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ABSTRACT

The work presented in this thesis falls into two parts;
firstly, a study of the cis-trans isomerisation of methyl tiglate
(trans 2-carbomethoxy-2-butene) and secondly, a study of the
quenching of the Norrish Type II reaction by cyclohexene, Both
sets of experiments vere carried out by semi-micro photolytic
techniques developed for the photolysis of small quantities of
de-oxygenated liquids., A full description and éomparison of the
methods developed is presented,

In the first part of the work methyl tiglate was isomerised
to its cis isomer, methyl angelate by the absorption of 254 nm light.
The reaction was studied es a function of temperature, ester
concentration and wavelength, The quantum yield of tiglate to
angelate isomerisation was measured as 0,090 % 6.003 end was found to
be independent of initial ester concentration. Temperature was
shown to have a small effect. The reaction was not affected by
change of solvent and did not occur at 313 nm. The quantum yield
of the reverse reaction was measured as 0,032 aéd wvas also
independent of concentration. A minor side reaction to the B,y-ester
was investigated and had a quantum yield of 0,005, Methyl angelate
vas shown to be the precursor for this reaction and incorporation
of deuterium in a suitable experiment showed the participatidn of an
enol intermediate. A six-membered transition ;tate is proposed.

The isomerisation was found to be partially quenched by the addition



of oxygen and paramagnetic salts., Photosensitisation was
investigated with a number of compounds using 313 and 366 nm
exciting light. Acetone, acetophenone, benzophenone and
anthraquinone were found to sensitise the reaction. Sensitisation
was accompanied by oxetane formation.in the case of the latter two
compounds .

The results are discussed in relation to more detailed
investigations of the isomerisation of ethylenic compounds and a
potential energy versus angle of twist diagram is proposed for the
lovest electronic states of the esters. There appears to be an
efficient mechanism for internal conversion from the excited
singlet state of both isomers as has been suggested for certain
other n,n* systems. A mechanism for photosensitised isomerisation
is proposed involving a Schenck type of intermediate, based on
studies of the effect of ester concentration on the benzophenone
sensitised isomerisation.

The results presented in the second part of the work show
how quenching of the photoelimination reaction in a ketone by an
olefin of very similar triplet state energy can be used to obtain
values of the quantum yields for the production of,emreaction from,
singlet and triplet states of the ketone. It was shown, however,
that quenching by compound formation observed in benzene is not the
dominant reaction in cyclohexane. It is suggested that this is
due to slight changes in the relative triplet state energies of

donor and acceptor,



Quantum yields for acetone formation from a series of
aliphatic ketones in the pure liquid phase were measured.
Similar yields were also measured for acetone formation from
2-pentanone in a variety of solvents. The results of these
studies suggested a npmber of solvent effects. The low |
quantum fields for. acetone formation observed in benzene were
explained by postulating reversible adduct formation as a route
for internal conversion., This is in agreement with other
recentlvork. Finally, it is shown that as pure ketone is
replaced by cyclohexane as solvent for the reaction the quantum

yield of acetone formation drops.



1., INTRODUCTION

l.1 Preliminary Remarks

Photochemistry can be defined as the study of chemical
processes initiated by the absorption of light.’ From about 1850 to
1920, many photochemical reactions.were discovered,72 but useful
application of these results was lacking. From 1920 to 1950,
photochemistry was largely restricted to gas phase work by’the

73

physical chemist. Since the 1950's modern techniques of analysis
and spectroscopy allied to a greater understanding of the theory of
electronically excited states have lead to a rapid expansion of the
study of photochemistry. ;n the last few years the synthetic organie
chemist has realised the usefulness of using photochemical reactions

vhich can be highly selective.7h

At the same time many advances have
been made in the understanding of the mechanisms and energy transfer
processes operating in photoexcited systems. Of the groups of
compounds studied, carbonyl compounds have received perhaps'the most
attention and it is in this area that this work was carried out.
The work in this thesis is divided between two topics :
the quenching of type II photoelimination in alkanones and the cis-
trans isomerisation of a conjugated ester. In this introduction the
different types of photoprocesses found in carbonyl compounds are
reviewed, after vhich a more detailed literature survey of the work

in each of the two fields;studied is set down. The objects of this

are explained_at the ends of Sectionél.S and 1,6,



1.2 Molecular Excitation and Excited States

For a molecule to undergo a direct photochemical reaction
it must absorb radiation in the visible or ultra-violet region of
the spectrum. If it does possess such an absorption band, then a
photon of the appropriate energy may cause an electronic transition
to take place, For this to happen two criteria must be satisfied.
Firstly; the frequency of the photon must equal (E2 - El)/h, vhere

El is the energy of the stable ground state and E, that of the

2
excited electronic state., Secondly, there must be a specific
interaction of the electric vector of the photon with the molecule
which induces the transition of the electron from its ground state
orbital to its new orbital in the excited state., The transition
usually involves promotion of an electron from a bonding or nonbonding
molecular orbital to an antibonding molecular orbital, The molecule
is thus raised to an excited electronic state which is usually
vibrationally excited as well, From this state a number of photo-
chemical and photophysical processes may take place.

The absorption of a monochromatic béﬁm ofrlight by a
homogeneous absorbing system is described by‘;he Beer-Lambert law,
One form of this'la§ vhich is commonly employed in photochemical

studies is :

To

vwhere Io is the incident light intensity, I the transmitted light

intensity, C the concentration of absorbing species,(mol litre-l)and
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1. the path length of the light through the system,(em), € is then

1

the molar extinction coefficient (l.mol™ cm'l) and is a measure of

the probability that the photon-molecule interaction will lead to
absorption of the photon. It is a constant for a given absorbing
species at a given wavelength,

The ground state of most molecules has all electron spins

paired, giving a multiplicity of 1 and is thus a singlet state,

designated So. Since spin must be conserved in an electronic
transition according to the Wigner spin rule,66 the resulting excited
states will also be singlets, Sl,‘S2 etc. Direct excitation from a
ground state singlet to an excited triplet is strongly forbidden,
taking place only in the presence of strong perturbing influences such

67

as oxygen at high pressure, Once the molecule is in an excited state
it is possible that spin inversion may teke place (known as inter-
system crossing) producing an excited state with a net spin of 1 and

a multiplicity of 3: a triplet state. According to Hund's first rule,

the triplet will be of lower energy than the corresponding singlet
stafe.

Suppose that a molecule is excited to an upper vibrational
level of the second excited singlet state, 82, by absorbing light of
suitable energy, The following physical processes can then occur

from 32 s

(i) Vvibrational relaxation to the zero vibrational level of Sye

This will be very fast in solution, of the order of 10'13 8.



(i) Non-radiative internal conversion to the lowest excited singlet

state, §,. This will take of the order of 10~} g in solution.

From S1 other deactivation processes are possible :

(iii) Return to So from 5, by emigsion of a photon - fluorescence,
(iv) Non-radiative internal conversion to So.

(v) Inter-system crossing by spin inversién torTl.
From '1'l the physical deactivation routes are :

(vi) Return to So from T, by emission of a photon - phosphorescence.

This process is 'spin forbidden' and is usually only observed in solid
matrices at very low:temperatures.

(vii) Non-radiative inter-system crossing and internal conversion from
Tl to So.

These processes are shown diagrammatically in Fig.l.l, which
is termed a Jablonski diagram., In this diagram, solid lines indicate
processes accompanied by absorption or emission of light, Wavy lines
indicate radiationless processes. Depending on the relative rates of
processes (iii), (iv) and (v) the lifetime of 5, in solution is
typically 10'93. Since all processes from Tl to So are 'spin forbidden!,
. the lifetime of the triplet state in solution is much longer, around
1073,  For this reason, most photochemical processes take place from
the triplet state.

In a typical organic molecule there are several possible
electronic configurations in the excited state, Considering the

molecular orbitals of the carbonyl chromophore of formaldehyde (Fig.l.2),

in which the ¢ orbitals are ignored, the following types of electronic






transition can occur ¢ o-o*, ¥ = 7%, n ~ 7% and n - o* (using
molecular orbital notation for the transitions)., The first of

these is a very high energy transition and would be expected to

occur at exciting wavelengths shorter than 160 nm. The last three
have all been observed. (n - »* at‘290 nm, n - c* at 190 nm and

# - w* at 165 nm for formaldehyde). For a molecule like benzophenone,
vhere the carbonyl group is in conjugation with the afomatic ring, the
7 = ** and n - #* transitions are shifted into the more accessible
régions of the spectrum, (n -+ 7* at 345 nm and x - x* at 2&5 nm,
leading to states 5, and 5, respectively),

In % - x* excitation there is no significant change in the
carbonyl dipole. However, for n - =% excitafion, an electron is
promoted from an orbital associated with oxygen to an orbital shared
by both atoms leaving, formally, a positive charge of } on oxygen.

In fact the C =0. dipole is not reversed, merely reduced, but this
explains the electrophilic end free radical character of the n,»*
state. In benzophenone and similar molecules, the internal conversion
from 5, (x, **) to sl(n,a') is very rapid so that most chemical
reactions are from the n,x* state (usually the triplet).

Apart from chemical reaction and the various physical processes
outlined above the excited state can lose its energy by energy tranéfer
to another molecule., This is most important with triplet excited
‘states, as they have a much longer lifetime in solution than singlet
states. Photosensitisation and quenching by energy transfer are
important processes in photochemistry. In general, most photosensitisea

reactions involve excitation energy transfer where the photosensitiser



is the donor and the reacting molecule is the agceptor ¢

D+hv —> D*
D¥ 4A ———> D +A*
A* —> Products (or hv, or thermal energy)
In the gas phase, mercury photosensitisation from the SP states has -
been studied for over 30 years. The concept of triplet-triplet
energy transfer between organic molecules in solution arose from the
vork of Ermolaev and Terenin in the 1950's, wvho found that benzophencne

68

photosensitises the phosphorescence of naphthaléne at 7TK. Since
1961, benzophenone and many other compounds with high inter-system
crossing yields have been employed to sensitise a wide variety of
chemical reactions (See Section 1.6). It has been shown that triplet
energy transfer requires virtual collision but is effective upon nearly
every encounter in condensed phases provided the triplet state energy
of the donor is above that of the acceptor. Eeveral recent reviews
76, 3

of electronic energy transfer have been published.



