ H————p O, + N (k)

and the excited molecules may be deactivated or resact with

hydrocacbon.

D *
_—)
s *+ 0, 0, + ”z (1)

*
D2 + RH| ce—————=>p R + HO, or RO + OH (m)

Radical yields are usually below unity for mercury photosensitized
decompositions. The formation of peroxides and hydroperoxides

are according to the reactions

RO, + Bl ompeeie ROOH + 0O, (n)

R
RO, + RO, ROOR + O, (o)

Similarly, formation of alcohol can be attributed to either of

the two reactions

RO + RH —— ROH + R (p)

_—
RO + HO, ROH + O, (q)

According to them, the system is complicated and guenching cross
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section measurements do not enable a solution to be obtained.

In a subsequent paper, Turner, Callear and Custanouic(zug)

have also favoured reaction (n) to explain their results on the
oxidation of ethyl radicals produced by mercury photosensitized
hydrogenation of sthylene.

Heicklen and co-workers have studied the mercury photo-

(57 - 63, 205) .,

sensitized oxidation of perfluoro-olefins h

molecular oxygen. They say that in the presence of 02 a number

of reactions can occur. 02 can react with the electronically

excited molecule to yield oxidation products.

- Hg 6 3P1 + P ———> Hg 6 180 +Po* (469.7 K 2J)

(a)

0, +P y PO

P a > » Products

Oxygen can itself guench the excited mercury atom and

3 1 *
Hg 6 P1+02—)Hg6 SCI+D2

then may react with perfluoro-olefins to ultimately yield
oxidation products. According to their studies, the evidence
suggests that the initial step is the energy transfer

* ¥* =1
B o D e i) +er (435 K 3 mol” ) —(b)

2 2

*
where F‘m is a molecule with less vibrational snergy than PD*
( 469.7 K 3J mnl_q) formed in the above reaction (a). The

mercury photosensitized oxidation of EEFG was examined by

(2085)

Heicklen and co-workers. The products of the rsaction were

CF20, CFSEFD and smaller amounts of ESFED' The results at high
temperatures wers the same as those at room temperatures for
[ C3F6 :l 2 6torrand [02] < |Otorr . However, at higher [ Q, :’ s the

quantum yields of oxidation products became very large at 213°.

A long chain was indicated, but the results were quite complicated
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and were not fully understood. Following mechanism was proposed

to explain some of their results:

PO, - .Rﬂz' + R: (1)
> CF,CFO + CF,0 (2)
» C,F.0+0 (3)
POy # P ——————p 2C.F_ 0O (4)

where R is either CF, or CF,CF.  They say that reaction (1) was
not important in their system but the other three reactions were
needed to explain the results.

Due to the complications involved in the system, mercury
photosensitized oxidations involving molecular oxygen and olefins
have received little attention. Most of the work in this raspacf
has been in a way to use molecular oxygen (in the presence of
other reactants such as USP atoms) as a radical scavanger. Thus

(53)

Cvetanovic in his early study of the reaction of oxygen atoms
(generated by mercury photosensitized decomposition of NZU) with
ethylene added small amounts of molecular oxygen ( ~ 2 mm) in the
system. He found that under those conditions very little direct
quenching by oxygen occurred. He said that the relatively small
increase in ethylene consumption, the independance of the rates

on the amount of ethylene, and the suppression of saturated hydro-
carbons, suggests strongly that the primary reaction of oxygen
atoms with ethylene is not affected by the presence of molecular

oxygen, and that the pronounced change in the overall course of

the reaction is due to the interaction of oxygen with free
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radicals formed in the primary process. The same trend is
followed in the later experiments with higher alkenes. There
was no or very little inhibition of the formation of the addition
products, even when the partial pressure of molecular oxygen was
relatively high ( ~ 40 mm). The yields of aldehydes appeared
to be slightly lowered and small amounts of new products were
also formed. No attempt was made to study in detail these
products.

(65)

Similarly, Moss and Jennings in their studies on the
reaction of oxygen atom with 2-trifluoromethylpropene are in
agreement with Cvetanovic that the addition of molecular oxygen
did not have any significant effect on the yield of major addition
products. They have said that in sensitized system containing
only alkene and oxygen, other processes must be considered. Com-
menting on the basic similarity of the products obtained in their
study with molecular oxygen or with oxygen atoms produced by the
decomposition of NZU’ they have suggested that the oxygen atoms
are involved in Hg*/l:l2 + alkene reaction but nevertheless the
possible reactions of excited oxygen and alkene molecules together
with the likely presence of ozone in the system made speculation
on the reaction processes unfruitful.

In view of the lack of information regarding the mercury
photosensitized oxidations of alkenes with molecular oxygen in

the gas phase, it was thought that there is a good reason to study
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in this line so as to acquire a more knowledge and further in-
sight towards the nature of product formation in these reactions

in the light of the controversies existing at present.
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CHAPTER 2

EXPERIMENTAL

2.1. GAS HANDLING SYSTEM

The main apparatus used during this work consisted of a
pyrex glass vacuum line built on a metal frame which was mounted
on a trolley fitted with wheels. Details of its various com-
ponents are described below. Experiments done uithtég O, were
performed separately with a microwave discharge system which will
be described later on.

2.1.(a). Pumping System:-

The pumping system for evacuation consisted of an Edwards
Rotary pump and a mercury diffusion pump which was water cooled.
During the process of evacuation pressures of better than 10-5 mm.
mercury were possible with both pumps working. Pressures better
than 10-3mm. were possible with only the rotary pump being working,
this being indicated by an Edwards Vacustat. A by-pass was con-
nected to the diffusion pump so that the large amounts of gases
not condensible in the main line cold trap should be pumped out
without passing through it. Cold trap was surrounded by a dewar
of ligquid nitrogen (-1960E) when the apparatus was being used.

2.1.(b). Mainline and the Greaseless Manifold:-

The basic features of the mainline are shown in the figure
(2.1.b). It was isolated from the pumping system and the cold
trap by means of a greased tap, jencons HV10. Gas storage bulbs
are attached to the mainline and are isolated from it by means
of greased taps. One of these bulbs was of 5 litres capacity

and the other four were of 2 litres capacities. Each bulb was
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having a 'cold finger' so as to condense the gases into them by
placing a dewar full of liquid nitrogen around it. Mainline was
connected to a mercury manometer by means of a greased tap,
usually open all the time. The other limb of the manometer was
connected to the reaction system. Volume of the mainline was
600 ml. The other end of the mainline was closed through a
greased lid.

The greaseless manifold was connected to the mainline and
other sections of the apparatus and was isolated by means of
Springham's greaseless taps having fitted with viton A diaphragms.
Thus manifold enabled the gases to be transferred from one section
of the apparatus to the other, especially from the gas burette to
the reaction system without coming into contact with vacuum

grease. An inlet-outlet point with a B,, socket was also the

10
part of the manifold being attached to it by a greaseless tap.
2.1.(c). Gas burstte:-

Gas burette enabled the transference of small amounts of
gases at an accurately known pressure to the reaction system.
The all four bulbs of different volumes were accurately calibrated.

Nitrous oxide being used as the calibrating gas in this case. The

different volumes were found to be

U1 = 3.95 ml.
U2 = 18.26
US = 70.54
Ud = 241.99

The pressure of gas in any of the bulbs could be determined

accurately by measuring the mercury height in the left hand side
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limb when the level was coincided with the graduation mark pro-
vided for the appropriate bulb. Zero reading could be deter-
mined during the evacuation. The mercury level in the bulbs
could be monitored by means of the two side taps in the mercury
reservoir. One of the two was attached to a rough pump while
the other was open to the atmosphere by a narrow tubing. Gases
were transferred into the burette by means of freezing them in:
the smallest bulb (cold finger) at the top of the burette putting
liquid nitrogen in the reservoir surrounding the finger.

2.1.(d). Reaction System:-

The greaseless reaction system as shown in the figure
2.1.(d) coneisted of a circulating pump, a gquartz cell, a shallow
pool of mercury to ensure that the reaction mixture remains
saturated with mercury vapour at room temperatures and a cold trap
to enable the transfer of gases from other parts of the apparatus.
Reaction mixtures could be freezed in the cold trap after the
irradiation and it also allowed the removal of non-condensibles
to the toepler pump. It was connected to the mainline, analysis
line and the G.L.C. sampling system via greaseless taps through
the manifold. All the pressures in the reaction system were
measured by a mercury manometer which was attached via a greased
tap. The volume of the reaction system was 760 ml.

The reaction cell was a cylindrical vessel ten cms. long
and 5 cm. in diameter and made up of guartz. It was connected
to pyrex glass at both inlet and outlet. Irradiation of
253.7 n.m. was provided by means of two Hanovia (type 752/68)

low pressure mercury lamps. The power to the lamps was provided

by the mains via a constant voltage 15 watt transformer to ensure
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a steady output. The lamps were fitted inside cylindrical cans
which acted both as a support for the quartz spiral and as a beam
collimator during the process of irradiation. Both the lamps
were placed at about nine cms from the opposite ends of the
guartz reaction cell. The arrangement of two lamps was used to
achieve more uniform light intensity and hence uniformity in the
reaction throughout the whole cell and not just near the cell
windows.

The all glass circulating pump is shown in the figure
(2.1.d.). It was constructed such that all the surfaces exposed
to the reactant gas were pyrex glass except for the springs which
were coated with Telcothens. These springs were changed and new
springs made up of polymeric material were used. These reduced
the noise to a minimum and there was little or no heating problem
involved. The piston was a sealed pyrex glass tube containing a
number of mild steel rods held rigidly inside the glass envelope
with "Telcothene". It was enclosed within another close fitting
tube. There was enough clearance so as to enable the piston to
move freely. The springs were cushioned between the piston and
the extremes of the outer glass casing.

The coil was mounted on a brassformer and consisted of
approximately 5,000 turns of lacquered 22 gauge wire of total
resistance 40 2 . By means of connecting the power to the small
electric motor, a cam was driven. It was shaped in such a way
that it made contact with a microswitch opened and closed once

L

gvery second.
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A metal cored valve at the top of the circulating pump
ensured a unidirectional flow of gas within the system. During
the evacuation of the system, it could be held upwards with a
permanent horseshoe magnet. By the operation of the circulatory
pump thus a possibility of secondary reactions of the primary
products are kept to a minimum.

2.1.(e). The Gas Analysis System:-

The analysis system is comprised of two fixed cold traps
connected with an automatic Toepler pump with a gas burette. It
was connected and can be isolated from the mainline via the mani-
fold through a Springham's greaseless tap. Another mercury
diffusion pump was used for the transfer of gases (usually non-
condensibles) from the reaction system to the gas burette. The
purpose of the two cold traps with dewars of liquid nitrogen
around them is to prevent any condensible gases from rsaching
on to the Toepler gas burette. After a reaction was performed
the non-condensible products were collected and measured in toepler
pump gas burette. The sample could be retained in the toepler gas
burette by a ground glass valve with a metal core sealed by a pool
of mercury. Manipulation of the valve was possible by means of a
permanent magnet. The operation of raising and lowering the
mercury to trap the gas above the toepler pump valve was automated.
Three platinum contacts were inserted in the mercury reservoir for
this purpose, as shown in the figure (2.1.e.). The air inlet and
rough vacuum valves were controlled by electromagnetic valves.

When the mercury level was risen in the burette, it pushed the -

valve upwards, thus making it possible for the trapped sample to
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be collected and measured in one of the fixed volumes of the
burette. During the lowering of mercury, the valve blocks the
thin outlet, thus always retaining a small pool of mercury within
which prevents the trapped sample from escaping back. When the
toepler pump power was not to be used then the raising and lower-
ing of mercury level could easily be controlled manually.

The copper oxide furnace was connected to the top of the
toepler pump gas burette through a three way greased tap. The
non-condensible gases which were trapped above the valve could
gither be removed away through an outlet having a 810 socket or
they could be passed on to the copper oxide furnace as shown in
the figure. The furnace was made up of a pyrex tube packed
from inside through thin copper wires. A cold trap in the shape
of a U-tube was situated between the furnace and the three way
greased tap. Any carbon monoxide in the non-condensible gases
could be estimated by transferring the gases to the furnace
having a temperature of 240°C. Gases are usually kept there
for an hour, after which they were cooled in the trap and
retoeplered to the gas burette. Any carbon monoxide in the
mixture is oxidised to carbon dioxide which condenses at g
and hence is not recovered.

Calibration of the toepler pump gas burette was performed
as follows:

A measured amount of gas is ‘taken from the already cali-
brated gas burette and is transformed to the volumes v, and Vo
of the toepler pump gas burette by means of the toepler pumping

system. Pressures were noted from a mirror scale placed behind
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the straight limb of the burette for this purpose. The volumes
after the calibration were found to be

U1 = 3.14 + 0.01 ml.

=
Il

11.91 + 0.01 ml.

2.1.(f). Gas Sampling Valve:-

A greaseless sampling valve was used throughout this work
for the injection of sample onto the column of the gas liguid
chromatography. The value used was made by H.C. Engineers Ltd.
and was of type GSV-106-S.

The advantage of using such a valve is that the samplse
could be injected directly from the reaction system onto the
column of the G.L.C. Evacuation of the valve was possible by
means of a greased tap which connected and isolated it from the
main line. The valve also contains a 10 ml. sample loop
attached on the top of it. Sample is transformed into the loop
after the evacuation while the valve itself is isclated from the
mainline, it is then injected into G.L.C. as shown in the figure
(2.1.f.). UWhen the metal knob is in out position, the valve
can be connected to the mainline via the greased tap, but is
usually isolated from the reaction system, but when the knob is
in IN position, then it is connected with the sampling system
through a greaseless tap whereas it is‘isclatad from the mainline.

Large samples (up to two or three atmospheres) can be
successfully injected into the G.L.C. by first condensing them
in the sample loop and then, after warming up, introducing into
the G.L.L Usually this is required during the separation and

collection of products.
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During the analysis, when a sample is taken from the
reaction system, pressure is reduced and hence the corresponding
peak areas also drop down for the next sample. It was necessary
therefore to introduce sampling correction factors. It was
calculated in terms of the reaction system volume and the sample
volume. The sampling correction factor for the first sample was
given by the relation

R.S5 volume + S.volume

R.5. volume
All the peak areas were hence corrected for the sampling error by
multiplying the actual area measured by the corresponding sampling
correction factor. The correction factors for successive samples

are given below. This reduced the error in peak areas to better

than + 2%.
TABLE 2.1.f.
Sample Correctian Sample Correction
No. Factor No. Factor
1 1.0278 5 1.1469
2 1.0563 6 1.1788
3 1.0857 7 12316

4 1.1159 8 1.2452
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2.2 GAS LIQUID CHROMATOGRAPHIC EQUIPMENT

The whole equipment consisted of a Perkin Elmer F11 gas
chromatograph equipped with a flame ionization detector (FalsDa)
and a Kent recorder type 66/52501/11 equipped with a disc chart
integrator for the measurement of peak areas (143 counts per
sg.cm.). The carrier gas used during the work was nitrogen but
helium gas was used during the collection and the purification
of the products and different materials. A flow control unit
provided the controlling of flow rate of the nitrogen gas while
hydrogen (28 lbs./Sg.in.) and air (30 lbs./Sg.in.) supply was
controlled by the pressure control unit. A constant supply of
hydrogen and air for the flame throughout the experiments was
important.