1.3 Absorption Spectra

The absorption spectra of simple ketones are similar to
those of aldehydes and reflect the presence of the carbonyl group.
They have a common absorption band, which is symmetricsl and centred ‘
near 280 nm, related to the singlet-singlet n - »* transition
involving the nonbonding electrons on the carbonyl oxygen. This
transition is 'forbidden' on symmetry grounds as it involves a
change in the position of the electronic charge (See Section 1.2).
For this reason, the band ghovs a low absolute absorption intenmsity
relative to a v - v* transition and the extinction coefficients for

1 -1

this band have a maximum value of around 20 l.mol —em . In aromatic

ketones the 8inglet-:igsigttransition lies at longer wavelengths
(around 350 nm). The width of the n « .x* band in ketones means
that both the mercury lines at 254 and 313 nm can be used to excite
the transition So » 5;. In aliphatic ketones the v = x* band lies
at wavelengths below 200 nm and can only be studied in the far
ultre-violet,

With simple acids and esters, such as acetic acid and
ethyl acetate, the first absorption band is shifted to higher energies
compared to the ketones, The first absorption maximum for acetic
acid lies at 205 nm, This shift is attributed to the effect of
electron releasing groups, -OH or -OR, attached to the carbonyl
carbon atom and raising the energy of the n* state, The intensity

1

of this band (¢ max around 50 l.mol” cm'l) suggests that it is

associated with the n - »* transition in the molecule.



When the ester group is conjugated with an olefinic bond,
as in methyl tiglate, the v - #%* transition shifts to longer
wvavelength, This transition is very much more intense than the
n - v* and so the latter cannot be seen on the same scale, However,
wvhen the concentration was increased, no band or shoulder was seen
which could be associated with the n - n* transition. It was
assumed that the weak n - n* transition was masked under the more
intense m - ** band. This agrees with the published spectra for
crotonic acid and its derivatives which show no n - »* bands or only

very faint shoulders.71

The spectra of the compounds studied are shown in Chapter 3.

and Chapter 4,



1.4 Photochemical Reactions in- Carbonyl: Compounds

Carbonyl compounds undergo many interesting and often
competing photochemical transformations, and consequently, have

received much attention. These reactions can be classified into

several types which are dealt with below.l’ 4

1.4(a) Free Radical Decarbonylation - The Norrish'Type'I-Split.s’ 6

This process was first investigated by Norrish et al., who
showed that the excited ketone can decompose into free radicals by
rupture of the weakest bond, thus :

r R" + -COR’

Rcor — > R+ -COR”

R+ R"+ CO

It is the dominant process in the gas phase decomposition of aldehydes
and ketones, In solution at room temperature, however, the efficiency
of this process is generally very lov becayae of efficient recombination
of the primary radicals in the solvent cage.7 It is thought that the
excited state involved in this process may be a singlet or a triplet.8
With conjugated carbonyl compounds the efficiency of the type I process
is reduced still further.

1.4(b) Photocycloelimination - The Norrish Type II Split.9

This is a general reaction of carbonyl compounds containing
L]
Y - hydrogen atoms, They are found to decompose by elimination of an

olefin, thus

0
RCHCRCR,CR > CRECR, + R,CHER'
0
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{

All aliphatic ketonescontaining y - hydrogens participate in the
type II process, and in solution, this is generally the dominant mode
of decomposition. Again the reaction is less important for

. conjugated aliphatic carbonyl compounds}o A detailed discussion of
this reaction is given below (Section 1.5).

l.4(c) The Type III process

It was found that in the photolysis of methyl isopropyl
ketone at 254 nm acetaldehyde and propylene were the major products.
It vas suggested that they were formed by & "Norrish Type ITI" split

involving transfer of a B = hydrogen atom.ll

CHCOCH(CHy), —M—s CHCHO + GyHg

The detailed mechanism of this process is not fully established,
though a cyclic intermediate has been postulated.12 The reaction is
very sensitive to wavelength end at 313 nm is negligible compared to
the type I radical split.

1.4(d) Intramolecular Reduction of the Carbonyl Group -

A primary intramolecular rearrangement involving reduction of
the carbonyl group and the formation of the cycliec carbinol is common in

simple aliphatic ketoneswith y F hydrogens e.g,

hy HeO
CHCHyCHCOCH; ———> | \
H2C : S C- CH3

!

CH—CH, —

—c-OH
CH-cgl
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The cyclic alcohol formed in this reaction is often unstable and
easily decomposes on gas chromatograph columns during analysis,
Recent work has shown, however, that cyclic carbinols are produced
from the same intermediate as the type II photoproducts.l3’ 75

1.4(e) Photocyclodimerisation

a, B - unsaturated carbonyl compounds have long been known
to dimerise on photolysis in the condensed phase théugh the reaction
is not known in the vapour phase.lh Apparently either n, »* or
x, 7* states will undergo dimerization. Most of the ketones that
have been reported to undergo such reactions are conjugated cyelic
unsaturated ketones, and similar reactions have not been reported
with a, B - unsaturated acyclic ketones. A much studied system in
this respect is that of CY°1°Penten°n°°ls

1.k(f) Carbonyl Photocycloaddition to Olefins

A comprehensive review of photochemical cycloaddition
reactions has recently been published.16 The cycloaddition of olefins
to photoexcited carbonyl compounds to form oxetanes is a very general

17 If the olefin

reaction and was first investigated by Bllchi et.al.
bears easily abstractable hydrogen atoms, the abstraction reaction
will compete with oxetane formation. This competition can be
expressed as a ratio of addition to abstraction products and this ratio
is very delicately balanced. Seemingly small changes in the structure
of either starting material can shift the predominant reaction. The
excited state responsible for the cycloaddition seems to be the n,n*

singlet or triplet excited state of the carbonyl compound.
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1.4(g) Intramolecular Skeletal Rearrangement

Skeletal photorearrangements are particularly important in
the photochemistry of a, B-unsaturated ketones and cyclic ketones.

They can be divided into four main types :

(i) Rearrangement of the aliphatic chain

Apart from cis-trans isomerisation, a shift of the double
bond and cyclisation of the carbon chain is illustrated in the 1iquid-
phase photolysis of certain a, B-unsaturated aliphatic ketones, Yang
et,al.la have shown that when the ketone has a quaternary carbon atom
at the y-position, irradiation in solution leads to cyclisation;
vhilst irradiation of a, B-unsaturated ketones having no Y-quaternary

carbon gives either a facile isamerisation to the 8, y-isomer or no

reaction at all, thus :
' HQ

O s h T

H3 >
/ C

and

.

—O
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19

(ii) Rearrangement of cyclic to chain structure

h
CHﬁ—<} > CH; COCH =CHCHy

.20
(iii) Ring contraction

i o

hy —CH3

(iv) Mono-to bicyclic rearrangement 2l

f? O

hy

Ph Ph

1,4(h) Cis-trans Photoisomerisation

This is a particular case of skeletal rearrangement, and
will be dealt with in greater detail below (Section 1.6).

1.4(i) Intermolecular Hydrogen Abstraction

The reduction of benzophenone in 2-propancl was one of the
earliest reported photochemical reactions.22 Study of this reaction
has sparked off much of the present interest in organic photochemistry.
It has been found that the selectivity and absolute rates of reaction

of benzophenone triplets towards hydrogen abstraction parallel those
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of tertiary-butoxy radicals,23 the ketone triplet being slightly

more electrophilic than the radical.zn These results are in
egreement with the idea that the triplets have the n,»* configuration,
in vhich an electron deficiency is created at the carbonyl oxygen

by promotion of a nonbonding electron on oxygen to an antivonding »*
orbital, There is some disagreement over the exact values of the
rate constants for hydrogen abstraction by triplet benzophenone (e.g.

25, 26y

abstraction from toluene

Aliphatic ketones do undergo photoreduction?2 Acetone is

reduced in cyclohexane27 and hexane.28 VWagner shoved that the
excited singlet state of acetone is appreciably less reactive than the
triplet towards hydrogen abstraction in experiments with tri-butyl

30 has

stannane,29 vhich is a very reactive hydrogen donor. Chien
reported that the triplet states of diethyl ketone and benzophenone
abstract hydrogen with comparable reactivity in work on the photo-
oxidation of cumene. However, not very much work has been done on
such reactions with aliphatic ketones, as other processes have always
been thought to be dominant. It is worth noting here that Yang and
El1iot3! observed substantial intermolecular hydrogen abstraction from

2-pentanone in n-hexane solution. This was quenched by piperylene

and was therefore assigned to the triplet excited state of the ketone,
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1.5 The Norrish Type II Elimination

The type II reaction in alkyl ketones has been the subject
of much research and is still controversial. Noyes and Davis33
suggested that the reaction vent through a six-membered eyclie inter-
mediate to produce an enol ketone and an olefin. This was proved to -
be the case by Calvert et.al..3h who observed the enol acetone
produced from the photolysis of 2-pentanone by infra-red techniques,
They also showed that the keto form was partly monodeuterated when

the reaction cell was treated with D20. Similar observations were

made by Srinivasan35 vith 2-hexanone, _

Heerronr O,

R2CHCP2CP:'C?R'—M—> \

R B S

2
CR,

The nature of the excited states which participate in this

36 found

primary Process was the subject of much controversy, Noyes
that high pressures of oxygen do not quench the photoelimination of
2-hexanone and Srinivasan found only slight quenching of methoxy=-
ace'c.one.:;’r Consequently, they both concluded that the reaction proceeds
from an excited singlet state. On the other hand, Ausloos38 found that

oxygen does quench photoelimination from 2-pentanone and inferred

that the reaction proceeds from an excited triplet state. Michel and
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Noyes39 then found that biacetyl also quenches 2-pentanone and
suggested that transfer of singlet energy was responsible. Ausloos
and Rebbertho then showed that biacetyl quenches the elimination from
2-pentanone without disturbing the weak fluorescence of this compound;
algso that elimination from n~butyraldehyde can be sensitised by
triplet energy transfer from oxygen.hl This was convincing proof of
a triplet intermediate.

The nature of the excited state involved is of interest in
deciding between a biradical intermediate and a concerted process.,
Reaction froﬁ a triplet would probably produce & spin-unpaired
biradical that has to undergo spin inversion to give products in their
singlet ground states. Reaction from a singlet could lead to a
completely concerted process with a, B-bond cleavage and hydrogen
transfer taking place in one step. One piece of evidence in favour
of a biradical is that cyclobutanol formation frequently accompanies
elimination, especially in solution.2! (see Section 1.u4(4)).

Wagner and Hammondhé’ k3, kh have shown that the type II
process takes place from both singlet and triplet states, fhey studied
the quenching of various suitable ketones by pipérylene. 1,3-penta§iene
(up to 8M) and found that not all of the reaction was §uenched even

at very high concentrations of piperylene; vhich is a known triplet
quencher.hs They assumed that the amount of reaction in 8M biperylené
is a measure of the singlet reaction and that the quenched part of the

reaction is due to triplet excited ketone. In this way, they found

that aromatic ketones undergo the reaction only from their triplet
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state (inter-system crossing very fast) and then only if they possess

an n,r%* rather than a v, »* configuration, They plotted Stern-Volmer

plots from the equation :

_g_T; =|+%°a[—Ql

where ¢T is the triplet quantum yield, ¢ total - @ singlet and Q is
the quencher, They obtained values of kq/kr, vhere kq is the
bimolecular quenching rate constant and kr the unimolecular decomposition

rate constant. Using diffusion controlled rate constants for quenching

of 1 x 10]'01.mol']'s-1 in n-hexane (the co-solvent used), they obtained

values for k_as 1 x 1095~ for 2-he£§ne, 2 x 1083"l for 2-pentanone

and 3 x 1063'l for n-butyrophenone. (Diffusion controlled rate constants

calculated from the Debye expressionh6 k = 8RT. 1l.mol”Ys™? ana
3000n

modified by experience with flash photolysis.h3) k, can be taken as

the rate constant for formation of the biradical intermediate if this

is the route for formation of both acetone and cyclobutanols. They
explained the)findings of previous workers by the deduction that the
triplet excited state is a more important source of type II reaction

in 2-pentanone then in 2-hexanone., (@¢II(T)=0.22, ¢11(S)=0,04 for
2-pentanone and @II(T)=0,08, ¢II(S)=O;18 for 2-hexanone)., Confirmation
of the participation of both singlet and triplet states has come from
séveral vorkers using quenching techniques to measure degrees of

8, 47, 48, 49

singlet and triplet reaction. The results show that the
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excited singlets of 2-hexanone and methoxyacetone are sufficiently
reactive to react extensively before they decay to triplets unlike
2-pentanone and butyraldehyde., At the same time, the fact that
the excited triplets of 2-hexanone and methoxyacetone are also more
reactive than those derived from 2-pentanone and butyraldehyde
renders quenching of the former less efficient at comparable quencher
concentrations.hh

Reactivity in the elimination reaction is probably largely
determined by the nature of the substituents attached to the.y-carbon
atom, If the reaction goes through a biradical intermediate, it
could be predicted that 2—héxanone or methoxyacetone would reacf
faster than 2-pentanone, as the radical would be more stable in the
first two cases. Such a conclusion is in line with the simiiarity
shown by various ketone triplets in intermolecular reactions to the
known selectivity of attack by t-butoxy redicals in inter-and intra-

23, 50 Nicol and Calvertsl have studied the

molecular reactions.
effects of structure on photodecomposition modes in the series of
ketones, n-C3HTCOR in the gas phase and have established an empirical
rule relating éuantum yields to molecular structure, o

Some interesting results were obtained when the cyclobutanol
formation from (S)-(+)-5-methyl-2-heptanone was studied.sz’ 31; Partial
retention of configuration was observed. No racemisation was
_ observed in the singlet state reaction of this compound (in SM
piperylene). This suggests that reaction from the singlet should be

either concerted, or proceed via a spin-paired biradical, vhich would
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cyclise extremely rapidly. The observed racemisation of the .
starting ketone suggests an explanation for the low quantum yield
of these processes (~0.3). Wagner53’ Lk suggested that the likely
process which could lower the quantum yield is the reverse of the
initial biradical formation reaction; since the triplet reactions

occur at rates much faster than any measured radiationless decay

process :

o* '
H s /,l\_/'—R
\

Pfoducts

The racemisation would be explained if bond rotation is faster than
spin inversioﬁ and decomposition to products in the triplet biradical.

Coulson and YangSh

have produced other findings which point

to such an interchange between the ; C-H bond and the carbonyl oxygen

as being responsible for the low quantum yields. Quenching experiments
indicate that the excited states of 2-hexa.none-5,5-d2 are less reactive
than those of normal 2-hexanone, as might be expected, Howevér, the
y-deuterated ketone undergoes type II elimination with approximately
25% greater quantum efficiency. Such behaviour would be explained by
a biradical intermediate, as transfer of a deuterium atom would slow
down reaction in both directions without effecting the rate of scission
or coupling of the biradical. ‘

55

Wagner and Kemppainen’” came to & similar conclusion when

they studied the quenchiné of & series of phenyl alkyl ketones.with
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y-hydrogens, They pointed out that there is no reason to expect any
correlation between triplet state reactivity and quantum yield if a
biradical intermediate is assumed. They wrote a mechanism for the

decay of the triplet state as :
Ground state

H

X K;
o
Phe CH,CH,CHRR  —Xs PhCCHCHGRR'

'R

PhCOCH,CHCHRR'
OH | -
| " ks A4 cHy=cHR
PhCC CRR —=> PhC
. }b%' CH2
OH R’
k 4
e, Ph R

If @ BR = the probability that the triplet will form a biradical
and ¢P = the probability that the biradical will give a type II

reaction; then the total quantum yield, #,, = ¢BR¢P

ioeo = kr ks

kr+ki kd+ks+ki

¢II

They proposed that ¢BR = 1 80 that the total quantum yield depends
upon the way in which the biradical decomposes, by three reactions with

verf similar rates. This will be governed by the structure of the
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biradical,

Solvent effects have also been studied. It has been
found that when irradiation is performed in polar solvents, such as
alcohols, the overall quantum yield of the type II process increases

56, 53

to nearly unity in some cases. This effect is explained by
invoking hydrogen bonding of the newly formed hydroxyl group in the
biradical to a polar solvent molecule; Quenching studies indicate
that the lifetime of the triplet state of the ketone does not vary
by more than a factor of four among various solvents; so that the
interaction of the solvent with the excited state is ruled out.

53

Wegner’~ deduces that the lifetime of the biradical intermediate for

valerophenone is somewhat longer than 10710 4

Barlfrop and Coylel'8 carried out a similar series of
experiments. They studied the solvent effects of four solvents
(venzene, cyclohexane, methanol and t-butanol) oﬁ the intramolecular
photochemistry of three ketones with primary, secondary and tertiary
y=hydrogens (2-pentanone, 2-octanone and 5-methyl-2-heptanone), They
determined the quantum yields for the diminution of ketone and the
formation of cyclobutanol, for each ketone in each solvent and also
for each ketone in each solvent made SM in piperylene. They assumed
that in the latter cases they were observing singlet reaction only
and that the mixed solvent was still efficient in solvating the biradical

intermediate, if present. (Wagner53

has shown that 25% alcohol in
hydrocarbon solvents is efficient in solvating the biradical). Their
results show that the triplet reaction is effected by solvent with

the overall quantum yield tending towards unity in t-butanol, whilst



the singlet part of the reaction is unaffected by solvent. (This

agrees with Yang31).

They also measured rate constants for triplet
intramolecular hydrogen abstraction by studying quenching in
benzene. Their conclusi&ns vere that a triplet biradical is
involved and that in the triplet excited states of aliphatic ketones
intramolecular hydrogen abstraction ié more favourable for a tertiary,
than a secondary, than a primary y-hydrogen atom. Also the ratio
of singlet to triplet reaction increases as the rate constant for
triplet abstraction increases, suggesting that the rate constent for
singlet hydrogen abstraction also increases in the same order, if the
rate of inter-system crossing is assumed equal for all three ketones.,
Yang, Elliot and Kim57’ 3 have published similar findings
to Barltrop and Coyle and interpret them to produce a complete picture
of the reactions of alkanones with y-hydrogens., They studied the
three ketones: 2-pentanone, 2-hexanone and 5-methyl-2-hexanone, and
in addition to observing the singlet and triplet reactions, as above,
they also measured the inter-system crossing yield by following the
triplet sensitised isomerisation of 1.3—pentadiene.58 The lifetime
of ths singlet states wvere measured from slopes of Stern-Volmer plots
(ths)~using biacetyl as the energy acceptor in the presence of
piperylene., From these data, they estimated valueé for the internal
processes taking place in the three ketones, The results indicate
that the rates of inter-system crossing for these compounds remain
essen;ially the same (3 x 1088-1) wvhilst the efficiency of inter-
syséem crossing (@st) decreases from primary to tertiary y-hydrogens.

The decrease in @st is attributed to the increase in both the rate of
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chemical reaction from the singlet state (ks) and in the rate for
non-radiative decay from the singlet state (k-s)’ There is also a
gradual decrease in the singlet state lifetime along the series.
Clearly, both ks and k_s depend on the strength of the y-H bond.
As the bond energy decreases, these rates increase. Since kst
does not vary appreciably in this series, the results strongly imply
that a chemical process may be involved in the rate of radiationless
decay from the singlet excited state (k_s). They propose that such
a process is the abstraction of y-hydrogen by the excited carbonyl
group to form a singlet l-lU-biradical. This biradical can either
give products or return to the starting ketone as in the case of the
triplet biradical, but differs from the triplet case in that it may
undergo chemical transformations without spin inversion.

They reinforce this conclusion by showing that 6-hepten-2-

one (I) forms, amongst other products, l-methyl-3-cyclohexenol (II)

in the presence of piperylene (i.e. from the singlet state).
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This can be readily accounted for with a biradical inter-
mediate. A concerted mechanism from the singlet state would require
& highly strained transition state. The low efficiency of photolysis
of certain ketones in solution, such as n-butyl, t-butyl ketone59
is explained by an increase in k . vhich causes a decrease in inter-
system crossing yield. This suggestion that chemical reaction may
be involved in non-radiative decay is in agreement with theoretical
vork by Heller.6O

A récent paper has cast some doubt on the findings of
earlier workers on the quenching of ketorephotoreactions by piperylene.

61

Wettack et, al. have shown that, contrary to earlier work in the

gas phase,62’ 8

piperylene does quench the singlet excited states of
acetone, 2-pentanone and other molecules, They observed quenching of
the fluorescence of these compounds by the diene and obtained good
Stern-Volmer plots to give values of the singlet Quenching rate constant

ls-l. Since the lifetime of the singlet state

of about 10'1.mol”
of alkyl ketones is of the order of a few nancseconds, it is clear

thet singlet interaction only becomes important at high diene
concentration. However, as these conditions are used to determine the
proportions of singlet and triplet excited state reaction in the

type II reaction, earlier values are subject to correction. For
2-pentanone they calculaté that the error in @¥s is a factor of 2, whilst
for 2-hexanone it is a factor of 1.25. They quote a modified Stern-

Volmer expression for the quenching of a reaction taking place from

both singlet and triplet excited states by a quencher of both states,
j
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They predict from this that when quts<k3qtt' which is the case

for aquenching of the type II reaction at high concentration of
quencher, the plot of ¢°/¢ will approachlé linear asymptote of

slope k1q18(1+ ¢t/¢s). (qu is the singlet quenching rate.constant
and k3q is the triplet quenching rate constant. g is the singlet
state lifetime and ¢s is the quantum yield of reaction via Fhe singlet
state). This slope is 0.265 1.mol™t for o-pentanone end hence about
T0% of the type II reaction emanates froﬁ the triplet state, which
agrees with the figure of 65% found in the gas phase.8 (Wagner and
Hammond's figure is around 90%). These results also mean that
inter~-system crossing yields éalculated from the sensitised cis-trans
isomerisation of diolefins are in doubt, e.g. the results of Yang.57