Two columns were tried for this work. Porapak Q and 20%
dinbutylpthalats columns. Porapak Q of 4 m. and 3 metres were
tried at different temperatures by making use of a linear
temperature programmer. The programme being operated usually 5
minutes at initial temperature (about SDOC) and then heated up
to a final (150,_EEE+, 250) temperature at 18°C per min. It
was noted that the separation was not good and reproduceable
after doing many runs. A 4 metres 20% di-n-butylphthalate
column was found to be generally successful for these experiments,
for a temperature range of room temperature to 35°C. Separation
and collection of products during all the studies were also done
on this column at room temperature.

Detector and the amplifier were part of the F-11 equipment
used. Output from the detector was fed into the ionisation
amplifier and the output from this was fed into a Kent recorder

(1 millivolt input).
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The working of a flame ionization detector is usually as
follows. When a sample is injected onto the column of G.L.C.,
the carrier gas takes it along and feeds to a flame of high
purity hydrogen burning in air. Organic components present
are burnt, and decomposition to highly unsaturated intermediates
occurs, which finally broke down to carbon. This is ionized
and the charged particles along with the electrons from the
decomposition are collected by the electrodes in an slectric
field applied to the flams. The current thus formed is amp-
lified, converted into a voltage and fed into the recorder. A
flame ionization detector usually allows accurate product analysis
at low conversions. To calculate the absolute value of the
amount of a particular product formed, the detector must be
calibrated in the following way.

2.2.(a). Calibration of the Detector:-

The calibration was done by taking the known amount of a
pure sampia of the product in one of the fixed volumes of the gas
burstte. It is then transferred to the reaction system and
nitrous oxide approximately 600 m.m. of Hg was added. It was
thoroughly mixed and circulated for about 40 minutes. Samples
were then injected onto the column of the G.L.C. After taking
three successive readings, half of the reaction mixture was
removed away. Again it is thoroughly circulated and three
further readings are taken to obtain a reproducible chromatogram.
Calibration factor of the flame ionization detector can then be
calculated from the relation.

P = f.A

where P is the pressure of the sample,
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A is the peak area of chromatogram,

and f is the calibration factor of the detector.

2.3, THE AUXILIARY EQUIPMENT

(a) Mass Spectrometer:-

By means of special greased tap tubes, samples for the
mass spectrometric analysis could be transferred directly from
the apparatus through the B,, outlet of the manifold (Fig, 2.3.2.)-
The sample was put through a Varian leak valve in place of the
normal solid sample probe on the mass spectrometer. In the
present study, two spectrometers were used for the purpose, an
A.E.I. M.5.9 spectrometer (up to 50,000 M) and the Micromass 6,
which can record masses up to 100 M.

(b) The Infra-red Equipment:-

The infra-red spectrometer used for the identification of
products and other purposes was the Perkin-Elmer 237 type.
Spectra were normally run from 4,000 cm-1 to 600 cm_1 using a
reference beam attenuator and a gas microcell. Gases were
introduced into the miniature cell through a B1D socket attached
with a mini greased tap which was joined to the cell by means of
a metal to glass seal (see fig. 2.3.b.). The total volume of
the cell was approximately 7.7 ml. The cell itself consisted
of a piece of rectangular brass tubing and had sodium chloride
windows at both ends. A cold finger was attached to the cell
so that the small amounts of gases could be condensed into it.
It was necessary to have pressures of between 30 and 100 m.m. Hg

to obtain a good spectra.
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2.4. EXPERIMENTAL PROCEDURES

2.4.(a). Oxidation Runs with Molecular Oxygen:-

The mercury diffusion pump being on and a dewar of liguid
nitrogen placed under the main line cold trap, the whole system
was evacuated for at least thirty minutes so as to obtain a pres-
sure better than 10-4 me.m.Hg. The valve at the top of the
circulating pump was held open using a permanent magnet (also
during the degassing process). Mercury was then let to rise in
the gas burette up to the top. The required amount of olefin
was then introduced in the mainline and the approximate measure
of the pressure was noted down, (absolute amount is measured in
the gas burette). It is then condensed into the reaction system
through the manifold via a greaseless tap by means of keeping a
dewar of liquid nitrogen around the reaction system cold. trap.
It is then degassed twice by opening the system to the pumps.
Main line and manifold are again iscolated from rest of the system
and oxygen is introduced directiy from the cylinder into the
mainline through the outlet of the manifold. Its pressure
being noted down, it is also transferred into the reaction system.
Since it does not condense in ligquid nitrogen, hence during high
pressure runs the pressure of oxygen in the mainline and the
manifold should be kept at a maximum in order to transfer large
amounts of it into the reaction system. Usually it requires
two or three introductions of oxygen from the cylinder into the
mainline during the high pressure runs. Reaction system is
then isolated from the rest of the system and the reaction mix-
ture is allowed to warm up and circulate for about forty minutes

or so, so as to obtain an equilibrium to room temperature and a
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complete mixing. With the shutters still being on the lamps
are switched on at this stage to warm up before the irradiation
starts. Usually the lamps are switched on 15 minutses before
irradiation. Before the irradiation starts, the total pressure
in the reaction system is noted down along with the room tem-
perature. Shutters are then removed and the irradiation starts
for the required timse. After the irradiation is complete, the
lamps are switched off so is the circulating pump. Room tem-
perature is noted again and the introduction of samples into the
G.L.C. begins through the sampling valve.

2.4.(b). Run with Nitrous Oxide:-

During a run with nitrous oxide after the amount of olefin
has been transferred into the reaction system, the known amount
of nitrous oxide is expanded in the mainline from the storage
bulb. After noting down the pressure, it is also condensed in
the reaction system. The reaction system is then degassed by
opening it to the pumps. The reaction mixture is then allowed
to warm up during which the reaction system is isolated from the
mainline and the pumping system. It is again degassed and then
allowed to warm up for a period of forty minutes prior to the
irradiation. After this, the rest of the procedure is same as
described above in 2.4.(a)., except that when the irradiation
stops and the sample is ready for G.L.C. analysis, then before
the analysis measurement of non-condensibles are made, to cal=-
culate the amount of nitrogen formed. This can be described as
follouws.

2.4.(c). Measurement of Non-Condensible Gases:-

The reaction mixture was frozen down after the irradiation
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in the reaction system cold trap and the circulating pump valve
was kept open by means of the permanent magnet. It was kept
frozen for about ten minutes. Dewars of ligquid nitrogen were
then placed beneath the two analysis system cold traps and then
the analysis system was open to the reaction system while both
being isolated from the mainline. The toepler mercury diffusion
pump aided the transference of the non-condensibles from the
reaction system into the analysis system. The metal core valve
in the toepler pump gas burette was released by removing the
magnet and the toepler pump was started to operate for at least
fifteen minutes. (The toepler diffusion pump and the copper
oxide furnace both are started an hour before the measurement to
commence). At this stage, the reaction mixture is warmed up and
again frozen. After ten minutes the collection of non-condensibles
was repeated in the same manner as described above. The pressure
and tempsrature of the gases trapped above the toepler pump valve
were measured, till a constant reading is obtained.

The non-condensibles trapped above the toepler gas burette
were now transferred to the copper oxide furnace which was having
a temperature of 250°C. A U-tube situated in between the fur-
nace and the gas burette was immersed in the liquid nitrogen.

It was to trap any carbon dioxide and water formed in the com-

bustion process. The gases were then left for at least an hour
in the furnace to ensure the conversion of carbon monoxide into
the dioxide. Readings were noted from time to time till a con-
stant value is read. The copper oxide furnace was then open to
the toepler gas burette and the toepler pump was again operated

for fifteen minutes. This was done to collect the residual
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nitrogen back in the toepler gas burette. When there was no
pressure change in the gas burette, then the pressure of nitrogen
in one of the fixed volumes U1 and U2 was noted along with the
temperature. This was then used to calculate the amount of
nitrogen formed during a run.

While the measurement of non-condensibles was in progress,
the reaction mixture was allowed to warm up and circulate for at
least 40 minutes. The sampling system was open to the pumping
system. When the evacuation was complete, having a pressure of
better than 10‘3 in the Vacustat, then a sample was injected
directly onto the column of G.L.C. from the greaseless sampling
valve. Three such samples were injected to have reproducible

chromatograms.
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2.5. COLLECTION AND IDENTIFICATION OF PRODUCTS

For collection of products, very long irradiation times

were needed in order to have larger quantities. It was found
that with molecular oxygen, very low conversions were taking
place when compared with nitrous oxide experiments during the
same irradiation periods. It was necessary to have the irrad-
iation times as high as five times to that of nitrous oxide.
The reaction mixtures were irradiated for at least twenty-five
hours in the present study so as to have enough amount of pro-
ducts formed for collection. The whole process took place as
follows:

The reaction mixture was irradiated for twenty-five hours
usually taking three days. It was usually frozen down during
the rest period when irradiation was not taking place. A
sample was then fed onto the G.L.C. so as to ensure that a
sufficient amount of products has been formed, and also to verify
the positions of the product peaks on the chromatogram. The
reaction mixture was then frozen down in the reaction system cold
trap using liquid nitrogen. All the unreacted oxygen which is
not condensible at the liquid nitrogen temperatures was pumped
away. When all of it was removed, leaving the reaction mixture
fully saturated with the products, then about 100 m.m. of nitrous
oxide is added. By keeping the reaction system isclated, the
reaction mixture is allowed to warm up and circulated for at
least 30 minutes.

Helium was used as a carrier gas at this stage because by

using nitrogen the collection tubes which are kept at liquid
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nitrogen temperatures will start condensing it and would soon
be blocked. A chromatogram is again taken.

The products were collected using a trap system connected
directly to the Gas-liquid chromatography as shown in the figure
(2.5.). A T-piece was inserted between the column and the flame
detector, and was connected to the manifold of the product iso-
lation equipment. The arrangement was such that when the tap A
was opened the sample injected could be diverted into the mani-
fold instead of passing onto the flame detector. The manifold
had three openings through greased taps B, C and D to each of
which three collection tubes (U-tubes with a tap at each limb)
could be attached for the collection of three products simul-
taneously. Auxiliary tap is used to let any uninterested product
escape into the atmosphere. Since liquid nitrogen was used as a
coolant, hence a protective tube was always connected to the free
limb of the collection tube in order to prevent back diffusion
of air. The products separated were condensed in the U-bend of
the collection tubes as they eluded.

As large samples were needed during the collection of pro-
ducts (2-3 atmospheric pressure) hence a small amount of cotton
wool dipped in liquid nitrogen was placed inside the 10 ml.
sample loop so as to condense a larger sample. It was then
warmed up by a dryer and then injected onte the G.L.C. column.

When the products in the form of peaks start appearing on
the chromatogram, then when the peak of interest starts to elude
the gas stream is diverted into the manifold by opening the

microtap A. It is then condensed in the collection tube by
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first opening the tap attached to the protective tube and then
opening the tap attached to the manifold, in order to stop the
flame being faded off e.g. as shown in the fig. 2.5., first open

b c, and d, remain

or d2 and then B, C or D. The taps b 1 1

2? fa 1?

open and are closed when no more sample is required . The flame
must be on during the collection.

After the collection is complete, the U-tubes are attached
to the mainline of the vacuum system through auxiliary greaseless
tap still immersed in liquid nitrogen to be degassed. The pro-
duct was then carefully measured in one of the fixed volumes of
the gas burette and was then transferred to either the I.R. cell
for infra red spectroscopy or to the mass spectrometric tube for
the mass spectrometric analysis.

An alternative technigue which was found very useful for
preliminary identification of products is described as follows:

After a usual experimental run with the alkene a chromato-
gram was taken and the position and size of the peaks were noted.
Keeping in mind the retention times of the different products on
the column being used, a particular product was tried for ident-
ification by means of mixing a small guantity of its pure sample
with the reaction mixture which changes the nature of the peak
on the chromatogram. This was usually done as follous. A
very small guantity ( < { m.m.) of the pure sample of a suspected
peak is introduced in the gas burette through the auxiliary
greaseless tap. It is degassed twice and then transferred to
the reaction system. The whole reaction mixture is warmed up

and mixed thoroughly. A sample was then introduced onto the
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G.L.C. column and the nature and the position of the peaks are
matched with the previous chromatogram taken before the intro-
duction of the known sample. If the peak, which is suspected
to be the same as the known sample introduced increases quite
markedly, then it is assumed to be the same. In this way, a
number of pure samples of various known compounds suspected to
be present as products, in the reaction mixture, can be mixed
with it and the peak positions and sizes are matched with the
normal chromatograms. If there is no change in the peak size
but a new peak is observed in the chromatogram, then it is fair
to assume that the compound introduced is not amongst the products
formed and hence is excluded.

Although this technique suffers from some disadvantages,
such as the samples of substances in the liquid state having low
vapour pressure are difficult to transfer to the reaction system
and that it can be useful only when the compounds under study are
gasily obtainable, but nevertheless it can be of some value during
the preliminary identification of products.

In the present study, this alternative technigue was found
to be very useful, especially during the identification of the
minor products, since their very small quantities formed made
them impossible to collect for an I.R. and mass spectrometry
analysis. Almost every product was identified in this way and
were later on confirmed by using other technigues as well

(I.R. and mass spectrometry).
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2.6, MATERIALS AND THEIR PURIFICATION

The materials used during this study were obtained com-
mercially and some of them necessitated purification as des-
cribed below:

(a) Nitrous Oxide:-

This was obtained from British Oxygen Company. It was
degassed twice and then purified over the activated charcoal, the
procedure being as follous.