63

Borrell and Sedlar - have suggested a new wvay of determining

the relative proportions of the internal process in type II photo-
eliminations. They studied the quenching of the t;pe II reaction in
2-pentanone using cyclohexene as a quencher. In earlier work on the
photolysis of acetone-cyclohexene mixtures,sh it was shown that
quenching effects may be due;to chemical reaction rather than energy
transfer, Withiacetone, they observed hydrogen abstraction and
oxetane formation with cyclohexene which is in egreement with other

65, 16

workers. In their recent work, they show that for cyclohexene,

chemical reaction rather than energy transfer is responsible for the
apparent inhibition of the photoreactions of 2-pentanone and that the
efficiency of the reaction is equivalent to that of physic@l quenching.
They showed that the extent of chemical reaction can be used to

monitor that fraction of the molecules lost from the triplet state
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by radiationless decay and so built up a complete picture of the
breakdown and energy transfer occurring from the excited states.
The experiments were performed at 313 nm using the
capillary technique (see the experimental section) and solutions
of 2-pentanone (0.9M) in benzene, They followed the rate of
production of acetone and the rate of diminution of ketoné for
various concentrations of added cyclohexené. The quantum yields
vere also measured. It was found that although the production of
acetone was partly quenched, in the usual way, the rate of
consumption of pentanone incre@sed with increasing cyclohexene
concentration, It was shown that this increase was due to
chemical reaction between the cyclohexene and the triplet state

of the ketone,

Summggz

The best information available at thé present time suggests
that alkanones with y hydrogens react almost exclusively via the
type II process and cyclobutinol formation and that these products
originate from the lowest excited singlet and triplet n,n* states of
the ketone, It seems that the process goes through a 1,4-biradical
intermediate in each case but that this biradical exhibits different
chemical behaviour when the radical spins are paired or unpaired.
The inefficiency of the type II process is attributed to efficient

radiationless decay of the excited electronic states via these
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biradical intermediates.
The work described in Chapter L, was carried out in an
. attempt to extend the method of Borrell and Sedlar for different

ketones and solvents.
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1.6 Photochemical Cis-Trans Isomerisation

Cis-trans isomerisation is one of the most widely studied
of simple reactions. Its study has led to important information
concerning the energy states of the double bond. As & reaction it has
been extensively studied both from & preparative and a mechanistic
point of view. Geometrical isomerisation can be brought about
thermally, catalytically and photochemically. All three processes

76

have been reviewed by Cundall, The main concern of this review is
the mechanistic study of photochemical cis-trans isomerisation, though
thermal results are mentioned where relevant.

Most mechanistic studies have concentrated on simple molecules
such as substituted ethylenes and butadienes. Many more complex
molecules exhibit such isomerism and ha§e been studied to a greater
or lesser extent. Probably the most work has gone into the study of
the isomerisation reaction in the stilbenes and their substituted
analogues and this is reviewed below (Section 1.6(c)). The photo-
isomerism of many compounds can be of considerable interest to the
synthetic organic chemist as it represents a useful method of producing
the thermodynamicéily less stable isomer in most cases, The reason
for this is that usually the trans isomer absorbs light of lohger
wvavelength more intensely than the cis., If such a wavelength is chosen
to irradiate a trans isomer then a photostationary state will eventually
be reached vhere the cis is predominant over the trans due to the

pumping effect of the different extinction coefficients. (Assuming there

is no other photochemical reaction taking place). The photostationary
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state ratio of isomers is given by

cis / trans = Ke trans/e cis

vhere K is a constant and € the extinction coefficient at the
wavelength used,

l.6(a) Simple Olefins

The simplest model for the understanding of photoisomerisation
is ethylene, though unless it is labelled with deuterium the cis and
trans isomers are indistinguishable., In 1930 Olsen77 suggested that
photochemical rearrangement reactions might be understood in terms of
the properties of the potential energy curves for the excited electronic
78 19

states of the molecule. 10 years later Lewis and their

and Eyring
co-workers applied this qualitative approach to a simple model
describing hindered rotation about the double bond and thereby provided
a nevw impetus for experimental work on this problem. Following on
from this work, Mulliken and Roothanao used molecular orbital theory

to calculate the potential energy curves of the lowest electronic states
of ethylene as a function of the angle of twist about the double bond
(Fig. 1.3). It is clear thﬁt the ground state for the perpendicular

form is the triplet, T Two paths are available for thermal

1°
isomerisation of an ethylene-like molecule. A low energy path
requiring inter-system crossing at a and b’may prevail or the molecule
may remain in the singlet state for which the activation energy is
considerably higher., Photochemical isomerisation starts from energies

above S° and T1 and either excited singlet or triplet states may serve

as intermediates for isomerisation. Conversion from either of these
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states may produce a vibrationally ‘'hot' ground state in which

isomerisation is possible.81 (Ultraviolet light of 200 mnm

1

vavelength is equivalent to 600 kJ mol™~ if absorbed).

The photoisomerisation of simple olefins is not easily
studied by direct absorption of light as they do not absorb at
vavelengths greater than 200 nm. Due to the high energy of the light

absorbed dissociation becomes the predominant photoprocess although
76

some isomerisation is observed, e.g. in cis-but-2-ene. Okabe and

McNesby82 have studied the photolysis of 02H2D2 at 185 nm but did not
83

examine the cis-trans isomerisation. Grabowski and Bylina - studied
the isomerisation of dichloroethylene directly excited to the triplet
state by saturating with oxygen at 130 atmospheres.  They suggested
that a common intermediate triplet state is involved as they found
that the sum of the forward and backward quantum yields are unity.

The isomerisation of simple olefins has also been sfudied using photo-
sensitisers to excite compounds that do not absorb in an accessi‘le
region of the spectrum. In the gas phase, mercury 63Pl atoms have

8l

been used to photosensitise the isomerisation of dideuterocethylene

and but-2-ene.8s All the features of the latter reaction can be

explained by a vibrationally excited triplet state which can decompose
or lose vibrational energy by collision. The benzene photosensitised

isomerisation of but-2-ene has also been followed by the same workers,

8 . » 2
5, 86 vhen again a common triplet state was implicated. Borkman and

87

Kearns~' have studied the cis-trans isomerisation of pent-2-ene in the

liquid'phase vhotosensitised by acetone. They found that energy
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transfer from triplet acetone to pent-2-ene is virtually 100%
efficient and measured rate constants for the reaction in various
solvent systems.

1.6(b) Conjugated Compounds

Excitation is brought about by light of longer wavelength
if the double bond is conjugated with a chromophore or another double
bond. As the energy of the light absorbed drops, the probability of
simple intramolecular reaction taking place rather than decomposition
increases., Studies of trans-2-methyl-buta-l,3-diene at 254 nm
indicate that cis-trans isomerisation is accompanied by the formation
of h-methyl cyclobutene and polymers.88 If the diene function is
conjugated with a phenyl group as in l-phenyl-l,3-butadiene significant
absorption above 300 nm is observed in ethanolic solution and cis-trans

89

isomerisation takes place. The same is observed with 1,4-diphenyl-l,
3-butadiene.9o With some highly conjugated compounds isomerisation by
daylight is observed. In indigo isomerisation may even proceed in the
91

solid state.
The mechanism of isomerisation of dienes in solution has
recently been the subject of investigation. Saltiel et a1.92 propose
that direct isomerisation of 2,4-hexadiene occurs from the singlet
state via t#o cyclopropylmethylene radicals.which then rearrange to

the three geometrical isomers as shown overleaf,



O(Qtt)-h (1-%) (ct) | /g(oc)i— (-p) (et)
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The benzophenone sensitised isomerisation of 2,lU-hexadiene
has been shown to proceed via common triplet state diene intermediates,
transfer of triplet excitation to any of the three diene isomers

leading to isomerisation of both double bonds.93' ok

These results

can be explainred by assuming either a 1,h-biradical geometry for the
common triplet state or the ihtermediacy of 2 rapidly equilibrating

triplets of the allylmethylene type.’-

95

In another recent paper’” Boué and Srinivasan propose a
similar pair of non-converting biradical intermediates for the direct
isomerisation of cis and trans-l,3-pentadiene and to explain the
observed formation of 1,3-dimethyleyclopropene at different rates from

the two isomers.96

They suggest that this different reactivity of the
cis and trans forms is only explained if the lifetimes of the excited
singlets is as small as the order of the time of rotation about the

Cq = C), bond in 1,3-pentadiene. The short radiative lifetime of the
excited singlets of 1,3-dienes makes this a possibility.97 The
photosensitised isomerisation of the 1,3-pentadienes shows similar
trends to the stilbene work discussed below.98’ 99

nev result was observed by Hurley and Teataloo vho determined the

An interesting

quantum yield of isomerisation of cis-=1l,3-pentadiene photosensitised
by benzophenone. They found that the apparent triplet yield of
benzophenone rises linearly with pentadiene concentration exceeding
unity at concentrations sbove 1 mol 1.'l They suggested that a
biradical mechanism was operative such as

P3 + cig-P —» (viradical) — acis-P+(2-a)trans-p,



Fig.l.4 Adapted trom reflOl p256
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1.6(c) Stilbene

Stilbene (1,2-diphenyl ethylene) is a model compound for
photoisomerisation studies. It was chosen for its highly conjugated
nature so that it absorbs in the most convenient region of the
spectrum for photochémical study. The cis and trans isomer of
stilbene are well defined and easily purified. The relative energies
for the ground state and lowest excited states of the stilbenes are

1.h.1°1

shown in Fig. They were obtained from both spectroscopic and

thermal measurements.lo2 No phosphorescence has been observed from

either of the stilbenes. Fluorescence is efficient from the trans

103 104

isomer but weak and unstructured from the cis.

(i) Direct isomerisation

Independence of the cis to trans or trans to cis quantum
yields on the wavelength of the exciting light eliminates the
participation of singlet states higher than Sl' The remaining routes
aveilable could be via S;0 T, Or a ‘hot' ground state. Fischer et al.lo5
have shown that as the temperature is lovered to below 100K @, (the
quantum yield for trang to €iS ) drops vhilst ¢c (quantum yield ¢i$
totrans) is unaffected. At the same.time the fluorescence quantum
. yield increases above that at room temperature, This suggests that
an activated process such es internal convgrsion or inter-system |
crossing competes with fluorescence from S1 and that this process is an
essential step in the mechanism of isomerisation. They suggested
that this process is the formation of Tl’ However, attempts to

detect ‘long-lived triplet state intermediates by means of phosphorescence

or triplet absorption spectroscopy have failed, The same workerslo6
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have shown that @t is enhanced in a heavy atom solvent at low
temperatures, maintaining its room temperature value at 170K. They
also noticed internal enhancement of @t in stilbenes with localised
n;iw“ triplets such as h-gitro-stilbene giving ¢t independent of
temperature. In high viécosity media it was found that fluorescence

106, 107 Thué for

vas uncoupled from trans to cis isomerisation.
stilbene in glycerol at 193K, @t = 0.001 whilst @f (quantum yield for
fluorescence) = 0,46, in a hydrocarbon solvent @t = 0,22 and
¢f = 0,35, This is ascribed to the fact that stilbene in the cis
form occupies a larger volume in solution than the trahs form. They
suggested that in high viscosity media, isomerisation practically stops
but inter-system crossing continues so that @f is effectively unaltered.
As a result of these and other observations, they predicted
the scheme of isomerisation shown in Fig. 1.5195 S1 can decay by three
processes: fluorescence, F, internal conversion Sl to So,b, and
inter-system crossing to triplet,d. They proposed that state X is a
twisted triplet state and that isomerisation is constituted by steps
f +g' and £' + g. Dependence on temperature is due to step d which
is an activated process (approx. 5 kJ mo1™}) whilst viscosity dependenée
is due to steps £, g' or both.; In high viscosity media the
isomerisation step can be by-passed by one of the several processes
returning to the ground state, (From the trans isomer: g, h or b).
The major assumpfion that direct isomeriqation proceeds via’a triplet
108

state is supported by experiments carried out in methyl iodide vhen

the singlet-triplet transition is geen in absorptibn at 436 nm, They
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found that isomerisation under these conditions proceeds at ten
times the rate in hydrocarbon solvents, though free iodine may have
caused some catalytic effect in methyl iodide.

Theory predicts that perdeuteration should decrease the
rate of radiationless transitions by inhibiting a kind of tunneling

between the zero vidbrational level of the excited state and high

109 110

vibrational levels of the lower state. Saltiel found no

deuterium effect on direct cis-trans isomerisation in the stilbenes,
but since the energy gap between Sl and availeable triplet states is

very small, no deuterium effect on inter-system crossing is

111

expected, The Fischer mechanism described above accounts for the

absence of a deuterium effect. Howvever, Saltiel argued that a

triplet mechanism is unlikely since azulene does not show the expected

112

effect on direct isomerisation photostationary states, If triplet

states are involved then the slopes obtained from azulene quenching
]

should depend on solvent viscosity. This was shown not to be the case

in the direct isomerisation though it was the case in the photo-

113

sensitised isomerisation. This was explained by assuming that

singlet energy transfer to azulene takes place over long distances

in solution whilst triplet energy transfer requires approach to

11k

collisional diameters, s0 that only the latter is viscosity dependent,

113 derived

Assuming singlet.energy transfer to azulene; Saltiel et al.
the minimum distance of approach by experiment and found it to agree
very well with that predicted by the Férster theory,ll H

The direct isomerisation of the stilbenes was then assumed

to take place through rotation of the central bond in sl to a common
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twvisted singlet state pl. ('phantom' singlet).

t! -+ n

ed o pl

pl - ut® + (1-p)c®

(c = cis, t = trans and ¢ is a constant)

It was suggested thaﬁ a small activation energy of about 8kJ mo1™1
for t} - p1 rotation would account for the observed temperature
effects and that the absence of trans-stilbene fluorescence from cis-
stilbene102 is accounted for if the energy of p1 is low relative to

)

« The singlet mechanism for direct isomerisation is now generally

accepted115

though certain findings of Fischer et al., remain
unexplained.

(ii) Photosensitised isomerisation

The phofosensitised isomerisation of the stilbenes is of
considerable interest., It was found that different triplet energy
donors give rise to different photostationary state éompositionsga’ 116
(Fig. 1.6). Three types of measurement have been made: quantum yields
of sensitised cis-trans isomerisation, measurement of photostationary
state composition following prolonged irradiation and flash spectro-
photometric measuréments of the rate of decay of sensitiser triplets

in the presence of isomerisable olefins. The following simple scheme

can be applied :
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D + pl excitation

pt D + hvV fluorescence, kf

ot o D3 inter-system crossing, kie
3

g3 : : : g : g ; energy transfer i;

T +c¢ ke

T o+t ; decay to ground state kt

(D is the sensitiser, superscripts 1 and 3 indicating excited
singlet end triplet states. ¢ and t are the cis and trans isomers
and T is a common twisted state). Data seem to indicate that there
is a small barrier between transoid and non-planar (or ciaoid)
triplet states for the gtilbenes though this does not appear to be
the case with a-methylstilbene.

Applying stationary state theory :

lcis]/{trans] = (k2/ki) x (k /k)
= excitation ratio x decay ratio
' Sensitisers with triplet energy greater than cis (239 kJ mo1™1) and

1 should tfansfer energy

trans (210 kJ mol~!) by at least 9 kJ mol”
at the same diffusion-controlled rate to both isomers., If the decay
ratio is independ;nt of sensitiser, a constant high energy value for
[cis]/[trans] should be obtained. As the sensitiser energy is varied
between 239 and 210 kJ mol~Y, the mixture should become rich in cis
due to the fall off in energy transfer to the cis isomer. As the

energy falls below 210 kJ mo1™t

, it is expected that the stationary
state will again level off leading to an extremely cis rich mixture.
The actual experimental results shown in Fig, 1.6 do not

obey this theory in the low energy region. The explanation originally
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proposed by Hammond et al.98 was that energy transfer can take place

to cis stilbene to give a non-planar transoid excited triplet., This
they called the phantom triplet since such transitions cannot be
observed spectroscopically as they would violate the Franck-Condon
principles The process involved is so-called non-vertical energy
transfer and is only considered to be important in flexible molecules
having significantly different geometry in ground and excited states.
The key postulate is that.energy transfer with non-vertical
excitation of the acceptor may occur when vertical transitions are
forbidden for energetic reasons.

For the stilbenes the photostationary stafe becomes more
trans rich as the concentration of the sensitiser is increased, for
sensitisers of loﬁ triplet energy. Thus it appears that back transfer
from the stilbene triplet to sensitiser gives the trans ground state,
If the sensitiser concentration is kept constant, a similar increase
in trans isomer in the photostationary mixture is observed as the
concentration of added azulene is increased. This 'azulene effect'
is independent of the sensitiser used demonstrating that the same
species is being quenched iﬁ all cases. Since deactivation to the
trans ground state is the result of quenching by azulene and sensitiser
the geometry of the stilbene triplet was assigned as trans-planar,

i.e, there is a hinimum in the potential energy vs. twist curve near
trans-planar geometry.ll7
Confirmation of this theory was obtained by Hammond and

Herkstroeter.ll8 They studied energy transfer rates by following

the decay of sensitiser triplets with triplet-triplet absorption spectro-
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scopy in flash photolysis experiments., It is found that the rates of
energy transfer to the cis isomer fall off much more slowly with
sensitiser triplet energy than is expected from energetic considerations.
This fits in with the postulate of non-vertical energy transfer. With
% a-methylstilbene this process is inferred to be operative in both
isomers,

The results for cis stilbene and both isomers of
a-methylstilbene are best explained by invoking excitation to
twisted excited states., Thus the term 'non-vertical excitation' is
an appropriate one to describe the overall process, However, whether
or not a non-vertical transition violating the Franck-Condon principle
ever occurs is open to question. Such non-Franck-Condon phenomena are
not needed to explain the results. Theyican be rafionalised entirely
on the basis of vibrationally 'hot bands' expected in the absorption

119

spectra of the acceptor. Furthermore, it is doubtful that the

isolated molecule is an adequate model since relatively long times are
involved in the non-vertical excitation process and should allow for
vibronic coupling of the donor and acceptor. These possibilities are
discussed by Lamola in his recent review of energy transfer processes.nT
Non-vertical energy transfer has been invoked in other systems
to explain results obtained in the photosensitised interconversion of
quadricyclene and norbornadienelzo and the cis-trans isomerisdtion of

121

1,2-diphenyl-cyclopropane. However more recent studies have shown

that the excited singlets of the sensitisers are involved.122

11

saltiel™© has shown that there is no loss in efficiency

in the sensitised isomerisation of perdeuterostilbene compared with
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stilbene. From this he concluded that the triplet decay ratio is
not affected by deuteration. However measurements in glassy media
at 77K show that perdeuteration increases the lifetime of stilbene

triplets by 30%.123

He also showed that the rate of decay from the
twisted triplet state is sensitive to viscosity and temperature.

From these results and those on the direct isomerisation, he deduces
a possibie potential energy diagram for the lowest excited electronic
states of the stilbenes (Fig. 1.T7(a)). Borrell and Greenwoodleh have
carried out some self-consistent field M,O. calculations to predi;t
the theoretical potential energy diagram for the stilbehes. Their
results are shown in Fig. 1.7(b). The agreehent between the two is
good considering the assumptions involved in both cases. The major
difrerence.is the maximum in the triplet éurve whichris predictedbby
Saltiel close to trans-planar geometry and is absent in the theoretical

curves. However, other calculations do predict this maximum.125

As
well as fitting in with the isomerisation results, the theorgtical
curves explain the fluorescence and phosphorescence behaviour mentioned
above,

Apart from yielding some undefstanding of triplet energy
transfer and the behaviour of excited states, the studies of cis-trans
isomerisation have pointed to several useful applications two of which
are described below; |
(A) The change in cis-trans stationary state composition with
the energy of the triplet excitation donor gives a 'chemical spectrum'

of the substrate isomers (e.g. Fig. 1.6). Analysis of this spectrum

can yield information about the triplet energies of the substrate
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isomers.
(B) Lamola and Hammond”C have shown that the quantum yield
for photosensitised cis-trans isomerisation of an olefin is a
function of three variables: the yield of sensitiser triplets
produced by inter-system crossing, the efficiency of energy transfer
to the olefin and the triplet decay ratio of the olefin triplet.
Flash photolysis work has shown that triplet energy transfer is
100% efficient in most cases, even at low acceptor concentrations.
If this is the case then it can be shown that the inter-system
crossing yield is obtained by summing the quantum yields of
isomerisation in each direction, thus :

fc + ¢t = gQic

(iii) Systems related to stilbene

Work on stilbene has stimulated studies of the photo~
isomerisation of related systems. The isomerisation of azobenzene
has been studied both experimentally and theoretically.126' 127
Isomerisation seems to take place in the excited state which does not
have an energy minimum in the twisted configuration., Saltiel et al.128
have studied a model for the trans-excited state of stilbene by

investigating the photochemistry of the indeno-inden,
(10
D

Results from this study show that the quantum yield of fluorescence

is 0.94 and is independent of temperature in contrast to the



- 13 <

observations on trans-stilbene; but they are in agreement with a
singlet mechanism.