A small cold trap with a B,. attachment containing activated

10
charcoal in it was attached to the main line through the inlet/out-
let point on the manifold (auxiliary tap in fig. 2.1.(b)). Trap
was gently heated under vacuum to activate the charcoal till the
pressure in the line was better than 10'3 mm. Hg. The gas to be
purified was first degassed twice in the storage bulb and then was
allowed to expand in the mainline. It was then condensed onto
the charcoal and left for about ten minutes, during which it was
open to the pumping system for thorough evacuation. The gas was
then allowed to warm up during which the first few millimeters
were rejected through the pumping system. Only the middle
fraction of the gas is collected, while the rest of it is
rejected by isolating the cold trap from the mainline. The
purified gas collected was then transferred back to one of the
storage bulbs by condensing it in the cold finger of the storage
bulb. It was later on checked on the G.L.C. for any impurities
present and was then ready for usage.
(b) Oxygen:-

This was obtained from the British Oxygen Company and was

usually transferred directly from the cylinder to the reaction



L

system without any further purification.
(c) Propene:-

This was obtained from B.D.H. and was 99% pure. This was
used after degassing twice.
(d) Ethylene:-

This was obtained from Cambrian Chemicals and was purified
over activated charcoal.
(e) Butene-1:-

This was obtained from B.D.H. and was 99% pure. It was
used after purification over heated charcoal.
(f) 2-Methyl Propene:-

This was obtained from B.D.H. and was 99% pure. This was
further purified over activated charcoal and was used after degas-
sing twice.

(g) Cis and Trans Butene-2:-

Both of these were obtained from B.D.H. and were 99% purs.
They were used after degassing twice.

(h) Acrolein:-

This was of Cambrian Chemicals Ltd. and was used after de-
gassing twice.

(i) Methacrolein:-

This was of Ralph N. Emanuel Ltd. and was used after degas-
sing twice.

(j) Ammonium thio cyanate (Koch Light Labs.) and Ferrous sulphate
AR (Fisons) were used without purification. Similarly the rest
of the chemicals, including Tert. butyl hydroperoxide (Koch Light
Labs.), Propionaldehyde AR (Fisons), n-butyraldehyde AR (Fisons),

Isobutraldehyde AR (Fisons), Acetone AR (Fisons), and Methyl-
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Ethyl Ketone AR (Fisons) were also used after degassing twice only.
(k) Propylene oxide:-

This was obtained from B.D.H. Chemicals and was 99.5% pure.
It was used without further purification.

(1) «a - Butene Oxide:-

This was prepared in the laboratory by the reaction of
oxygen atoms with Butene-1 and then separating the epoxide by the
method described in section 2.5. It was used after degassing
twice.

(m) Isobutene-oxide:-

This was also prepared by the reaction of oxygen atoms with

2-Methyl propene and then separating the epoxide as explained in

section 2.5. This was also used after degassing twice.
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CHAPTER THREE

RESULTS OF MERCURY PHOTOSENSITIZED OXIDATION

WITH 2-METHYL PROPENE

Je1. INITIAL SURVEY OF MERCURY PHOTOSENSITIZED OXIDATIONS OF
C2 TO C4 ALKENES

All the experiments were carried out at room temperature and
the irradiation time for a typical run was five hours (unless other-
wise stated) so as to have a reproducible chromatogram. Before the
actual runs were carried out, many experiments were done in order to
determine the suitable conditions for the G.L.C. The ratio of
oxygen to alkene was kept in excess of (10 : 1). The choice of
column was finally laid onto a 4 meter 20% di-n butyl phthalate +
2% Carbowax on which the separation and reproducibility of products
was much better. Another column used occasionally was a Porapak Q
4 meters.

After doing a lot of experimentation work using both atomic
and molecular oxygen under different conditions, some preliminary
investigations were carried out with different individual alkenes.
The aim was to obtain general standard conditions for the experi-
mental work and to get the preliminary information regarding the
oxidations to be carried on with the individual alkenes.

The results of such investigations are provided in the
standard chromatograms in figs. 3.1.(a) to 3.1.(f). They were to
be used as reference for the G.L.C. operating conditions as well.

In a typical run after the 5 hours irradiation time, all the mole-

cular oxygen was pumped away and nitrous oxide was added of the
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required pressure. The whole reaction mixture was then mixed and
further irradiated for 10'. The object was to make a preliminary
identification of those products which arise from oxygen atom
reaction.

As can be seen from the chromatograms, these reactions were
quite valuable as they provided in general the following
observations:

1. The nature of some of the products formed with molecular oxygen
(in Hg*/bz) seem to be quite similar to those formed by oxygen atoms
in (Hg*/NZU) reaction.

2. The products which appear to be the same should have a different
mechanism for their formation as their yields are very low compara-
tive to the products from 0°p atoms in (Hg*/NZD) reaction.

3. It is seen that with one or two exceptions usually the yield of
products in the higher pressure runs (700 m.m.) seem to be always
less than the lower pressure runs (100 m.m.) keeping the irradiation
time similar in both cases.

4. Relative yields seem to be at least 20 - 25 times lower than

the corresponding oxygen atom (BSP) reaction.

In the forthcoming paragraphs, some individual alkenes will
be dealt with very briefly and a fair guess is made about the nature
of products formed by means of their appearance on the G.L.C.
chromatogram.

3.1.(a). Ethene

In fig. 3.1.(a), typical chromatograms of the reaction
products are shouwn. It can be seen that in spite of 5 hours

irradiation time, the yields are quite low. There seem to be nine
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FIG. 3.,1.(c).- GAS CHROMATOGRAMS FOR THE REACTION Hg*/t5+-autene-1
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products arising from the reaction. The yield of product Fi‘,:L is
large as can be seen from its peak, so is product Pz. The yield

of product P. increases at lower pressure indicating some pressure

5

dependant fragmentation. The product peaks P, and Pp + P4

2
increased quite markedly when N20 was added and the reaction mix-
ture was irradiated for 10'. This was to indicate that they might
be the products arising from the reaction of oxygen atoms.

Although it is very difficult before the separation and identifi-
cation to sgeculate on the type of products formed, but at least
one of the products (peak 92) seems to be acetaldehyde by the
nature of its retention time. Nevertheless, the reaction of

gthene seems to be quite complex.

3.1.(b). Propene.

In fig. 3.1.(b). the chromatograms for the reaction is pro-
vided. There seem to be sight product peaks. The peak A aonly

appears in the low pressure runs. The first four P1 - F'4 seem to

be major products with P_ also having significant yield. The

B

irradiation in presence of NZD does not have much effect on product

peak P, suggesting it to be a genuine molecular oxygen product.

4

Again, product P1 seems to be acetaldehyde, whereas products DZ and

P3 have shown marked increase in presence of NZD and seem to be
arising from oxygen atom reaction. They are thought to be prop-

eylene oxide and propanal.

3010(0)0 BUtBF‘IE—’f

The chromatograms for the reaction products are provided in
figure 3.1.(c). Apart from the two early eluding products (may be
alkane and/br alkene), the reaction yields 9 products. In the

presence of N,0 when reaction mixture was irradiated, it can be seen

2




FIG. 3.1.(d). GAS CHROMATOGRAMS FOR THE REACTION Hg*/0,+ 2-Methyl Propene
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FIG. 3.1.(e)s GAS CHROMATOGRAMS FOR THE REACTICN Hgﬂﬂé+-Cis Butene-2
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FIG. 3.1.(f). GAS CHROMATOGRAMS FOR THE REACTION Hg'/@E+ Trans Butene=2
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that product peaks P5 and P_ increased quite apparently whereas

6
there was no or very little effect upon the peaks P2 and PS,
suggesting them to be genuine molecular oxygen products. In
fact after the oxidation run PZ has the larger yield than any
other product. By means of the effect of nitrous oxide upon the

products P. and Pﬁ, it can be assumed that they may be o - butene

5

oxide and n-butraldehyde. P1 again seems to be acetaldehyde and

P, and Pz can be anything among the propionaldehyde, acetone,

2
ethyl alcohol, stc. The elution time of one of the product is
very long ~ 90 minutes. Yield of products at low pressure is

higher.

3.1.(d). 2-Methyl propene

The results of the chromatograms for 2-methyl propene are
provided in figure 3.1.(d). Like butene-1 there are two early
peaks and apart from them the total reaction products seem to be
seven. Product peaks P2 and PS seem to overlap and product peak

PS seems to tail off with Pﬁ. The irradiation in presence of N20

results in the increment of peaks 93 and 94, suggesting them to be
the epoxide and aldehyde respectively. Product P5 seems to be
genuine molecular oxygen product, as its yield was not affected

by N,O. The yields are better at low pressurs.

2

3.1.(e). Cis-Butene-2 and Trans Butene-2

The chromatograms for both alkenes are provided in figures
3.1.(e) and 3.1.(f). Apart from two early sluding peaks, the
total reaction products amount to nine in each case. The chroma-
togram seem to be alike with little differences. Product peaks

Pz, P, and P. increase upon the irradiation in presence of NZD’

4 B

suggesting them to be epoxides and aldehyde.
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After carrying out the initial oxidations, it seemed that
there were some similarities in the nature of products when com-
pared with the oxygen atom reactions. At this stage, it was
thought necessary to carry out a detailed product separation and
identifications of some of the individual alkenes, so that a
detailed study can be made and various points could be cleared.
Propene and 2-Methyl-propene were selected for this purpose. The
remainder of this chapter will be concerned with the detailed

results of 2-methyl-propene.
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3.2, CHROMATOGRAMS FOR 2-METHYL PROPENE

A typical chromatogram at both high and low pressure for
the reaction of 2-methyl propene with Hg*/D2 is presented in fig.
3.2, Irradiation time during a normal standard run was five hours.
All studies were made at room temperaturs. Column used throughout
the reaction study was a 4 meter di-n butylphthalate with 2%

Carbowax kept at 35 i.2°c. Gas pressures for the G.L.C. were

Py (carrier gas) ———3 30 lbs./.i.n«2

2
o2
P » 28 lbs./in.
H
2
P » 30 1bs./in.2
Air

The symbols used in the chromatograms for the products are
explained below.

'P,' represents the product Acetaldehyds.

1
rpzr " n I Propanal.
rpzr " " " Acetone.
'p4' o n i 2-Methyl Propanal.
pr' n i L Methacrylaldehyde.
'pﬁ' " 2, i Tertiary Butanol.
!p7| " " W 2-Butanone.

Pa, hb and Pc represent unidentified products. They correspond to
less than 2 % of the main products at high pressure ~~ 700 m.m.

At low pressures about ~~ 100 m m. these products were found to be less than

about 4 %.
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3.3. IDENTIFICATION AND ANALYSIS OF PRODUCTS

As explained in the preceeding chapter 2, by using different
methods of analysis, the products identified are listed in Table
a3 The different techniques used for the identification are
also summarized.

The products confirmed by using Mass spect. and I.R. tech-
niques were the major products, which were isolated by G.L.C. from
high conversion runs. The minor products, due to low yields, could
not be isolated and hence were confirmed by other alternative tech-
nigques as were possible.

Brief notes are provided below for each of the individual
compounds.

1. Acetaldehyde.

Acetaldehyde was a minor product and its quantity formed
during the high conversion runs was too small for collection and
separation. It was identified by the retention times on only one
column, di-n butylphthalate. Also after the addition of a small
amount of a known pure sample of acetaldehyde in the reaction mix-
ture and following the method described in section 2.5., when a
chromatogram was taken the acetaldehyde peak increased. No further
identification was thought to be necessary. It is also a known
product of molecular oxygen, its species ozone and oxygen ataﬁs,
and alkene systems.

2. Propanal.

The propanal peak occurred just before the acetone peak and
due to very small yields even at very long irradiation times, this
again could not be collected for identification by I.R. and Mass

spect. techniques. However, using the two alternative technigues
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TABLE 3.3.

IDENTIFICATION METHODS
PRODUCTS G.L.C.| By Intro- Mass | Approx., f
Ret. duction I.R.|Spect.| Yield at
Times of known at 600 P.
samples 600 P.
CH, . CHO v v’
CHo.CH,+CHO g > 4 43 0.001
CH4.CO.CH, 7 v/ S S 288 0.009
CHa
 SCH.CHO v v/ | v |392  |o0.0085
Eog
CH, = C (CH,).CHO Vv b SLlaer o
(EH3)3 C.OH A A il A 0.002
CHy.CO.C,He (i s 0.0005
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i.e. by means of the G.L.C. retention times and the introduction
of known samples it was identified and was thought that the con-
firmation was sufficient.

3. Acetons.

This was one of the major products. It was collected during
the high conversion runs. It was found to have the same retention
time as that of a pure sample of it on the 4 m. di-n butylphthalate
column.

Its mass spectrum is provided in the fig. 3.3.1. The
molecular ion peak is at m = 58. The base peak at m = 43 is of
the fragmentation ion CHSEU*, which is characteristic for most
methyl ketones. The mass spectrum matched with that of an auth-
entic sample of the pure compound. Further, its I.R. spectrum was
taken as shown in fig. 3.3.2. It shows the typical carbonyl band

1

at 1751 em .

4, 2-Methyl Propanal.

This compound was also separated and collected on a di-butyl
phthalate column. It was found to give a characteristic C = O
stretching band at 1721 cm'1 and C-H stretching bands at 2940 l::m_‘I
and 2810 cm_1. It was found to have an empirical formula EdHBU
by its mass spectrum. Its mass spectrum consisted of a peak at
m = 29 and the characteristic m-1 peak at m = 71. The molecular
ion peak is at m = 72. It was confirmed by comparing a mass
spectrum of an authentic sample which matched unambiguously.

Hence this compound was confirmed as 2-methyl propanal. Its

retention time also matched with that of an authentic sample.
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5. Methacrylaldehyde.

This compound is also a major product. It was collected
during the high conversion runs on a 4 m. di butyl phthalate column.
Its mass spectrum showed the molecular ion peak occuring at m = 70.
An authentic sample of methacrylaldehyde was then taken and its
mass spectrum was compared. It was found that the matching was
unambiguous. The characteristic m-1 peak of aldehydes is at m = 69
as shown in the figure 3.3.1. An I.R. was also taken of the com-

pound and it showed the typical C-H stretching bands at 2690 cmqq

5 -
and 2790 cm and C = 0 stretching at 1726 cm 1. It was also con-
firmed by its retention time and by the introduction of its

authentic sample onto the G.L.C.

6. Tertiary Butanol.

This compound presented some problems in the collection, as
during the collection its elution on the G.L.C. seemed to be
supressed and also because it usually solidifies at temperatures
below 25°C. However, warming the reaction mixture slowly and
after removing half of the collection mixture it could be easily
separated. It was collected and its mass spectrum and I.R. was
taken. The characteristic band at 3400 c:t'n_‘T (as shown in fig.
3.3.2.) indicates the presence of an alcoholic or wet substance.
Its mass spectrum matched with that of an authentic sample of it
thus confirming it to be tertiary butanol.