The introduction of other aromatic moieties into the
stilbene structure has been studied. The isomerisation of

B-Styrylnaphthalenel29 130 - 132

and 1,2-bis(L4-pyridyl)ethylene has
been reported, In the latter case internal conversion from the
excited singlet state to the ground state is found to be an efficient
process and the direct isomerisation is thought to proceed via a
triplet mechanism in contrast to the stilbenes. They suggest that
the enhanced rate of internal conversion is due to the formation of
an unstable ground state isomer which then returns slowly to the
starting material. 1 Such an unstable intermediate may be a valence
tautomer of the olefin.131
Another study has followed concentration effects in the
vhotochemical isomerisation of difuryl- and dithienyl - ethylene.133
It was found that the trans/cis isomer ratio was dependent on the total
concentration of substrate as was found with le-nitro-l'-methoxystilbene.
They interpreted their results in terms of collisional quenching of

the twisted excited states by ground state trans molecules,

1,6(d) Photoisomerisation in Unsaturated Carbonyl Compounds

The photochemistry of enones and unsaturated diketones has
been investigated in depth13h' 135 though kinetic studies of cis-trans .
isomerisation are few. The photochemistry of enones can be compared
to that of a simple ketone or diene in that the reactions of the

enone excited state can be expected to exhibit greater polar character
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than that of the corresponding diene. Cis-trans isomerisation is
a cormon and probably general primary process in a,R-unsaturated
carbonyl compounds. In addition, ketones possessing a hydrogen
atom on the carbon y to the carbonyl group may undergo a variant of
the Norrish type II reaction when intramolecular hydrogen abstraction
is followed by deconjugation to form a B,y -isomer. (See 1.3).
This reaction seems to take place from the cis isomer of the starting
compound. This deconjugation reaction is not general and several
ketones give no evidence of this reaction. This lack of reactivity
might result from a rapid relaxation to an appreciably twisted geometry
in the triplet state. Alternatively it has been suggested that the
unreactive ketones have n,n* excited triplets that decay very rapidly
to relatively unreactive w,n* triplets.136
The gas phase photochemistry of pent-3-en-2-one has been
studied and it was found that at 313 nm and temperatures up to
SLOK the only significant reaction is cis-trans isomerisation. The
nature of the excited states involved is not cles.r.137 - 139 The
cis-trans isomerisation of enediones has also been noted, though not
studied in any great detail.lho
Many a,B-unsaturated acids and their derivatives undergo
the primary process of cis-trans isomerisation. One of the earliest
photochemical isomerisations observed was that of cinnamie anc:ld.ll‘1
This reaction has been studied in more detail recently and it is

shown that the reaction can be brought about in the solid and liquid

phases but in the former dimerisation to truxillic and truxinic acids
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predominates. The ultra-violet induced isomerisation of
tiglic to angelic acid (2-methyl-2-butenoic acid) was first noted
by Pelletier and McLeishlhs vhen powdered tiglic acid was irradiated
with a 500W lamp for many hours, though no mechanistic study has been
done on these compounds. Another compound that has been studied
in this class is fumaric/maleic acid.1h6

Recently a certain amount of interest has been shown in
the isomerisation of compounds containing a double bond out of
conjugation with a suitable absorbing chromophore. Isomerisation
can be brought about by intramolecular energy transfer if the

chromophore is excited with a suitable wavelength. Such a compound

is 1,1-dimethyl-l-benzoyl-2,lL-pentadiene

I
(}-Clrr—fi '

Leermakers et al.lh? showed that excitation of this compound with

light of wavelength greater than 260 nm brings about excitation of

the carbonyl moiety and then triplet intramolecular energy transfer

to the diene function after rapid inter-system crossing. Cowan and
148

Baum have carried out a similar study of intramolecular energy

transfer by following cis-trans isomerisation in the compound
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shown below

O
I (CHz\n "

H » where n=1-4.
H Ph

They found rate constants for intramolecular energy transfer varying

from 7.2 x 102%™ vhen n = 1, to 3.3 x 10957 vhen n = A,

1.6(e) Photoisomerism in a,f-unsaturated esters

The cis-trans isomerisation of a,R-unsaturated esters has

been studied as 'fall-out' from the well documented studies of

de -
photo;Fonjugation reactions to the (i-y-esters.:u‘9 155

155

In particular, Barltrop and Wills studied the isomerisation

of ethyl crotonate/isocrotonate.

HS = fc= —— S HC—CH
HC |
I I o

Irradiation of deoxegenated solutions of I in acetonitrile
led firstly to a rapid interconversion of I and II and then, after an
induction period, to a steady production of III, Irradiation of II
gave similar results except that no induction period was observed,

These results show that the cis isomer II is the precursor of III as
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proposed by Kropp and Krause.lso

Experiments with benzophenone

as sensitiser gave rapid equilibration of I and II but not III.
Incomplete quenching of the geometrical isomerisation was observed
with piperylene. They claimed that interconversion of the cis and
trans isomers is a triplet state reaction whilst p{oduction of III
probably goes via an excited singlet. It seems that the lowest
eicited single is n;n* in nature due to the hump seen at the long

vavelength edge of the main absorption peak (A = 240 nm, ¢ = 50 l.mol-1

cm-1 156 and this is probably involved in the production of III.
They proposed a cyclic mechanism for this bond migration.

Jorgenson and Gundel152

in a simultaneous publication
reported that ethyl 3,4, l-trimethyl-2-encate isomerises rapidly and
can then form either a cyclopropane derivative or a B,y-isomer,

They showed that these two products came from separate reaction paths
starting with the two distinct isomers. The hydrogen abstraction
reaction of these esters is‘much less dependent on the type of
hydrogen involved than in the case of the corresponding ketones.lBh
Following from this work Jorgenson157 has published a comprehensive

reviev of the photolytic behaviour of vinylcyclopropanecarboxylates

of this type,

, £=CCRCO,E
R .

These esters are exceptionally reactive and give rise to six main

classes of products under different conditions besides undergoing
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simple isomerisation.

1.6(f) Theoretical work on unsaturated carbonyl systems

Although calculations on an a,B-unsaturated ester have yet
to be carried out, some work has been done on the simplest of a,B-
unsaturated carbonyl compounds: acrolein (acraldehyde, propenal,

158 carried out some C.N.D.0, - M.O159

prop-2-en-l-al) McCullough et al.
calculations on the ground state and lowest triplet states of acrolein
to obtain curves of potential energy versus angle of twist about the
double bond for the three states. They based their results on the
bond lengths and angles quoted in a previous paper on the U.V. spectrum
of acroleinlso_and their results are only approximate, However, it
is clear from this work that the equilibrium geometry of the n,n%*
triplet should be planar whilst that of the n,n* triplet should be
non-planar with respect to the CH2 twisting coordinate by approx. T2°.
Twisting sﬁould be accompanied'by significant changes in the a-8
bond length. It is also clear that the n,»* triplet is the lowest
excited triplet state of planar acrolein though the gap between n,n*
n,7* states decreases with twisting. This finding is in agreement
with other calculations carried out by Zimmerman.l6l
In a very recent paper162 Becker et al. announced the results
of a theoretical and expérimental study of acrolein. They carried
out S.C.F, = M.0, - C.I.163 calculations to derive the potential

energy curves for the n,n* excited states of acrolein and also discussed

the qualitative nature of the n,n* potential energy curves in the
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light of experiments on fluorescence and phosphorescence spectra.
They obtained potential energy curves as a function of twist about
the central single bond and also about the terminal double bond.
From these they deduced that photoisomerisation cannot occur around
the single bond in either n,mor n,n* states, but could occur around
the double bond in the lowest w,n* triplet state. In the latter
case a potential energy minimum wes found near 90° and degeneracy
occurs with the ground state. They predicted that there is a
crossover between triplet n,m* and w,n* states at around 20° of
twist around the doudble bond and that at higher degrees of twist the
n,m* state becomes the lowest triplet state of the molecule. These
results are in broad qualitative agreement with the more approximate

findings of McCullough et a.l.158

although the energy values in the
two cases vary widely., Becker also found that the quantum yields of
fluorescence and phosphorescence for acrolein were extremely low
implying that excitation results in nearly complete internal conversion
and/or photochemistry.

Although cis-trans isomerisation is not observable in
acrolein, these results may provide a useful model for explaining the

rhotochemistry of substituted enones and related compounds.,

1.6(g) Summary and object of work

As can be seen from the above review, the combination of
theoretical and experimental findings has led to a reasonable degree
of understanding of the mechanisms of isomerisation in v ,n* systems,

The potential energy versus twist diagram has been used successfully
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to interpret the work on simple alkenes and has been of considerable
help in the interpretation of the more complicated conjugated n,n*
systems such as stilbene. Less is known about the shape of these
potential energy curves in n,n* systems and the object of the present
vork was to try to obtain some quantitative results for the cis-trans
isomerisation of such a system. A detailed study of the isomerisation
reaction in a conjugated c arbonyl system would provide the
experimental basis for molecular orbital calculations of potential
energy curves as has been done already for stilbene,

It was originally planned to extend the work of Stewart137
on methyl propenyl ketone but this sfudy vas abandoned for the
reasons outlined in Chapter 2. It was found that an amenable system -
for study was the conjugated ester, methyl tiglate and results for

this compound are set out in Chapter 3.
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2. EFEXPIRIMENTAL

As described earlier, the experiments were divided into two
broad sections: those on cis-trans isomerisation and those on the
Ty?e IT reactions of ketones. The main link between these two topics
vas the experimental technique used. Consequently, the techniques

used for both parts of this work are described together in this chapter.

2.1 Introductory work on ethylidene acetone

The original plan for this research project was to continue
work on the photochemical cis-trans isomerisation of ethylidene acetone
(pent-3-en-2-one, E.A.) started by NI.D, Stewart in this research
group.l To do this, it was necessary to isolate, in reasonable purity,
the cis and trans isomers of this compound. As ethylidene acetone is
not available from Chemical suppliers, it was obtained as a sample kindly
provided by B.P. Chemicals Ltd., who make it as an intermediate. The
starting material was extremely impure, containing at least 12
appreciable impurities. In this material E.A. vas present as 987
trans. Fractional distillation on & Towers D.T.520 distillation unit
removed meny impurities and a fraction boiling between 118 - 125°%
contained mainly E.A. as the trans isomer with a small emount of cis
and other impurities,

Attempts were made to purify the distillate by preparative
gas chromatography using Polypropylene Glycol (4.6 m.), SE30 Silicone

gun (4.6 m.) and Polyethylene Glycol adipate (4.6 and 9,2 m,) columns.
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All these attempts proved only partially successful - the limit of
purity was 987 trans. Very efficient fractional distillation was
tried using a Nester-Faust NFT-60 Annular Spinning-Band distillation
unit operating at a high reflux ratio (30:1). The prolonged boiling
of the mixture caused considerable thermal decomposition and vacuum
distillation proved inefficient. Iowever, by this method, a mixture
enriched in the trans isomer was obtained, which was then further
purified by preparative gas chromatography (on P.P.G. at 140°C). This
gave about 997 pure trans,