In the mass spectrum, the molecular ion peak at m = 74 is
not visible. Usually in tertiary alcohols the molecular ion peak
is not detectable. The general fragmentation process involves
cleavage of the bond beta to the oxygen atom. The largest group

is lost most readily.
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The characteristic peaks at m = 57 and m = 59 are typical

of tertiary butanol.

It was also confirmed through the G.L.C. retention times
and by the introduction of a pure authentic sample onto the G.L.C.
and noticing the peak size which increased.

7. 2-Butanone.

This product could not be collected for identification due
to its very low yields even at high conversions. This was proved
to be 2-butanone by means of its retention time and also when its
pure sample was introduced in the system and a G.L.C. chromatogram
was taken its peak size increased. There was no further need for
its identification.

Unidentified Products

Three unidentified products with very short retention times
were observed in the G.L.C. chromatogram. No attempts were made to
identify these compounds. The first two were probably propane and
propene whereas the third product which eludes within the main alkene

peak seems to be formaldehyde.
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3.4. HYDROPEROXIDE TESTS

As hydroperoxides are known to be among the products of
hydrocarbon oxidations, and also molecular oxygen in at least one
of its excited states is known to give hydroperoxides as a product
with alkenes, hence it was thought necessary to check if there is
any peroxide formation in our system. The ferrous thiocyanate
method of hydroperoxide detection was used, which is modified by

(210, 211)
Egerton and others. The method is as follouws.

5 gms. AR ammonium thiocyanate and 5 gms. AR ferrous sul-
phate are dissolved in 100 ml. of water containing 1 ml. of conc-
entrated sulphuric acid. The solution is freed of its red colour
by shaking it with amyl alcohol. Analysis is carried out by
adding to 3 ml. of test solution one ml. of the reagent which
develops maximum intensity and is compared on the spectrophoto-
meter against a solution of one ml. of reagent in 3 ml. water.

To check for the presence of peroxides in the system, a
special sample tube was constructed in the laboratory (as shown in
fig. 3.4.1.). This could be easily connected to the mainline via
the greaseless manifold through its qu opening. When during any
time a test for peroxide was needed for 2-methyl propene, the whole
reaction mixture after the irradiation was freezed onto the small
amount (10 - 12 mls.) of reagent already evacuated and freezed by
means of liquid nitrogen around the sample tube. It was then very
slowly allowed to warm up and to mix with the reagent. The pres-
ence of any peroxide immediately changes the colour to intense red.

In the case of 2-methyl propene, the test gave no positive

results. It was repeated several times to detect any hydroperoxide
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formation in the system, but it always gave a negative result.
Furthermore, when the identification of products was completed,
it was found that there were no traces of peroxide or hydro-
peroxides amongst them, hence it was safe to assume that either
the peroxides are not formed in our system or even if they are

formed they decompose very quickly prior to their detection.



- 106 -

3.5. CALIBRATION RESULTS

It is important to calibrate the detector when most of the
products have been identified so as to determine the absolute con-
centration of the products for various studies.

Although most of the compounds were available commercially
and were purified in a manner described in 2.6 , but during the
calibration runs some of the compounds, having very low vapour
pressure and the tendency to solidify at the operating temperaturs,
could not be calibrated. Hence their molar sensitivities were
calculated relative to acetone. Methacrylaldehyde and acetone
were calibrated by the method discussed in 2.2.(a)s The measure-
ments were carried out at low concentrations and the values of the
detector calibration factor were calculated by the relation

P =f.A

The results of the calibration are summarized in Table 3.5.
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TABLE 3.5.

CALIBRATION FACTORS.

Pressure (mm) at 20.4 + 2°C  |Mean Area of Peak |Calibration
Run No. at S =1 x 102 factor
In U1(3.95 ml) | In R.S5(760 ml)| (arbitrary units)
(a) Methacrylaldehyde
148 124 0.6444 121,00 5.32 x 10°°
149 151 0.7848 149,99 5.23 107>
150 125 0.6496 118,82 5.46 x 10™°
-5
Mesan Beod 10
Calibration factor of Methacrylaldehyde = 5.33 = 0.11 x 107°
(b) Acetone
151 185 0.9615 133,90 7.18 x 10°°
152 129 0.6704 99,45 6.73 x 107"
153 172 0.8939 161,35 5,53 x 10°°
-5
Mean 6.48 10

Calibrati

on factor of

Acetone = 6.48 = 0.3 x 10°

5
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3.6 QUANTUM YIELDS

Quantum yields of the products can be calculated from the

relation

ﬂ _ Yield of Product

No. of light quanta absorbed

Measurements were made relative to ﬁ for H&?NZU reaction which
is known to be one.

Runs with nitrous oxide were occasionally carried out under
the same conditions and nitrogen yield was measured from it. The
product yield was calculated as follows -

If a peak of calibrant area A, units is observed, then the

1

number of moles of A1 in the reaction system can be given by

C1 = A1F1
where F1 is the calibration factor. The glc was calibrated with
authentic samples of the materials, where available. In other
(212)

cases, glc calibration factors were estimated.

3.7 EFFECT OF IRRADIATION TIME

Two separate runs were performed to study the variation in
the yields of major and minor products with irradiation time. In
one run, the total pressure was kept high (700 mm.). Rest of the
conditions were similar as for a normal run. Product yields were
noted at each 30 minutes up to a period of 240 minutes. The
results are plotted in figures 3.7.1 and 3.7.2. The fig. 3.7.1

gives the yield in peak areas plotted versus time and the fig. 3.7.2
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shows the peak areas against time at low pressure. The following
observations can be made.

(a) At High Pressure

All the products show a linear variation with the increase of
time. The rate of formation of 2-methyl propanal seems to fall
of f after a certain time. The rate of formation of methacryl-
aldehyde also seems to fall off slightly at higher conversions.

(b) At Low Pressure

All the products show a linear increase with time. The rate
of formation of 2-methyl propanal again seems to fall off after a
certain time. The yield of propanal shows some increase with

respect to time.

3.8 EFFECT OF PRESSURE VARIATION

During the study the range of total pressure investigated was
100 —— 700 mm. Ratios of alkene to oxygen was always kept in
excess of 1 : 10. All the reactions were at room temperature
18 + 3°c. Rest of the conditions were same as in the normal runs.
The variation of gquantum yield ﬁ with total pressure for the pro-
ducts are shown in the fig. 3.8.1. A plot of peak areas versus
total pressure is also given in fig. 3.8.2. Following points
can be said regarding the general trend of both major and minor
products towards total pressure.
3.8.(a) Major Products.

The quantum yields of the major products show a definite
decrease as the total pressure is increased. After a certain

pressure is reached (P = 300) in the case of acetone and 2-methyl
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propanal and (P = 400) in case of methacrylaldehyde, the quantum
yield appears to be steady, i.e. showing little dependence on fur-
ther increase in pressure.

3.8.(b) Minor Products.

The quantum yields of the minor products show little depend-
ence on pressures. Tertiary butanol shows some pressure depend-
ence as its guantum yield appears to decrease slightly with the
increase of pressure. 2-butanone and propanal show very little
dependence on pressure. Their quantum yields being almost con-
stant throughout the pressure range. The guantum yields ﬁ of
products at various pressurss are given below in the Table 3.8.
The quantum yields are calculated by using the values of the
detector calibration factors in Table 3.5.

TABLE 3.8.

pr?:ﬁgre CH,CH,CHO | CH,COCH, E:z)CH.CHU CH,=C (CH) .CHO (CHz)z.CUH CHACOC H,
99 0.0019 0.0170 0.0123 0.0265 0.0030 |< 0.0005
210 0.0013 0.0112 0.0108 0.0174 0.0026

292 0.0010 0.0084 0.0083 0.0150 0.0024

401 0.0010 0.0078 0.0082 0.0138 0.0020

506 0.0012 0.0102 0.0096 0.0173 0.0020

595 0.0011 0.0080 0.0085 0.0139 0.0019

709 0.0011 0.0090 0.0084 0.0128 0.0016

The quantum yield of 2-butanone was not calculated due to the
inaccuracy in measuring very small peaks. It can be seen that the
total quantum yield of all the products varied between 0.06 - 0.033.

There may be some errors due to the uncertainty in the calibration
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factors and the inaccuracy in measuring small and overlapping peaks.

3.9 EFFECT OF ALKENE/02 RATIO

All the runs were carried out at room temperature 18 i.SDE.

The ratio of alkene to oxygen was varied at both high and low pres-

sures.
ratio are given in Table 3.9 below.

TABLE 3.9.

Quantum yields of products at high pressure.

The variations in quantum yields with different alkans/ﬂ2

pcdﬂa,/u2 Quantum Yields

malcHg) Rt 1 nu ow  cialcH. EocH CH3)CH CHO |CH,=C (CH.) .CHO |{(CH.,) .COH|CH,COCH
B2t 3 o CHz i 2 5,54 3 3' 3 25

20/580 0.034 0.00044 0.0068 0.0063 0.0135 0.0019 0.0001

250/550 0.714 0.00075 0.0063 0.0052 0.0148 0.0029 0.0001

550/50 11.0 0.00040 0.0043 0.0016 0.0215 0.0039 0.0002

At low pressure

15/95 U176 0.0018 0.032 0.011 0.037 0.0044 0.0003

50/50 1.0 0.0039 0.027 0.008 0.043 0.010 0.0004

85/15 8.6 0.0007 0.010 0.003 0.039 0.015 0.0002

Variation of quantum yields with
are also shown in fig. 3.9.1 and fig.
The main points evident from the
1. The quantum yields of the products

Tuns.

the different alksne/ﬂ2 ratios

3.9.2.

study are as follows -

are greater in the low pressure

2. The quantum yield of tertiary butanol increases in the presence of
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a large excess of alkene. The quantum yield of methacrylaldehyde
also show some increase, during the large excess of alkene in the
system.
3. The yields of 2-methyl propanal and acetone show definite
decrease when the alkane/hz ratio increases in the system.
Due to the very low yields and hence the difficulties observed
in measuring the peak areas of the minor products, it is difficult
to speculate about their trend towards the effect of alkana/ﬂ2

ratio.

3.10 EFFECT OF REDUCED LIGHT INTENSITY

In order to see whether reducing the light intensity does have
any marked effect on the quantum yields of the products, two sep-
arate experiments were performed. The difference between the two
was of total pressure. In one experiment, the pressure was kept
at 600 mm., whereas the other was confined to a total pressure of
100 m.m. All other conditions were the same as were in the pres-
sure dependence studies.

The intensity of light was reduced by using only one lamp and
furthermore a thin double layer of copper gauze was kept in between
the lamp and the reaction cell window. This arrangement further
reduced the intensity of radiation upon the reaction cell window.
The transmittance of the gauze at 253.7 n m was previously been
measured as 13% on a SP 700 UV spectrophotometer. Any reduction
in the incident radiation intensity can be easily measured by com-
paring the reduction in the yield of N2 from nitrous oxide run

measured in the toepler system. The pressure of N2 measured during
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0.4875 mm. which corresponded

to light intensity of 5.2% compared with a standard run.

The results are given in Table 3.10 and are compared with the

results of a run of normal light intensity at about the same pres-

sure keeping all other conditions similar.

TABLE 3.10

Effect of Reduced Light Intensity on Product Yield.

Irradiation Total 2-methyl|Methacryl |Tert. |2-But-
time (min) Pressure Propanal | Acetone | propanal| aldehyde |Buta-
anone
mm . nol
300 520 0.0014 | 0.0103 | 0.040 0.023 0.002 -
*300 512 0.0012 0.0102 0.0096 0.0173 0.0020
300 100 0.0016 | 0.015 0.052 0.038 0.0048
*300 102 0.0018 0.017 0.012 0.027 0.0045

* Indicates runs with normal light intensity

From the results, it can be said that reducing the light inten-

sity does have some effect on the @ of some of the products.

As

can be seen from Table 3.10 the guantum yield of 2-methyl propanal

increases.

There is little increase in the yield of methacryl-

aldehyde whereas there is very little or no effect on the quantum

yields of rest of the products on reducing the light intensity.

3-11

EFFECT OF ADDED NITROUS OXIDE

During two standard runs most of the oxygen was removed after

the completion of five hours irradiation time.
was taken at this stage and then nitrous oxide
sure range was introduced in the system.

ture was then irradiated for ten minutes.

The

At

A glc chromatogram
to the required pres-
whole reaction mix-

this stage again a



- 114 <

glc chromatogram was taken.

Quantum yields were then calculated

before and after the ten minutes irradiation time.

are given in Table 3.11.

TABLE 3.11

The results

Effect of added nitrous oxide on the guantum yields.

Quantum Yields
Irradiation

sind Pressure Propanal | Acstone 2-methyl | Methacryl-| Tert. 5. Bltanona
(ats) (mm) propanal | aldehyde Butanol

300 703 0.000185 | 0.0132 | 0.0029 0.0032 0.00021 0.00015
*310 706 0.00020 | 0.022 0.0068 0.0031 0.00020 0.00041
300 82 0.0005 0.011 0.006%9 0.013 0.0012 0.00086
*310 85 0.0005 0.020 0.014 0.014 0.0012 0.0021

* Indicates run with a further irradiation
of 10 in presence of NZD'

The results show that there is a change in the quantum yields of

some of the products when irradiated in the presence of nitrous oxide.

The quantum yields of 2-methyl propanal and 2-butanone increases.

Acetone quantum yield also increases, whereas the quantum yields of

rest of the products do not show any apparent change.
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CHAPTER FOUR

RESULTS FOR MERCURY PHOTOSENSITIZED OXIDATION WITH

PROPENE AND BUTENE-1

CHROMATOGRAMS FOR PROPENE

presented in fig. 4.1.
was three hours.
+ 37c.

di-n-butyl phthalate with 2% Carbowax.

Chromatograms for propene at both high and low pressure are
Irradiation time during a standard run
All studies were made at room temperature 18°C
Column used throughout the reaction study was a 4 meter

Gas pressures for the GLC

were =

P, (carrier gas) » 30 lbs./’in2

N

2
P » 28 1lbs./i £
H > s./in
2
p > 30 lbs./in2
Air

The symbols used in the chromatograms and elsewhere for the

products are as explained below.

less

P

a

'P1' represente the product Acetaldehyds.

'Pz' represents the product 1-2 Epoxy propane.

'PS‘ represents the product Propanal.

'Pa‘ represents the product Acrylaldehyde.

‘PE' represents the product Methacrylaldehyde.

'Pe‘ represents the product 2-Butanone.

Pa and Pb represent unidentified product. They correspond to
than 2 % of the main products at high pressure ~~ 700 m.m.
was probably formaldehyde. 242 [ C02 and HZD may have been

present among the products, but were not specifically looked for.

4.2

IDENTIFICATION AND ANALYSIS OF PRODUCTS

Using the methods of analysis as explained in Section 2.5, the
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products identified are listed in Table 4.2. The different tech-
nigques used for the identification are also summarized.

The products with a superscript are the major products which
were isolated by GLC from high conversion runs. The minor pro-
ducts were not isolated because of their very low yields and wers
confirmed by other alternative technigues. Brief notes are pro-
vided below for each of the individual compounds.

(F',I ) Acetaldehyde.

Acetaldehyde was a major product. Its peak occurred just
after the main alkene peak, which made it difficult to collect for
I.R. and Mass Spect. It was however identified by the retention
time on different columns. A pure sample of acetaldehyde was
taken and a small amount ( € 1 mm.) was added to the reaction mix-
ture and mixed according to the procedure described in Section 2.5.
When a chromatogram was taken afterwards, the acetaldehyde peak
increased very prominantly, thus confirming it to be acetaldehyde.

TABLE 4.2.

Identification of the Products from Propene

Identification Methods
G LC]|By Intro- Mass | Approx.
PRGRUETS Ret. | duction | oo . | Yield I
Times | of knouwn ik 1 E at at
samples 500 500
MMme mme
P1* CHo . CHO v’ v 107.5 0.006
¥*
P CH,, o CHemmme CH o %
' - \U/ Z | v 4es.8 0.011
p; CHag o CH,y CHO 5 i vd v |186.4 0.009
pa* CH, = CH.CHO v’ v v~ ls2s 0.034
Pe * CHy= C(CH5).CHO v v vV e 0.001
Pg  CHyuCO.C,H, ¥ o 16.9 0.0005
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(p,) 1 - 2 Epoxy Propane

2

This was also a major product. It was collected during the
high conversion runs. It was found to have the same retention
time as that of a pure sample of it on the dibutylphthalate column.

Its I.R. and mass spectrum was taken. Its mass spectrum was
compared with an authentic sample of 1-2 epoxy propane. Both
spectrograms matched each other. The results are given in the
fig. 4.2.2. The molecular ion peak is at m = 5B.

(P Propanal

3)

This compound was also separated and collected for the mass
spect. and I.R. The results are provided in fig. 4.2.3. The
mass spectrum matched with that of an authentic sample. The mole-
cular ion peak is at m = 58 with another (m-1) peak at m = 57
characteristic of aldehydes. It was also confirmed by the reten-
tion time and by the introduction of its sample in the glc and
measuring the peak sizs.

(P Acrylaldehyde

4)

This compound was also collected during high conversion runs.
It was confirmed by comparing its retention time and by introducing
a known sample in the reaction mixture and measuring the peak size
which increased. Its mass spectrum matched with that of an
authentic sample of it.

(P Methacrylaldehyde

5)

This product was also collected during high conversion runs.
Its retention time matched with that of an authentic sample. Its
peak size increased when a small amount of its pure sample was

introduced in the reaction mixture and glc chromatogram was taken.
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Its mass spectrum matched with the mass spect. of an authen-
tic sample of it, showing the molecular ion peak at m = 70.

(P 2-Butanone

6)

This compound could not be collected due to very low yields
even at high conversion runs. It was confirmed by comparing its
retention time with that of a pure sample of it. Also when its
pure sample was introduced in the reaction system ( € 1 mm.) and
after a thorough mixing, a chromatogram was taken, it was found
that its peak size increased, thus proving it to be 2-butanone.

Products Pa and P_ remained unidentified due to very louw

b

yields and short retention times. Product Pb was probably

formaldehyde.

4.3 CALIBRATION RESULTS

The four major products after the identification were cali-
brated by the method discussed in section 2.2.(a). The results of
the calibration are summarized in Table 4.3. Those products which
were not calibrated, their molar sensitivities were calculated

relative to 1-2 Epoxy Propane, as described previously.
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TABLE 4.3.

CALIBRATION FACTORS

pressure (mm.) at 20.4 + >

Mean Area of Peak

Run at s = 1 x 102 Calibration
No. | In V,(5.30 m1) | In R.S(773 ml) (arbitrary units) factor
(a) Acrylaldehyde
140 141 | 0.9668 12,847.0 75 % 107°
141 125 0.8570 11,115.0 7.71 x 10°°
142 112 0.7679 9,488.0 8.09 x 107°
Mean = 7.76 x 10°°
Calibration factor of Acrylaldshyde = 7.76 x 10_5
(b) 1-2 Epoxy Propane
140 182 1.2479 56,235.0 2.21 x 107°
141 127 0.8707 31,096.0 2.80 x 1072
142 77 0.5279 15,408.0 3.40 x 107°
Mean = 2.80 x 10-5
Calibration factor of 1-2 Epoxy Propane = 2.80 X 10-5
(c) Acetaldehyde
150 84 ! 0.5759 8,845.0 6.51 x 107>
151 112 } 0.7679 10,815.0 7.1 x 10°°
152 79 I 0.5416 7,849 6.9 x 10°°
Mean = 6.83 x 107>
Calibration factor of Acetaldehyde = 6.83 x 10_5
(d) Propanal
150 76 | 0.5210 5 9,326.0 5,58 % 10°°
151 93 0.6376 | 10,452.0 6.10 x 10°°
152 87 | 0.5965 i 10,110.0 5.90 x 107>
Mean = 5.86 x 10"5
-5

Calibration factor of Propanal = 5.86 x

10




3000

2000

1000

PEAK AREA

600

FIG. 4.4.1
EFFECT OF IRRADIATION TIME AT HIGH PRESSURE

(Hg‘/02 + Propene)

MAJOR PRODUCTS

O Acrylaldehyde

V¥ 1-2 Epoxy Propane
A Propanal

L@ Acetaldehyde

&/

W,

MINOR PRCDUCTS

A¥ 7
[

[0 Methacrylaldehyde

® 2-Butanone

5 O
Z
B v Q
O A
)
&
/"‘!g!E @
— 30 ' 5 50 0 '

- i -

-

L |

i’

90 150

— . \
TIME(min)

n g

—3



3000F
FIG. 4.4.2

EFFECT OF IRRADIATION TIME AT LOW PRESSURE )
(I*Il-:_v;*/o2 + Propene)

MAJOR PRODUCTS

O Acrylaldehyde
V 1-2 Epoxy Propane

A

2000L 4 Propanal

& Acetaldehyde O
O
(S
1000 L
<z
=
o
<,
=
<
= p
30 S0 150 210
MINCR PRODUCTS

[0 Methacrylaldehyde

® 2-Butanone
600

200

0 50 150 >1
2 70 MIME(min) i



- 120 -

4.4 EFFECT OF IRRADIATION TIME

The results of time dependence of the products arising from
the Hgﬁ/ﬂz + propene reaction at room temperature 18 + 39C are
shown in figures 4.4.1 and 4.4.2. The top graph in both the
figures show the time dependence of major products at high and low
pressure, whereas the lower graphs show the dependence of minor
products with respect to time. The following points can be made.

(a) Major Products

In the high pressure runs during the early time period (up to
1 hour), the yields of all major products show a linear variation
with time, after 60 minutes the rate of formation seems to be
increased. In the low pressure runs the yields of all the major
products seem to increase linearly with time. The yields of
acetaldehyde in both high and low pressure runs show definite
increase with time.

(b) Minor Products

The yield of methacrylaldehyde seems to increase with time.
During the early time period, it shows little increase, whereas the

yield of 2-butanone does not seem to vary much with time.

4.5 EFFECT OF PRESSURE VARIATION

During the study, the range of total pressure investigated was
from 100 to 700 m.m. All the reactions were performed at room
temperature, i.e. 18 + 27, Rest of the conditions were same as
in the standard runs.

The variation of quantum yields with total pressure for the

products are shown in the figure 4.5.1. A plot of peak areas
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versus total pressure is also supplied in fig. 4.5.2.

Following points can be made regarding the general behaviour
of both major and minor products towards total pressure.

The quantum yield of acetaldshyde decreases with increasing
pressure. The yield of acrylaldehyde also decreases with increas-
ing pressure, though in a more complex way. Above about 500 m.m.
pressure the guantum yields of all the major products appear to be
steady, i.e. shows very little dependence on further increase in
pressure. From the figure, it seems that the epoxide and the
propanal yield have little dependence on prsssure. Their quantum
yields seem to be steady with pressure within the experimental
error.

The quantum yields of the minor products show little depend-
eNnce on pressure. The quantum yields of products at. various
pressures arse given in the Table 4.5. The quantum yields are
calculated in a manner described in section 3.6 and making use of
the calibration factors described in section 4.3.

TABLE 4.5.

Variation of guantum yield with pressure

| | i
pfgi?”ra CH.;+CHO EHSEH;57CH2ECHSEHZ.CHD?EH2=CH.EHD-EH2=C(EH3).CHG CHACH,OCH,,
103 0.031 0.018 0.008 | 0.090 0.0076 0.0002
206 0.018 0.021 0.011 | 0.085 0.0034 0.0005
309 0.011 0.025 0.013 | 0.078 0.0015 0.00049
397 0.017 0.022 0.014 | 0.048 0.0019 0.0006
502 0.006 0.011 0.009 | 0.034 0.0015 0.0005
603 0.004 0.016 0.009 | 0.032 0.0011 0.0004
711 0.004 0.016 0.012 | 0.038 0.00087 0.00038
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It can be seen that the total quantum yield of all the pro-
ducts varied between 0.15 - 0.06. The errors may be due to the
uncertainty in the calibration factors and the inaccuracy in

measuring small and overlapping peaks.

4.6 EFFECT OF REDUCED LIGHT INTENSITY

To study the effect of reduced light intensity the reaction
mixture in a high pressure (P.A~~600 m.m.) run was irradiated at a
lower light intensity. All other conditions were same as in the
normal runs. The light intensity was reduced by using only one
lamp and furthermore a thin double layer of copper gauze was kept
in between the lamp and the reaction cell window. This arrange-
ment further reduced the intensity of radiation upon the reaction
cell. The transmittance of the gauze at 253.7 n.m. had previously
been measured as 12.5% on a SP 700 UV spectrophotometer.

Any reduction in the incident radiation intensity can be
easily measured by comparing the reduction in the yield of nitrogen
from the nitrous oxide run measured in the toepler system.

The pressure of nitrogen measured during a run of three hours
was found to be = 0.1009 m.m., which corresponded to light inten-
sity of 9.5 % compared with a standard run.

The results ars given in Table 4.6 and are compared with the
results of a run of normal light intensity at about the same pres-

sure, keeping all other conditions similar.
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TABLE 4.6.

Effect of Reduced Light Intensity on Quantum Yields

Quantum Yields

Irradiation |Pressure
time (min.) mm E 2
( EHS.CHU CH3'CH\U/CH2 CH3.CH2.CHD DH2 = CHCHO
180 602 0.004 0.016 0.011 0.032
*180 604 0.001 0.024 0.012 0.032
*360 604 0.0016 0.022 0.012 0.034

* Indicates runs with reduced light intensity

From the results, it can be said that reducing the light inten-

sity has little effect on the quantum yields of the products.

There

is some increase in the H for 2-epoxy propane, whereas there seems to

be a decrease in the ﬁ for acetaldehyde, but this may be due to the

difficulty in measuring the peak area of the acetaldshyde peak.

4.7 EFFECT OF ADDED NITROUS OXIDE

To study the effect of nitrous oxide added on the quantum yields

of products, two separate runs were carried out in a similar way as

has been explained in section 3.11.

Table 4.7 as under.

The results are summarized in

Quantum Yields

IFradiaticn Pressure
time (min.)| (mm) CH,CHO CHSEH\—U-/EH2 CHy.CH,.CHO |CH,=CH+CHO | CH,=C(CH,).CHO
180 586 0.005 0.004 0.0116 0.028 0.007
210% 550 0.0045 0.073 0.13 0.022 0.006
300 101 0.020 0.023 0.0056 0.046 0.0088
310% 98 0.023 0.035 0.010 0.042 0.0091
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The results show that irradiation in the presence of nitrous

oxide brings about changes in the quantum yield of some products.
The yield of epoxide and propanal shows a pronounced increase
whereas there is very little effect on the yields of the remaining

products.
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4.8 CHROMATOGRAMS FOR BUTENE-1

The chromatograms at both high and low pressures for the
reaction of Butene-1 with Hg*/D2 is presented in fig. 4.8. The
irradiation time during a normal run was five hours. All studies
were made at room temperature 18 + 3°C and the column used during
the study was a 4 meter di-n butylphthalate with 2% Carbowax.

Gas pressures for the GLC were:

Py (carrier gas) —» 30 lbs/in2

2

p 328 1lbs/in’
H > s/in
2

p » 30 lbs/in2
Air

The symbols used in the chromatograms for the products are
explained below.

P, represents the product unidentified

.
PZ i 1 g I

93 o " g Propanal

p4 n " b unidentified

P " " L o{-Butene-oxide
p6 n " " n-Butanal

p7 " " L4 2-Butanone

pB n n n unidentified

Pg 3 i . !

Pa and Pb were also two unidentified products eluding before the

main alkene peak.

4.9 IDENTIFICATION OF PRODUCTS

*
The products from the reaction of butene-1 and Hg /02 were not

separated and isolated from the glc and hence could not be identified
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by the mass spect. and I.R. technigues. They were however ident-
ified by their retention times and by the introduction of known
samples in the glc.

Brief notes are provided below for each of the products
identified.

(PS) Propanal

Propanal was a major product. It was found to have the same
retention time as that of a pure sample of it on the 4 m. di-n-
butylphthalate column. Its peak increased in size when a pure sample
of it was mixed ( < 1 mm.) with the reaction mixture and a sample
introduced into the glec. It was thought that the confirmation was
sufficient.

(P5) o(-Butene oxide

The epoxide was also a major product. Its peak also incresased
when a pure sample of it was introduced in the reaction system,
mixed and the sample introduced onto the glc, furthermore its reten-
tion time matched with that of a pure sample of it on the di-n-
butylphthalate column.

(Pﬁ) n-Butanal

This compound was also confirmed by comparing its retention time
with that of a pure sample of it on the di-butylphthalate column.
The matching was unambiguous. It was also identified by the intro-
duction of its pure sample in the reaction mixture and observing the
peak size which increased.