The original mixture was enriched in the cis isomer by
photolysis in the Hanovia reactor (See section 2.5), which also increased
other impurities. Attempts were made to isolate the cis isomer by
Spinning-Band distillation and preparative chromatography but these
failed to produce more than 90% cis. Samples of the 997 trans sealed
in capillary tubes were stored in a refriperator for several weeks over
a vacation period. Upon sampling it was found that an appreciable
conversion to the cis had taken place. At this stage, the project was

abandoned in favour of a study of the methyl tiglate/angelate system.
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2.2 Materials

2.2(a) Solvents
(i) Cyclohexane was purified from the technical grade material
supplied by B.D.H. Limited., Olefinic impurities were removed by
fast stirring with concentrated sulphuric acid until the acid washings
were clear. It was then separated, washed with 5% NaOH and then
vater, finally drying overnight over anhydrous CaClz. The resulting
product vwas passed down a 1 metre column of silica gel to remove
aroratic impurities. The remaining liquid was then rectified on a
Vigreux column collecting between 81 and 82, Purity was checked
on a P,E.G.A, column in the V.P.C. No measurable impurity was seen
and the liquid was transparent in the U.V. to below 250 nm.2
(ii) Fthanol

The method used for purification2 wvas to heat 95% ethanol
under reflux with KON (20pm/litre) and AelO,(10gm/litre).  After 1
hr., the flask was shaken thoroughly and left overnight, before
filtering. The filtrate was dried over anhydrous CaCl2 and distilled
on a Tovers D.T.520 fractionating column collecting between 78 and T79°C
(Lit 78.3°C). The pure ethanol was stored over freshly regenerated
Linde LA molecular sieve. Purity was checked on the V.P.C. and U,V.,
the only impurity being a trace of methanol which was ignored.
(iii) Methanol

B.D.H., Limited G.P.R. grade methanol was rectified on the
Towers colurn and the middle fraction boiling at €4.5°C was collected

vhich was 99.7% pure (V.P.C.).
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(iv) Benzene
B.D.H. Limited 'Analar' grade was distilled before use,

collecting at 79.7°C. Purity was checked on the V,.P.C.

(v) Fthyl Iodide

Cormercial ethyl iodide was shaken with Na28203 solution and
then water to remove free iodine. The product was dried over CaCl2
and then distilled at 72°C, storing over mercury in an amber glass
bottle in the dark.
(vi) Cyclohexene 2

B.D.N. reagent grade cyclohexene was shaken with portions of
& fresh solution of pure ferrous sulphate until the aqueous solution
no longer turned brown, in order to remove organic peroxides. The

cyclohexene was then separated and dried over CaCl, before distilling

2
under nitrogen with a Vigreux column. The product was checked for
purity on the V.P.C. and stored under nitrogen in the dark. The
purity of the cyclohexene stored in this way was periodically checked
with starch-iodide reper and when necessary, it was re-purified as
described above. It was found that, despite precautions, the compound

formed per oxides very quickly and had to be re-purified practically

every week during use,

2.2(b) ©Substrates

(1) Methyl Tiplate (2-carborethoxy~2-butene)

3 CH3
N 7
_ ~

I CO,CH

CH

(o ———

3
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vas not available commercially and was prepared from tiglic acid.
Koch-Light Ltd., tiglic acid was esterified, by a classical method,
by refluxing for approx. 12 hrs. in methanol with a trace amount of
concentrated sulphuric acid as a catalyst. This gave a cloudy
solution of the ester in methanol. The solution was shaken with
sodium bicarbonate solution until neutral to litmus, when the organic
layer was extracted by shaking with portions of ether. The combined

ethereal extracts were dried over CaCl. and distilled at 33°C to remove

2
most of the ether. The remaining liquid was finally purified by
preparative gas chromatogrephy (See Section 2.12(a). The resulting
methyl tipglate was dried over anhydrous Naasoh and stored in a fridge.
It was more than 99% pure by V.P.C. analysis. It is a clear liquid
with a fruity odour B.Pt.139.5°C/766 rm. Dh200.9h68, 3

(ii) Methyl Anpelate

CH Co,CH

q\\\ ///' 273
/ AN

it CH

As with the tiglate, this ester was not available commercially and also
angelic acid is extremely expensive. Consequently, it was synthesised
by photochemical means,

A solution of about 5 ml. of crude methyl tiglate, prepared,
but not purified as above, dissolved in 100 ml. of cyclohexene was

photolysed in the preparative photolysis vessel using a Fanovia Ltd.,

medium pressure mercury lamp. (See Section 2.5). After about 12 hrs,
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the composition of the mixture had reached around 407 methyl angelste,
At this stage, the photolyte, was concentrated under vacuum on a
Blchi 'Rotavapor' rotary evaporator until the solvent had been largely
removed. The methyl angelate and tiglate present in the residue
were separated and purified by preparative gas chromatography (See
Section 2.12(a)). By these means 997 pure methyl angelate was
obtained with the main impurity bteing methyl tiglate. The pfoduct vas
dried, sealed in an ampoule and stored in a refrigerator. Methyl
angelate is a stable colourless liquid with an odour of rotten apples,
B.Pt.127,7°/764 m D,*%0.0413. 3

The identities of the compounds prepared as methyl angelate
and tiglate were confirmed by spectral analysis (see later).

(iii) Methyl n-propyl ketone (2-nentanone)

B.D.N, laboratory reapent 2-pentanone was found to contain
many impurities, particularly acetone and other ketones., These vere
removed by rectification three times on the Towers distillation unit
collecting at 102 - 103°C with a reflux ratio of 1:h and a jacket
temperature of 62°C. The final product was stored in an amber glass
bottle in a refrigerator and was more than 99.9% pure, (V,P.C.).

(iv)  Methyl iso-butyl ketone (L-methyl-2-pentanone), methyl hexyl
ketone (2-octanone), methyl n-emyl ketone (2-heptanone), methyl n~butyl
ketone (2-hexanone) were supplied by B.D.H. Ltd., or Koch-Light Ltd.,

and vere distilled before use, as for 2-pentanone.
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2.2(c) Other Chemicals

(i) Paramagrnetic Salts

Manganese, nickel and chromic chlorides were B,D.H. reagent
grade and were used as the hydrates.

Copper sulphate was 'Analar' grade.

A11 were used without further purification.

(ii) Quenching Olefins

Piperylene (trans 1,3-pentadiene) and cis hept-2-ene were
both supplied by Koch-Light Ltd., and were rectified before use,
Heptene was rectified on the Spinning-Band column,

(1ii) Photosensitisers

Benzophenone, anthraquinone, naphthalene, benzil, pyrene,
biphenyl and azulene were all Koch-Light puriss grade and were
recrystallised from suitable solvents before use, Acetophenone vas
B.D.H. reagent grade distilled before use.

(iv) Miscellaneous

Acetone was B.D.ll. reagent grade and was redistilled.
1-Pentene was used without purification (Koch-Light puriss) Ethylene
glycol was B.D.H. cormercial grade and was redistilled.

Sources of other chemicals used are specified in the text.
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2.3 Light Sources

Three different types of mercury arc lamp were used. These
vere the low, medium and high pressure mercury lamps.

2.3(a) Low Pressure arc

This lamp was used for irradiating capillaries in the merry-
go-round epparatus (See Section 2.7). It was manufactured by Fanovia
Ltd. and consisted of a U-tube 14 cm. long by 2.5 cm. across made from
8 mm. 'spectrosil'! tubing. It was provided with an electrode at each
end and was powered by a step-up transformer from the mains., The lamp
vas rated at 70 watt and the starting current wvas 1 amp. In such lamps,
the mercury vapour pressure is low (c.a.10-3mm) as they operate near
room temperature. Under these conditions, nearly all the radiation
is concentrated in the lines at 253.7 and 185.0 nm., corresponding to
the trensitions 3Pl - 1So and lP1 -+ 1So in the mercury atom. The
lover wavelength was cut out by the acetic acid solution’used and then
the lamp was considered as a monochromatic source of 254 nm. radiation.
The major disadvantage of this source was that the actual emitting area
of the lamp was very large, making optical arrangement difficult.

However, it is a very stable source of ultra-violet light,

2.3(b) Medium Pressure arc

This lamp was a Hanovia UVS 220 W. arc powéred by a
transformer and intensity stabilising device. The light intensity of
this source was found to be effectively constant, The lamp was mounted
in a brass housing similar to that used for the high pressure lamp (q.v.)
and was cooled by a stream of air directed onto the quartz envelope.

In this type of lamp the operating temperature is higher and hence the
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pressure inside the envelore is about 1 atmosphere. Under these
conditions many mercury atoms are excited to higher states and
undergo many transitions not involving the ground state, resulting
in many more lines, which are subject to some pressure-broadening.
The medium pressure lamp was similar in its spectrum to the high
pressure lamp and thourh less intense, it was more stable with a
longer operating lifetime.

A Fanovia 100 W, medium pressure lamp was used for larpe
scale photolyses in the irmersion well apparatus (See Section 2.5).

" 2.3(c) Hipgh Pressure arc

These sources operate at higher temperatures and pressures
of up to 100 atmospheres or more, Temperature and pressure-broadening
of the spectral lines is greater and a higher intensity of continuum
is also present, as compared to the other mercury lamps, The sharp
line at 254 nm. is missing in these larmps due to re-absorption of the
resonance radiation.

The lamp used was a Wotan HBO 500 V. arc (Osram Limited
Germany) povered by a transformer and fitted with a push-jputton starter.
The lamp was mounted on asbestos supports in a brass housing coated with
graphite on the inside. The beam was collimated‘by a T cm., diameter
'spectrosil' lens with the arc at its focal point (10 em.) is shown in
Fig. 2.1. The lifetime of the lamp was 250 hrs. and care was taken
to avoid too frequent starting of the lamp which caused a decrease in
the lifetime, As the light intensity decayed somewhat with time, a

check was kept on the intensity.
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2.3(d) Measurement of Spectral Distribution

In the course of another investigation, in collaboration
with Dr. J. Sedlar, an apparatus was built to measure the spectral
distribution of various ultra-violet light sources. This consisted
of a Hilger and Watts D.285 prism monochromator into which a beam of
light from the lamp, housed in an asbestos box, was directed. A
Phillips 9662B quartz-jacketed photomultiplier was mounted in a light-
tight housing at the outlet of the monochromator, and was kept at a
constant voltage by a series of 120V, batteries. The whole apparatus
vas mounted rigidly on a bench., By scanning the spectrum with the
prism turntable, a graph of photomultiplier current, read on a
microarmmeter, against wavelength was constructed. This was then
’corrected for changing photomultiplier response by calibrating the
photomultiplier at 3 wavelengths, isolated by optical filters from high
intensity lamps, against a ferrioxalate actinometer. The resulting
data gave an accurate picture of the spectral distribution of the light
emitted from each lamp, from 240 nm. up to the visible range of the
spectrum.