(P?) 2-Butanone

This compound was identified by comparing its retention time
with that of a pure sample of 2-butanone on di-n-butylphthalate

column. It was found that the matching was quite unambiguous. Its
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peak also increased when a small amount ( € 1 mm.) of its auth-
entic sample was introduced in the reaction mixture and a sample
taken for analysis in the glc.

The remaining products could not be identified due to the
shortage of time as it would have required the proper separation
and collection for the I.R. and mass spect. techniques. Hence the
further studies on the reaction of Butene-1 and Hg*/tl2 had to be
abandoned.

4,10 TESTS FOR HYDROPEROXIDES

During a normal run the test for the detection of any peroxides
or hydroperoxides present was performed. The method is described
elsewhere.

It was found that there was no colour development during indep-
endent runs with the propene and Butene-1. The test was repeated
but again it gave a negative result. It was anticipated therefore
that either the peroxides are not formed in the system (under study)
or they decompose very soon to give stable products during the

course of analysis prior to their detection.
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CHAPTER FIVE

RESULTS OF THE REACTION OF SINGLET MOLECULAR OXYGEN

(FROM MICROWAVE DISCHARGE) WITH ALKENES

5.1 THE MICROWAVE DISCHARGE SYSTEM

The microwave apparatus consisted of a simple vacuum line built
on a metal frame. The central part of the line consisted of a long
quartz tube which passed through a microwave cavity (as shown in the
fig. Bl)s

The microwave power is obtained at 2450 MHz. at up to 200 watts
continuous wave by a microwave generator Microtron 200 mark III made
by Electro Medical Supplies Ltd. It is designed to operate from a
mains supply of alternating current with a frequency of between 40
and 60 Hertz. The normal method of initiating the discharge is by
means of a spark from a Tesla coil.

A Springham greaseless tap is attached between the oxygen supply
and the narrow tubing (inside a bottle with some silicone o0il) to
control the pressure of molecular oxygen and to maintain uniform
bubbling. A U-tube containing liquid mercury is situated before
the plasma glow so that the line is saturated with mercury vapour.
The central region of the guartz tube is cooled by air from a com=-
pressor.

The guartz tube is connected to the constructed pyrex glass
reaction vessel (as shown in fig.) by means of a B,, socket. The
other side of the reaction vessel is connected to a dual trap arrange-
ment (in a dewar of liquid nitrogen) used for trapping and condensing
the products.

Reactant gases are passed directly from a cylinder through a

precision valve arrangement into the reaction vessel.
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The dual trap arrangement is connected to a cold trap which in
turn is connected to an Edwards vacuum pump through a three way
greased tap which marks the end of the vacuum line. The pressure
was usually kept between five and six torr.

Although relatively large concentrations of 02(1é;g) can be
produced by the discharge in a low pressure oxygen flow system,
atomic oxygen is also a product (typically a few percent of both O
and 0 1Ug are formed). Atomic oxygen reacts with molecular oxygen

2
(217)
to form ozone.

0+ 02 + M —_— 03 + M
Mercury vapour is present in the system and effectively removes

oxygen atoms.

5.2 EXPERIMENTAL PROCEDURE

During a run firstly the microwave generator is on and left for
warming up. The diffusion pump is also started and the whole system
is open to the pumps for evacuation. When the whole system is
evacuated, then oxygen is allowed in the system via the narrow cap-
illary tubing. The flow rate can be controlled by means of the
greaseless tap when the pressure in the system reaches between five
and six torr, as shown on the pressure gauge, then the discharge is
initiated by means of a Tesla coil. At this stage compressor is
also switched on. Initially the power on the Microtron was varied
from 30 to 50 watts and finally up to 70 watts.

The alkene to be reacted is then slowly passed through the in-
let of the reaction vessel, where it can react with the excited
molecular oxygen produced from the discharge. Any products formed
are condensed in the dual trap arrangement along with the unreacted

alkene. The reaction was continued usually for the time required
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(from thirty to sixty minutes in the present study). Pressure is
checked from time to time to ensure that there are no leaks in the
system.

After the required reaction time completed the flow of the
alkene was stopped and the reaction vessel was closed. The micro-
tron was shut off and the oxygen flow was also stopped. The
greased taps on the dual trap arrangement were closed and it was very
carefully removed from the rest of the apparatus, still immersed in
the liquid nitrogen. It was then subjected to the svacuation by
means of attaching it to the manifold of the main apparatus (described
in Chapter 2). It was degassed twice, and was then transferred into
the reaction system by allowing it to warm up very slowly and care-
fully by means of a dryer. After all of the reaction mixture was
transferred, its total pressure was noted and it was circulated for
at least forty minutes to ensure thorough mixing before introducing

the first sample for analysis into the glc.

Sa0 RESULTS WITH 2-METHYL PROPENE, PROPENE AND BUTENE-1

After the results of mercury photosensitized oxidations with
2-methyl propene were almost complete, it was thought necessary to
work on the microwave discharge system so that a comparison could be
made between the singlet oxygen + alkene products and Hg*/D2 + alkene
products whether there are any similarities between the two reactions,
and whether the singlet oxygen is involved in the Hg*/D2 system.

During a typical run, a continuous flow of 2-methyl propene was
kept through the reaction vessel for 45 minutes during which some
bluish green coloured mass was observed in the trap. The trap was
then carefully removed from the discharge system and was attached to

the main apparatus for degassing. After degassing twice, it was
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allowed to warm up slowly and was transferred to the reaction system.
At this stage the test for any peroxides present was performed, as
explained in section 3.4. It was then subjected to glc analysis.
The glc conditions were same as those in the Hg*/D2 reaction. The
results of the chromatogram are provided in fig. 5.3.1. One sample
was injected onto the glc after keeping it overnight during which
the reaction mixture was not frozen. Its results are provided in
fig. 5:3.2,

It can be seen from the results of the chromatograms which are
compared against a chromatogram of a normal run with Hg*/EI2 and
2-methyl propene that there are some similarities between the nature
of products from the two reactions.

It was not possible unfortunately due to shortage of time to
make a detailed identification of the products from the microwave
experiments, as there were problems involved in the collection. It
is difficult to say about the nature of products by means of
retention times on one column only without making use of the other
identification technigues.

It was found that there was no product formation when 2-methyl
propene was subjected to pass through the discharge in place of
oxygen and molecular oxygen was introduced through the reaction
vessel.

A comparison of products from the reaction of excited singlet
oxygen from microwave + propene and Hg*/D2 + propene is provided in
the chromatograms from the glc analysis shown in fig. 5.3.3. It
can be said that there are few similarities between the products of

the two reactions.
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In the case of Butene-1 the results of the reaction are again
compared with the Hg*/D2 + Butene-1 reaction and it can be seen from
the chromatograms shown in the fig. 5.3.4. that there are little
similarities between the products of the above two reactions.

During the butene-1 run, after two or three readings for the glc were
taken about half of the reaction mixture was pumped away and mole-
cular oxygen (about 200 mm.) was introduced in the system. After a
thorough mixing, the whole reaction mixture (about 550 mm.) was
irradiated for three hours, the aim was to see the common products

of the two reactions, because products whose peak increased after the
irradiation would be likely to be similar. It was found that there
were little similarities as some product peaks increased in size
whereas some new peaks were formed, indicating the non-similar
products.

Hence from the results quoted above, it can be said that there are
some similarities in the case of singlet oxygen from microwave dis-
charge + 2-methyl propene and Hg*/b2 + 2-methyl propene reaction and
similarly with propene and butene-1 again there are some similar-
ities. It seems fair to assume then that singlet molscular oxygen
probably takes some part in the Hg*/D2 system and perhaps it is
responsible for the formation of some products in the Hg*/O2 reaction

of 2-methyl propene, propene and butenes-1.
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CHAPTER SIX

DISCUSSION OF THE MERCURY PHOTOSENSITIZED OXIDATION

OF 2-METHYL PROPENE

Firstly in this chapter the nature of the products formed from
the mercury photosensitized oxidation of 2-methyl propene with mole-
cular oxygen will be discussed. An attempt will be made to suggest
plausible origins of the observed products and to account reasonably
well for the observed dependencies on the reaction parameters.

6.1 PRIMARY PROCESSES

As already mentioned in the introduction, the following pro-

*
cesses should be considered as important in any Hg /Uz/élkana system.

H96150 + hv253.7 nem —> HQGSP,I (1)

The excited mercury atom may be quenched by sither the oxygen or the

alkene.

Ho6°P, + 0,°5§ ——>Ha6's_ + 0, ('0) (2)
il kf//,/ 1 +
0, Ag 0, 23

The formation of either 1£LT or zAu of which the former is more

probable can result in the rapid formation of 111|g0 in a high vib-

(187)

2
rational level.

H963D

*

+>C=E<-—-—-‘yHgG1SD+(>C=C<) (3)

1
where ( 2C =C £ )* is an electronically excited alkene molecule.

In the Hg*/D2 system the reaction

Ho6 P, + 0,°E 3§ —> (Ha.0,)" — (4)

is also a pnssibility.(1g7)

It has been suggested that the guenching cross section for the

2 (197)

above reaction (reaction 4) is .025(n.m)", whereas for reaction
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2 (5)

2 (9, 1) and for reaction (3) it is 5.3(nm)".

(2) it is 1.99(nm)

It would seem therefore that the reactions (2) and (3) will domin-

ate over reaction (4). During most runs the ratio of oxygen to

alkene was more than 10 : 1, hence it is anticipated that most of

the excited mercury will be guenched by oxygen under those conditions.
Dzone and oxygen atoms are known products of Hg*/G2 system and

the following reactions may be important involving the excited

oxygen molecule.

o', +0 > 5
20 —>» 0; + 0 (5)
*

0, +0, » 0, + 0, (6)
0+0,+M > 0; + M (7)

*

(Hg.Dz) + 0, » Hg0 + O, (8)
* *

0, + (2C=cK) P (2C0= L) &0, ————(0)

Reactions 1 - 4 and 5 - 9 can account for the necessary reactive
species needed to give the observed products from 2-methyl propene
and the intermediates in the reaction.

In the reaction (9), 0*2 transfers its energy to the alkene and
(>C = C<:)* is an excited alkene molecule whose energy is supposed
to be less than the excited alkene molecule in reaction (3).

(205)

Heicklen has suggested this energy transfer reaction, while

dealing with mercury photosensitized oxidation of per fluoro alkenes.

The quantum yield of ozone for reactions (5) and (7) has been

184)

said to lie in the range of 0.03(183) to 0.14( y, where as the

quantum yield of ozone for the reaction (8) has been interpreted as

0.5(194).
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6.2 REACTIONS OF POSSIBLE REACTIVE SPECIES WITH THE ALKENES

In the presence of an alkene (here 2-methyl propene), the
excited oxygen and the products formed by the reactions indicated
by equations (5), (7), (8) and (9) will react rapidly with the
alkene presumably by the following main processes.

H=o

(o)

¢10)

Tie A i)
o, ('Ag) +>C = C<—-—)-/,E - C{ =—— Products
Unsaturated hydro-

peroxides, carbonyl
compounds, alcohols

etc.

= (20 = c<.02)—-¥ Products —— (11)
complex epoxides
*
(>C =Cc<L) + O =t (carbonyl compounds)
—» R + HDZ_) Further reactions of
radicals can account
for some of the products
0
» R + H 5 ‘T
sz +2>C = L{——p >C - ?< ———) Products —_— (12)
(w] epoxides

(carbonyl compounds)

05 +>C = (< — >$ - ?< ——% Products ~————o— (13)

Sl (carbonyl compounds)
e
0
To consider the overall mechanism of the mercury photosensitized
oxidation of alkenes one has to consider each of the above processes
10 = 13 in at least some detail since they all amongst them can

account for the product formation and their dependence on various

parameters.
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Reaction (10) proceeds through the addition of excited oxygen
in the 14:; state, which results in the formation of a hydroperoxide.
In most reactions of singlet oxygen molecules with alkenes the

(71,

ma jor oxidation products are rearranged allylic hydroperoxides
75, 99) ! NP
. The double bond always shifts and the reaction is most
favourable when the hydrogen which is removed can be coplaner with
the pi lobes of the double bond. These hydroperoxides are therm-
ally unstable and sensitive to surface catalysis, hence their decom-
position may lead to aldehydes and alcohols observed in the products

with double bond still prasent.(?s) The reaction of E]2‘1 Ag with

2-methyl propene in the system would be as follows.
*

E
E:H:.5 H/ /D
>C=CH2+G Ag—> £ il
2 2
CH o/
2 CH
3
Transient complex
H"'_' *
o‘x
CH o
2
X l
C IT.TH2 —>» Products
CH //’
3

Reaction (11) proceeds through the reaction of excited alkene

molecule with 02. It can either form a complex with 02 which can

then proceed to give the products as shouwn belouw.

ESE - 5 0, ———>» (>c=c¢C <.uz)*
Hot complex

(205)

According to Heicklen the complex might do any of the

following:

(>r:=c<.02) » RO, + R
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———————— R.CHO + H.CHO
ey BldlHyde 4 O

—p» epoxide + O

or it may experience a collision with another alkene molecule to
give the product

(>C = C(.Uz) +>C = L ——»2>C - < or aldehyde.
: '\D/

Instead of forming the complex with 02 it is possible that radicals

are producad.(zna)

(Sc=0<" ¢ 0, ——> R. + HO,

F!-;-E]2 )Rﬂz

R£12 +>C = C{ ———> ROOH + R

RO, + HO, » ROOH + 0,
RO, + RO, » 2 RO. + 0,
RO + RH > ROH + R

These and the further reactions could account for the formation
of aldehydes, alcohols and some minor products.
Reaction (12) proceeds through the reaction of oxygen atoms

03P with alkenes. This reaction has been well described in the

(15)

introduction. Cvetanovic has proposed the initial adduct as a
biradical with oxygen attached preferably to the less substituted
carbon atom of the double bond. The reaction proceeds with pre-
Idcminant fragmentation in the case of small alkenes because the
excess energy of the biradical cannot be removed easily by collisions,

and appears to be supressed in the case of more complex alkenes. In

the system under study, the reaction would follow as
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*
CH CH
3 3
>c = cH, + 0P > >c - CH,
CHo CH., |
/ Q
(Mainly at P>50 mm Hg) (Fragmentation)
Epoxides and Aldehydes Aldehydes, ketones with

smaller no. of carbon
atoms plus lower members

of hydrocarbon.

(55)
The ratio epoxide to aldehyde is approximately equal to 095 1:17.

Reaction (13) proceeds through the ozonolysis of the alkene.
Ozone reactions are of great complexity and have received little
attention. Cvetanovic and VUrbaski have carried out the reactions

(213) They have

of ozone with a number of alkenes in the gas phase.
explained the product formation in terms of the following generally

accepted mechanism of ozone interaction with alkenic compounds.

+ I 7
RHC = CHR + 0, ———> RHC - ClHR --———)HH[': - lCHH
will /9 88
N
\\D U/’
(1) (11)
[} + /
e o [fHR » RHCOO + RCHO >
0 O+
o
(111) (1v) (V)
0—0
S
e~ CHR
HHH“G G
(V1)

The initial addition may be a two step process as indicated by

the above scheme in which (I) could be visualized as a [| —cnmplsx.(zqa)
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A one step addition would otherwise lead directly to the initial

(215)

ozonide (II) which is very unstable. Criegee has obtained
evidence that the initial ozonide is formed at least under some con-
ditions. He and his co-workers identified (IV) as a relatively
stable and long lived zwitterion which on addition to an aldshyde
(V) forms an ozonide (VI). At high temperatures and in the vapour
phase other competing reactions of the zwitterion become important
and the process is quite complex. These zwitterions can undergo
many types of reactions such as dimerization, polymerization with

or without participation of water into peroxidic substances, re-

(213)

arrangement and decomposition. Cvetanovic and VUrbaski during
their study have said that there are in particular two features of
the obzone reactions which are to be kept in mind.

(a) Appreciable quantities of relatively unstable intermediate per-
oxidic compounds are initially formed and the final stable products
observed will depend on the conditions under which the degradation
takes place. The particular analytical procedure used may there-
fore affect the amounts and the type of the stable product observed.
(b) The reactions are highly exothermic and the liberated heat is
as a rule likely to affect their course at least to some extent,
and sometimes quite markedly, mainly when a large excess of mole-
cular oxygen is present.

In the present system, the mechanism of ozone addition to

2-methyl propene may be

CH CH
3N 3'\\\
C=CH, +0 > Cle B oty
cH T X i CH o I 2
3 3
L /I:r
0
EH3
’,/’E - ?Hz
|
EHs ™ 50
No/



- 140 -

CH,
= S
9 C - CH
o Sl R 27
3
0 0
CH, )
- i IVa e PiaduGES
CHS/L ' roauc
0
\‘u/
CHy
s TN Loy —
2
]
6 0
\D 4
Vb

The products from IVa and IUb may combine again to give the

ozonide which can again decompose thermally to give stable products.

CH

0
3 S
\E ‘\'CH:’2 ——————3 Products

/
Chy” \g_o”’

ozonide

(213)

The main products Cvetanovic and \Irbaski obtained from
their reaction of ozone and 2-methyl propene were acetone and form-
aldehyde. Rest of the products were 2-methyl propanal, methanol

C0,, propene, methyl formate, propane, methyl acetate and tertiary

29
butanol. They have said that the peroxidic intermediates were formed
in the system but decomposed during the course of glc analysis releas-
ing the bound carbonyl compounds. The reaction was gquite complex in
nature.

The reactions 10 - 13 have been used to explain the products

observed in the present system.
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It would be necessary at this stage to mention about the results
of the microwave experiments described in the previous chapter. It
was found that there were some similarities in the case of 2-methyl
propene + Hg*/b2 reaction and 2-methyl propene + 102*( from Micro-
wave discharge) reaction. The observations will be utilized when
discussing the formation of products.

The main products from the mercury photosensitized oxidation of
2-methyl propene with molecular oxygen are methacrylaldehyde, 2-methyl
propanal, acetone and tertiary butanol. Minor products were
propanal, acetaldehyde and 2-butanone.

Below are listed the principal observed products and their rel-

ative yields at different pressures and at different alkane/D2 ratios.

TABLE 6.2.

FTatal 600 mm.Hg antal 100 mm.Hg
Products
Yield at Yield at Yield at Yield at
alkane/D2 alkena/b2 alkena/b2 alkene/tl2
10 A i e g =0
CHa.EHz.CHD 10 4 19 8
EHS.CD.CH3 80 43 170 100
(EH3)2.CH.DHD 85 16 120 30
CH2 = E(CHS).EHD 170 240 260 380
(EHS)SE.GH 19 40 30 140

6.3 MAIN PRODUCTS AND MECHANISMS FOR THEIR FORMATION

The number of possible processes for the formation of major pro-

ducts are considerable. It is important to establish which of these
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processes are likely to be important in the overall reaction scheme.
In the forthcoming notes, each of the major products is discussed
with the satisfactory explanation for its formation and the depend-
ancy on various parameters.
Acetone

The possible routses for the formation of acetone are discussed
below.

(a) From ozone

CH

CH
3 3
= —_— =
>E CH, + O, >
CHy

c
CH, L

CH
2
I

k1o

Intermediate

2 Ll —izogmente . oy opoey. b BHA0
CH>| |2 peithe 292
i Lo

\\6/

In the above case, the intermediate formed fragments by keeping
the 2 atoms of oxygen with the less substituted carbon atom.

(b) From excited singlet oxygen

CH
G- g
o 27,
3

tlz—u
CH
3
>|: CH,

3

A/

CH

di-oxetane intermediate

;

- CHSCDEH3

- EH20.

(c) From an excited alkene molecule

36 *

CH CH
3

3>E=EH PRl Tt "SC = CH,,0

2 2 £ i
CH CH
3 3

complex

—— DI RACH . % CHLO,
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Of all the possible routes, only (a) is consistent with the
observed results. Reaction (b) can be discounted on the grounds
that although some of the earlier research indicated the possible
occurence of such a process but there is sufficient evidence now
that the dioxetane intermediates are less probable and may not be

(136 - 140) Reaction (c),

involved in the singlet oxygen reactions.
though possible, cannot explain the decrease in the yield of acetone
as the percentage of alkene is increased in the system. It seems
that the formation of acetone is through ozone which explains the
decrease in the yield at high alkena/ﬂ2 ratio due to the increasing
importance of the reaction

HgﬁzF‘,] # A = D<——}Hgﬁ15u F{Scac)

over

HB6°P, + O Ha6'S + 0.
9% ¥4 i (e s P iy

During high alkena/h2 ratio more mercury atoms will be quenched by
the alkene and the higher rate of the reaction.

02* + >C = c< —— Product
will account for the low ozone yields by the reaction

*

02 + 02 _ 03 + 0
This and the unimportance of further ozone producing reactions at
high alkane/ﬂ2 ratio
0 + 02 + M — 03 + M
(Hg.Dz)* + 0,———» HgO + O,
could explain the reduction in acetone formation at high alkene/02
ratios.
The decrease in the yield during the high pressure runs in the

pressure dependant studies can be explained by the deactivation
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process being important at high pressures
D*
e
s * 02 02 + 02
and the pressure stabilization of the hot intermediates.
In the previous studies of photo-oxidation of 2-methyl propene

(216)

in the presence of molecular oxygen , significant amounts of

acetone were recovered and also acetone is the major product of the
reaction of ozone with 2-methyl propene in the vapour phase.(213)
Considering the above explanations in the light of the results
from the microwave experiments and the present Hg*/02 system, it
seems fair to assume that ozone is mainly responsible for the form-

ation of acetone in the system under study.

2-Methyl Propanal

The presence of 2-methyl propanal among the products with the
absence of isobutene oxide strongly suggested the non-participation
of 03P atoms in the 2-methyl propane/ﬂg*/bz system. It shows the
complex nature of the reaction which made speculation on its mech-
anism guite difficult.

The influence of other factors such as change of alkene/ﬂ2
ratio, reducing the light intensity when its yield increased
suggested that radical combination are not important for its form-
ation. The possible reactions according to their importance are

given below.

) CH CH :
3 - 3
= —_—— SCESE
_>C = CH, + "OH —>C—— CH,OH
CH, CH,

hot intermediate

(a

——— (CH,), CH.CHO + H ( AH = - 12K3/mnle)
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The OH radicals may have been produced by the decomposition of
the hydroperoxide
ROOH ————3 RO" + °“OH
(208) .
Bell and McDowell have suggested that in the hydrocarbon oxygen

mixture reaction
* -
RH + 02 ———3 RO+ "OH

is also a possibility. The "OH radicals can also be formed by the
decomposition of the methyl allyl peroxy radical formed by the

addition of oxygen to the methyl allyl radical.

CH=— C = CH, —————> Aldehyde + *OH

BHZUD

The above reaction seems to explain the formation of 2-methyl

propanal in the system and reaction such as
CHs
o = CH, +0°P 3>  CH.CHO

3)2 2 ZN\ CH;,

can be discarded for the reasons already given.

(CH

(b) ‘The reaction through ozone may also contribute to some extent.

e A
(CH3)2E CH2 + 0, —— (EH3)2E|: E!2H2 gt inican
0 0
0

Intermediate

*

(CHE)ZCH.CHU + 02

Cvetanovic and Vrbaski have suggested that probably molecular oxygen
splits off from the above intermediate and the remainder then re-
arranges to the aldehyde. The oxygen evolved may be in an excited

(96)

singlet stats. However, the above reaction is relatively
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unimportant when compared with the reaction (a).

Methacrylaldehyde

The possible sources of methacrylaldehyde are as follows.

(a) From 02*(1£5g)

H-----0
A\ *

CH CH.. 3 ‘F

3 1 285 ;

>C =CH, + 0, > o e

CH 2

3 CH

3
HO ;

0

I
e = .
CH, CH, C(CHS) CHO + H,0

CH2
>

CH3
short lived hot molecule

In most reactions of singlet oxygen molecules with alkenes the
ma jor oxidation products are rearranged allylic hydroperoxides which
may decompose to give carbonyl products. Probably in this case the
methyl allyl hydroperoxide decomposes during the course of reaction
giving the stable aldehyde detected in the system. Further the
results of singlet molecular oxygen from microwave discharge with
2-methyl propene as described in the previous chapter (see fig.5.3.1)
show the peak on the GLC chromatogram in the same place having the
same retention time as of methacrylaldehyde in the Hg*/EI2 reaction.
This adds further support in the favour of the above reaction.

(b) By an excited alkene molecule

(5, 35) the excited

According to the esarlier studies of Cvetanovic
alkene molecule formed splits into a @B methyl allyl radical and a

hydrogen atom.
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CH3

CH

>E=CH2 S TR— LY
3

3 l 2

EH2

The methyl allyl radical can add oxygen to give the methyl allyl
peroxy radical which can decompose giving the methacrylaldehyde and a
hydroxyl radical or can form the hydroperoxide on reaction with a
further RH molecule as described previously.

Of the above mentioned two reactions, the reaction (a) is thought to
be the major source of methacrylaldehyde in the light of the experi-
mental results. The slight increase in the yields at high alkane/02
ratio in both high and low pressure studies may be due to the higher

rate of the reaction

* "
0,0 % 'BG b Dol Products

nevertheless a small contribution from reaction (b) in the presence
of a large excess of alkene cannot be neglected.

Tertiary butanol

The most likely source of t-butanol is through t-butyl radicals
(55)

formed by the addition of H-atoms to the alkene. Cvetanovic has
stated that any free hydrogen atoms would readily add to the excess

isobutene to form tertiary butyl radicals. These and their further

reactions can account for the observed t-butanol in the products.

CH
3
CH, |
> = —_— —— -
) e CH, + H CH -
CH
9 3
(CHz).C* + 0, - » (CH,),C.0,-
(CHS)SCD “+ RH » ROOH + R

2
| » RO® + OH
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The tertiary butoxy radical which is the immediate precursor of the

alcohol can abstract the hydrogen from the parent hydrocarbon as

follows:
RO® + RH » ROH + R.
(CHS)S.EU + RH > (CH3)3E.DH + R (a)

In hydrocarbon-oxygen mixtures tertiary butoxy radicals can also
originate through the reaction

R02 + R02 —» 2RO + 02
In addition to the above reaction (a), a similar type of the process

merits some consideration for the formation of tertiary butanol.

RO® + H02 ——> ROH + 02

(CH,),CO0 + HO, ———>» (CH.,),COH + 0, (b)

3)3 7 3)3
The likely source of hydrogen atoms is through the decomposition of
the excited alkene molecule and during the formation of 2-methyl
propanal as described before. The yield of tertiary butanol
increase as the ratio alkana/02 is increased and the yield decreases
in the presence of a large concentration of molecular oxygen. This
shows the relative importance of reaction (a) over (b). Also it
has been claimed that the presence of a large excess of molecular
oxygen seems to prevent the formation of t-butancl from the tertiary
butoxy radicalszjB The same is true for the present system.

It can be seen that a combination of the schemes described
accounts generally for the main observed products and the pressure

change and other phenomena during the course of analysis.

6.4 MINOR PRODUCTS

The minor products obtained from the oxidation of 2-methyl
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propene were propanal, acetaldehyde and 2-butanone identified by
the techniques described in Chapter Three. Their very low yields
especially in the case of acetaldehyde and 2-butanone suggested
that they may have been formed in the system due to the impurities
present in the alkene under study.

Propanal and 2-butanone can be attributed to butene-1 present
as an impurity and acetaldehyde could have resulted due to the
reaction of ozone with propene present as an impurity in the alkene
under study (2-methyl propene).

Further support for the above view comes from the fact that
both propanal and acetaldehyde were detected as one of the main
products during the oxidation studies of propene and butene-1 as
will be described in the forthcoming chapter.

6.5  THERMOCHEMISTRY

Up until now, the possibility of various reactions already
described have been assessed purely on their ability to explain the
product formation and the influence of various factors such as
pressure, different alkena/b2 ratio, etc., on the yields. It is
important at this stage to consider their feasibility on thermo-
chemical grounds.

The estimated heats of the more important reactions of 2-methyl
propene, propene and butene-1 are provided in Table 6.5. The heats
of formation AHf, of products, reactants and related compounds
were taken from the literaturs and the references to the sources of
data and methods of estimation are given below.

(a) Standard data from

(i) Stull, D.R., Westrum, E.F., and Sinke, G.C.

'The Chemical Thermodynamics of Organic Compounds'

John Wiley and Son, 1st Edition (1969).
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(ii) Benson, S.W.
'Additivity Rules for Estimation of Thermochemical
Properties'.
Chem. Revs. 69, 279, (1969).
(b) Estimation of AMHfo (ROOH) was taken from
AHF® (ROOH) - AHF?(1-hexyl0O0H) = AHF?(2 methyl propene)

-  AHF?(n-hexane).
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TABLE 6.5.

Heats of Reaction of some important Processes

Reaction kék:01-1 Method
02* + (EH3)2E = CH;—>CH, =E(CH3)CH2E|E|H -172 a, b
0,+(CH;),C = CH,——>(CH;),.CH.CHO + 0,  |-234 a
03+(EH3)2C = CH,—— (CH4),CO + CH20+§02 -450.5 a
02*+CH3.CH = CH;—> CH, = CH.CHO + H,0 -457.0 a
04+ CH;.CH = CH,—> CH;.CHO + H.CHD+%02 -444.0 a
0,+CHZ.CH = CH, ——> CH;.CH,.CHO + 02* -259 a
0;+CH4.CH,.CH = CHZ——-CHS.EHZ.CHZ.BHIMUZ* -252 a
04 +CHz.CHy W CH = CHZ———PCHS.EHZ.EHU+CH20+%I32 -449 a
E|3P+CH3.CH = CH2——+EH3.EH<—/;H2 -360 a

0
03P+CH3.CH = CHy—— CH.CH,.CHO -459 a
{33F'+CH3.EH2.CH = CH;—>CH.CH, .CH—FH,
0

03P+CH3.CH2.EH = CH;—>CH;.CH,.CH,.CHO -472 a
D3F'+CH3.CH2.CH = CH;,—»CH,.CH,.C0.CH, -505.0 a
°DH+(CH3)2C = CHZ—-—P(EHS)chCHD + H = 42 a
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It appears from the results shown in Table 6.5 that all the
important reactions are favourable on thermochemical grounds. (All
of them are exothermic.) It is hence anticipated that the mech-
anisms derived satisfactorily describes the mercury photo-sensitized
oxidation of 2-methyl propene with molecular oxygen. A summary of
the main points of the reaction is given below.

6.6 SUMMARY OF THE REACTION

The main product of the reaction methacrylaldehyde is thought
fu be formed mostly by the singlst oxygen mechanism. The more
important reactions for the formation of the major products are
suggested as follows:

Acetone

(CH,)AC = CH, + O > (E:szzcu + CH,0

3)2 2 3

2-Methyl propanal

(CH3)ZC =CH, + ‘0 ——m——> (CHS)ZCH.CHO % H

Methacrylaldehyde

1

*
= - -
(CH,).C CH, + 02 RSP~ CH2 c(CHS) CHO + H,0

3)2

Tert. Butanol

(CH CO: + RH —» (CH COH + R*

3)3 3)3

In the high pressure region > about 300 m.m. the yields of
the major products are luw; suggesting the importance of collisional
stabilization of the intermediates formed in the system.

When the alkene/ﬂ2 ratio is increased, the yield of those pro-

ducts derived from the excited oxygen molecule will decrease owing
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to the early consumption of excited oxygen molecule through the
reaction
*
02 + RH ————> Products

and also due to the relative unimportance of the reaction

*

———
0 +02 0

2 + 0

3
The increase in the yields of tert. butanol have been attributed
to the increasing importance of the reaction

RO-+ RH —— > ROH + R.
The slight increase in the yields of methacrylaldehyde when the
amount of alkene is increased in the system suggested an excited
alkene formation to be important to some extent for its formation.
The increased yields at low pressures especially at high alkene/02
ratio should be expected due to the higher rate of decomposition of
the intermediate responsible for the formation of methacrylaldshyds.

The results show this tendency to be true.
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CHAPTER SEVEN

DISCUSSION OF THE MERCURY PHOTOSENSITIZED OXIDATION WITH

PROPENE AND BUTENE-1

7.1 REACTION WITH PROPENE

The major products obtained through the oxidation with propene
were acrylaldehyde, acetaldehyde, 1-2 epoxy propane and propanal.
Minor products obtained were methacrylaldehyde and 2-butanons.

Below are listed the principal observed products and their

relative yields at both high and low pressures at room temperature.

TABLE 7.1
p p
Total 600 m.m.Hg Total 100 m.m.Hg
PRODUCTS
Yields at alkane/02 Yields at alkana/bz
1 =48 st
CH..CHO
Hy 4.0 31
CH3.Cﬁ:rj;ﬁH2 16.0 18
0

CHy.CH,.CHO 9.0 8
CH, = CH.CHO 32.0 90

It has been discussed in the previous chapter that the following
reactions are important and may be responsible for the observed pro-

ducts in the system.

St - t<

Products

—~~
1]
~

RCia e 4 02*(‘r Ag)
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() (>C= c<)* + 0, ———————p ( >C - c<.u2)*—r Products

‘——>R + HUZ —— > Further reactions
of radicals can
account for some
of the Products

0, T
» R + H

(e) R4 D0 » c< —> >C - < —— 3 Products (epoxides

5 Carbonyl Compds.)

(d) O, +>C = 0 —-—)-)If - E|:< ——————» Products (Carbonyl
0 © compounds )

N
a

An attempt will now be made to try to find the plausible origins
of each of the products and to satisfactorily explain their depend-

encies on various parameters.

7.1(a). MAJOR PRODUCTS AND THE POSSIBLE ROUTES FOR THEIR FORMATION.

Acetaldehyde

The formation of acetaldehyde can be discussed through the fol-
lowing reactions.

(a) From ozone

EHEEH CH2 + 03 CHSCH sz

o—
|

Al

0

\

fragmentation —» EHB.EHD - EHZD.
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*

(b) From 0,

1 Ag

*

]

1

CH.CH = EIH2 + 0 » | CH _||:—||:_H
H H

3 2 3

dioxetane intermediate

e CHE.EHU + CHZD

Reaction (b) can be discounted on the grounds that the dioxetane
intermediates ars less probable in the singlet oxygen reactions as
explained before. Acetaldehyds can also be formed thrnugh.03P

(15)

atoms but it is a minor product and cannot explain the large
yields in the present case. In view of the fact that acetaldehyde
is the major product of the vapour phase ozone reaction with propene
and also in the previous study ozone was thought to be responsible
for a major product acetone under the same mechanism, hence it is
assumed that the reaction (a) is the most likely source for the
acetaldehyde formation. The low yields at high pressures also

supports the above view.

1-2 epoxypropane and propanal

The presence of 1-2 epoxy propane and propanal among the pro-
ducts points towards the presence of oxygen atoms in the system. The
following reactions can be thought as important for their formation.

3
(a) From 0°P
3

EH3EH = CH2 + 0P -—-—--—-———-)EHZ.CH I:H2
e -~

'-""'——)“CHS. EH2. CHO

The above reaction has been described well before.
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(b) From 04
CHS.CH = CH2 - 03'——————“¥ CHS.CT—HWCHZ
£ SE
N A
0

rearranges - *
ZE0FTANCSY > CH3C? EH2 _ CHS.EH2EHD + 02
0 0
T
0
Intermediate

(¢) From excited alkene molecule

(1) (CHyCH = |:H2)* +0, ——»( >t =c< .0,)"
complex
ety CHSEH\-—/EHZ + 0

(ii) the complex may react with another alkene molecule to
give the spuxideczos).

*
( 2 =< .02) + CH,CH = CH, ——>2CH,CH - CH,

complex 0

0f all the reactions discussed above, the most likely source
of both 1-2 epoxy propane and propanal is through reaction (a), i.e.
through sz atoms. The similar trends observed during the pressure
dependant studies also supports this visw. A small contribution
from reaction (b) can be accepted on the grounds that the reaction
of ozone with propene gives a small amount of propanal attributed to
the splitting of some molecular oxygen from the intermediate which
then rearranges to form the aldehyde. The reaction (c) cannot be
responsible for the observed epoxide in the sense that although the

studies under different alkena/02 ratio could not be performed due
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to the non-availability of propene gas at that time, but two or three
runs done with a large excess of alkene did not show any increased
yields in the epoxide formation. Hence in the light of the above
views, it can be assumed that DSP atoms are the main source of both
the products.

Acrylaldehyde

The possible sources of acrylaldehyde are given below.

* 1
From 0, (| A
(a) From 0, (" & g) Ho ”
1 0
CH.CH = CH, + 0, —— [CH ]
3 2 2 2-\‘\8 — CH

> 2
H

» CH, = CH.CHO + H,O

2 2

The above mechanism is same as that derived for the formation of
methacrylaldehyde in the previous chapter and needs no further
explanation. The above reaction is also favoured by the microwave
experiments (see the results guoted in Chapter Five).

(b) From an excited alkene molecule

*
(EHECH = CH2) - EHZ - CH = I:H2 + H

Dissociation of the excited propene molecule into an allyl radical

(5, 35)

and a hydrogen atom is known from the earlier studies. The

allyl radical can add oxygen to give allyl peroxy radical which on
reaction with a further alkene molecule can give the hydroperoxide

which is supposed to be the source of acrylaldehyde.

RH .
CH, = CH =iLH, 4 0.———> CI—IZ - CH = CH, =

oo*

*

(EH2 - CH = CH2) _—> CH2 = CH.CHO + HZU

|
O0H

allyl hydroperoxide
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Considering the above two processes, it seems that process (a) is
mainly responsible for the observed acrylaldehyde in the system.
During some runs with a high percentage of alkene in the system it
was noted that there was a slight increase in the yield of acryl-
aldehyde which indicates a slight contribution from reaction (b) as
well. The conclusions reached for the formation of methacryl-
aldehyde in the study of 2-methyl propene also supports the above
view.

7.1(b) MINOR PRODUCTS

The minor products identified were methacrylaldehyde and
2-butanone. The yields of both the compounds were low. The pre-
sence of methacrylaldehyde and 2-butanone among the products suggests
the presence of compounds with four carbon atoms. This points
towards the presence of butenes as impurities in the alkene under
study, mainly 2-methyl propene as it can account for both of the
products.

7.2 REACTION WITH BUTENE-1

The studies of the mercury photosensitized oxidation of butene-1
could not be completed due to the shortage of time. Nevertheless,
the few results of the reaction were guite useful in providing more
insight towards the mechanism of the product formation.

The main products detected were propanal, o -butene oxide and
n-butanal. A minor product 2-butanone was also detected. Rest of
the products were not identified and the studies for the above
reaction had to be abandoned at this stagse.

In the light of the previous reactions (with propene and 2-methyl
propene) it can be assumed that the propanal may have arrived by the

ozone mechanism.
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= —_— -
CHSEHzCH CH2 + 03 CHSCH2cr sz

0 0
o

fragments

rEHZCHZCHD + CHZU

The above reaction is feasible on thermochemical grounds having a
high exothermicity.

Similarly the formation of o -butene oxide and n-butanal could
be explained through the simple oxygen atom UZP mechanism.

CH,CH,CH = EH2 + DSP —— CH.CH,CH—CH

B L \\ // 2

0

-——PCHSCHzﬁHZCHU

The minor product 2-butanone may have been formed by the sub-
stitution of DSP atoms to the more substituted carbon atom of the
alkene following the migration of a hydrogen atom to the other carbon
atom.

3
= __—_’ —
EH3EH2EH CH2 + 0P CHECH CH CH

2 2

—_—
EHSEHZEUCH

3

The present work agrees in some respects with some of the pre-
vious observations. In comparing and assessing the results of such
studies, it should be noted that the system under study was guite
complex where 02*, 03, 0 and other reactive species were present and
each contributing at least to some extent towards the presence of the

observed products. Appreciable quantities of relatively hot un-

stable compounds (of peroxidic nature) may have been formed initially
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and hence the amounts and the types of the final stable products
observed will depend on the conditions under which the fragmentation
and degradation took placs.

7.3 CONCLUSIONS

The mercury photosensitized oxidation of hydrocarbons in the gas
phase namely with some alkenes has been performed. It has been noted
that molecular oxygen with its species Dz* (in . A g state), US’ 0
and the other reactive species are each responsible up to some extent
for the formation of the products observed in the system.

A reasonably satisfactory explanation has been made for the for-
mation of the products which has been shown to be reasonably consis-
tent with the observed variations in product yields with the reaction
parameters.

An important feature of the reaction was some of the similar-
ities observed (especially in the case of 2-methyl propene) between
the singlet oxygen (from microwave dischargeYélkanB reaction and the
Hg*/bz/élkane reaction. This indicated some participation of the
102* (preferably in VA g state) in the system under study.

Another notable feature of the reactions is the presence of
those carbonyl products in significant amounts which are the predom-
inant products in the vapour phase reaction of ozone with these
alkenes, for example acetone in the case of 2-methyl propene,
acetaldehyde in the case of propene and propanal in the case of
butene-1. This suggests the presence of significant amounts of
ozone in the system, and it is guite likely that there may be some

other intermediate formation of ozone apart from the two main ozone

producing reactions.
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0, + 0, ——0, + 0

and H___ 0.14 (184)

0+ 02 + M——0, + M

3

It is noted that at high pressures the yield of the major pro-
ducts decrease which apart from the explanations alrsady made else-
where can be attributed to the low rate for thermally decomposition
and unstability of the reaction intermediates.

In the reaction of 2-methyl propene the little increase in the
amounts of methacrylaldehyde at high alksne/ﬂ2 ratio indicated some
participation of the excited alkene molecule as well for its for-
mation. Similar trend was observed for acrylaldehyde as well.

The minor product formation was not of much significance in the
system and it may have been due to the impurities present in the
starting material.

A fact uﬁich remained unsolved was the absence of isobutene
oxide among the products from 2-methyl propene and hence the non-
participation of oxygen atoms was to be assumed in that case. In
the propene and butene-1 reactions the corresponding spoxides were
detected and identified and the results strongly indicated the
participation of oxygen atoms in both the above cases. It is diffi-
cult tﬁ say at the moment why the two systems should differ under the
conditions used. Perhaps further work in this connection would
provide the answer.

The microwave experiments with the above alkenes provided valu=-
able information and insight towards the origin of some of the major

products which were otherwise difficult to prove by alternative
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technigues. Results were quite helpful. A detailed product
analysis would have been fruitful in providing more information
about the nature of singlet oxygen reactions in the gas phase but
unfortunately the time factor prevented this.

In the end it would be necessary to state that all the
reaction schemes have been interprsted purely on the product ident-
ification and the influence of various parameters and with large
errors being possible in measuring the gquantum yields of the products
and in view of the uncertainties mentioned before and the lack of
information on the sxact nature of the intermediate peroxidic sub-
stances the present results provide a limited picture of these com-
plex gas phase reactions. However, a preliminary broad survey has
been made for some of the alkenes, and it is hoped that the infor-
mation obtained may supplement the observations of other workers in
this field.

Further research in this field, especially by varying the
alkene/02 ratio over a wide range, by studying the temperature
dependence of the reactions and a detailed product analysis from

*
10 and 0, reactions with alkenes in the present system would pro-

2 3
vide much insight towards the mechanism and may prove an interesting
problem for further research, especially by estimating the rate con-

stants and other Arrhenius parameters for the three systems

* *
(102 /élksne, Hg /Dz/élkane, Oz/blkane) and comparing them.
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