The output of a typical medium pressure mercury lamp (100 Ww.)
is shown in Fig. 2.2 together with that of a typical low pressure lamp
(6 W. lamp-emission observed from 4 cm, tube length), The latter is
taken from Ref.4, The spectrum of & high pressure lamp is similar to

that of a medium pressure lamp (see above).
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2.4 Optical Filters

Optical Filters were used, in conjunction with the high
and medium pressure mercury lamps, to isolate particular lines in their .
spectra. Both chemical and interference filters were used. Their
transmissions were checked on the SP,.800 spectrophotometer before use,

2.4(a) Interference Filters

These were supplied by Barr and Stroud Ltd. and were of the
metal dielectric narrow-band type. Filters were used which transmitted
the lines at 254, 313 and 366 nm., cutting-off all other regions of the
ultra-violet, Transmission spectra for these filters are shown in
Figs. 2.3(a), (b) and (c).

2.4(b) Chemical Filters

Certain chemical filters were used where interference filters
vere either not available, or gave too low transmission. An effective
filter was found to be a combination of 2 pieces of 2 mm. thick Chance-
Pilkington OXT glass with a 5 cm. path length quartz cell filled with
dry C1, gas at 1 atmOSphere.h This filter transmitted the region
around 254 nm, and was found to be quite stable. It also transmitted
above LOO nm.

A combination of & 1 cm. path length quartz cell filled with
a solution of potassium chromate, (0.2g./litre) in 0,05N NaOH, with a
2 mm. thick piece of OXT glass was found to be an extremely effective
peak transmission filter for the 313 nm. mercury line., Peak
transmission was 507 at 313 nm. with a band width of 21 nm. at 25%

transmission, This filter was used in conjunction with the high

pressure mercury lamp and was completely stable (transmission unchanged
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after 50 hrs, irradiation). Although chromate solutions have been

5 it is believed that this is the

used for these purposes before,
first time that this combination has been used.
Spectra, taken on the SP.800, for these two chemical

filters are shown in Figs. 2.3(d) and (e).
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2.5 Preparative Photolysis Apparatus

The apparatus used is shown in Fig. 2.4, The vessel was
desipgned to fit around a HNanovia Ltd., irmersion-well photolysis
apparatus, housing a 100 W, medium pressure Hg lamp. Water was
circulated between the two-piece synthetic quartz envelope for cooling
and air was circulated inside the well to remove ozone. The outer
vessel held some 100 ml. of liquid to be yhotolysed, which was stirred
by a 'teflon'-sheathed paddle and magnetic stirrer. Nitrogen could
be bubbled throupgh the solution via the fine bore delivery tube and
out via the side tube, which could be attached to either a mercury
sealed exit or to a gas collection head filled with di-butyl phthalate
for collecting gaseous products., A rubber serum cap was fitted for
taking samples during the course of the photqusis. The usual
procedure was to flush the solution with. a fast flow of nitrogen for
about 15 mins., before sealing-off the apparatus and photolysing.

For larger volumes of solution a special 3-necked 1 litre
flask was provided by HNanovia with a central socket to fit the

immersion-well,



Fig. 24

J)

medium pressure
Hg arc

\-m

{

-
-

[ TP W W \\1 AN XS :\\\(

————L" &—~—————alr

&wqtcl

R

SN

AR TR
hY

N

AWV TNV YV ey

7
%
N '/}Q(é\ serum cap

stirrer paddle



- T4 -

2.6 Low Temperature Photolysis

The experiments tried at low temperatures were unsuccessful
(See Results chapter), but I shall briefly explain the apparatus used.
This was the Jencon's 'Spectro-Dewar' (See Fig. 2.5). The solution
to be photolysed was de-gassed on the vacuum line and then distilled
into the special 3-windowed quartz cell, attached to the vacuum line
by a 8 mm. quartz to pyrex graded seal. The cell was then sealed-off
vith a torch, just above the graded seal, so that it could be
introduced into the brass conduction bdlock at the bottom of the inner
part of the dewar, The dewvar vas then assembled and evacuated to
'black vacuum', making sure that the windows of the cell were in line
vith those on the outer part of the dewar. The contents of the cell
vere then cooled by filling the dewar with a liquid refrigerant so that
conduction cooled the cell, The outer windows did not mist up as they
remained at room temperature. The liquid in the ceil vas then
photolysed by placing the apparatus in front of a suitable light source.

The major disadvantage of this technique is that sampling is
not continuous. Therefore, all rate curves must be constructed one
point at a time. As light intensity reaching the cell is low, this is

an extremely laborious job.
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2.7 The Capillary Techniaue

The idea of using small quartz capillaries as photolysis
vessels was first surgested by Porter and Volman. 6, 7, 8
Their technique was refined by Sedlar9 and further amendments to this
method are outlined below. The advantages of using small sealed
tubes are that only small quantities of reactant need be prepared and
that all products can be analysed. Various methods of filling such

tubes in the absence of oxygen (a triplet quencher) have been devised.

2.7(a) Filling under Nitrogen

(i) In this method a known amount of oxygen-free solution was

introduced into & 1 rm i.d. quartz capillary tube (Thermal Syndicate Ltd,)

of wall thickness 0.5 m., and sealed-off under a nitrogen atmosphere.
About 1 ml. of the solution to be studied vas placed in a

small glass tute fitted with a silicone rubber serum~-bottle cap

(Perkin-Elmer ILtd.) and a finely drawn side-arm'about S en. long (See

Fig. 2.5(a)). Nitrogen, from the purification line (See Section 2.8(b)),

was bubbled through the solution via a fine bore hypodermic needle,

11.5 cm. in length, attached to the nitrogen supply tube with a

corpression éoupling and 'Araldite' cement (C.I.B.A. Ltd.). The

nitrogen flow was around 50 ml./min, and the solution was cooled in ice

to minimise evaporation of the solvent. After 15 - 20 mins, the side-

arm vas sealed-off with a small flame, the nitrogen :low stopped and

the needle removed. The solution was now assumed to be oxygen=-free,

and was not kept in this tube for more than 24 hrs, before use,
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The device used for filling capillaries is shown in
Fig. 2.5(b). It consisted of a Pye 3-way compression coupling
(for 3.2 rm, o0.d. tubing) mounted in a retort stand, by means of a
rod to which it vas fixed by 'Araldite'. A length of 3.2 rm. nylon
tubing was attached to one arm of the coupling supplying a fast flow
of pure nitrogen. The top arm of the coupling was extended with a
short length of glass tubing and P.V.C., sleeve. The bottom arm was
fitted with a silicone rudbber disc, through which a piece of quartz
capillary tubing was pushed, forming a gas-tight septum,

The length of capillary (about 8 em.) was first rounded-offt
at each end by a hot flame., To one end was attached a 1 cnm. length
of 2 rm. i.d. silicone rubber tubing and the other end was pushed into
the coupling from the top until it was in the position shown in the
diagram, The top of the coupling was blanked-off with a piece -
of Apiezon Q-compound so that all the nitrogen flow was directed down
£he tube, After a few minutes, the bottom of the tube was sealed-off
with the cone of an oxyren/gas torch whilst the blanking plug was
reroved. The tube was now full of nitrogen and protected from the
air by a flow of nitrogen out of the mouth of the coupling. A long-
needled microlitre syrinpe was flushed with nitrogen by pumping the
piston up and down with the needle in the nitrogen supply, and then
quickly used to sample 15uls of solution from the reservoir to the
capillary through the protective stream of nitrogen around the neck of
the coupling, After filling, the tube was sealed by pushing a plug,
made from sealed capillary tube, into the top of the silicone rubber

sleeve. This was done under nitrorgen., The filled tube was then
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removed from the top of the coupling and the plug pushed home to form
a tight seal. The operation was then repeated until a batch of 5 or
6 tubes, all filled with the same solution, had been prepared. Filled
tubes were stored in a refrigerator to avoid exposure to stray U.V.
light.

(ii) Other Methods of Filling under Nitrogen

All samples filled under nitrogen were filled by the
technique (i), Yowever, other techniques were first devised and later
discarded. Clearly, the method described above is open to criticism,
in that it is not easy to exclude all oxygen from the samples by these
means, I shall describe thef;uccessrul rmethods tried, in the hope that
it may be possible to modify them in future,

The first method described was due to Sedlar who had some

9

success in using it, In this method, the liquid sample was de-gassed
on a vacuum line by freeze-thaw cycles and then stored over a nitrogen
atmosphere, The vessel used for this procedure was a 50 ml. round-
bottomed flask with its neck drawn-out and attached via a 'teflon' tap
to a Blk socket (and hence to the vacuun line). A side arm was fitted
ending in a Vade compression coupling which was securely attached with
'Araldite' and whose open end was closed with a silicone rubber
chromatopraph septum. The liquid was introduced, de-gassed and, whilst
still frozen, nitropgen was admitted and the tap closed, VWhen the liquia
thawed a slight positive pressure of nitrogen was present in the vessel
and this enabled liquid to be forced up into a microlitre syringe

introduced through the septum. The liquid was then discharged into a

quartz capillary es in (i), only in this case, the liquid was frozen
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down and the tube sealed by fusion, after the walls had been dried
by a fast flow of nitrogen from a syringe needle.

This method was tried with a solution of methyl tiglate
in cyclohexane, but was rejected, as it was found that the septum
swelled in the vapour and blocked the syringe needle every time it was
pushed through the coupling. The positive pressufé of nitrogen was
dangerous and the vessel exploded on one occasion. The method of
sealing the tubes by fusion, though clearly the best in theory, was not
possible with these solutions. This was because the tiglate seemed to
be absorbed on the walls of the tube and charred when attempts were
made to seal the tube. This was despite apparent drying with a
nitrogen flow. However, this methﬁd has been used successfully with
solutions that do not attack the septum and are not absorbed onto the

quartz walls.9

Another filling method was developed as an alternative.
It made use of the apparatus shovn in Fig., 2.6. The solution was placed
in the tubé, with the long delivery tube sealed, and de-gassed as above,
on the vacuum line. The liquid was then allowed to thaw, and nitrogen
was introduced at atmospheric pressure. The tip of the delivery tube
vas then broken open and the sample capillary placed over the delivery
tube, so that a-fast flow of nitroéen flushed all the air out of the
tube, vhich was then sealed. The capillary was held in the 3-way
coupling, described earlier.

The whole arrangement was then tilted by 90o around the cone
and socket joint until liquid had been forced, by the nitrogen flow, into

the fine bore side-arm attached to the delivery tube. When the apparatus

vas returned to the vertical position, this quantity of liquid was
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ejected into the capillary. The sample tube was then sealed by

fusion, after lowering from the delivery tube. Apart from the
disadvantages in the sealing method, this method worked satisfactorily.
Its major disadvantage was that the whole arrangement was too elaborate
and each sample took a considerable time to prepare. The apparatus

was delicate and difficult to make. However, this method was probably
the most efficient way of excluding air from the samples with nitrogen,
as it avoided the use of a syringe to transfer liquid. Due to its
complicated nature, this method was not used to obtain any of my results.

2.7(b) Filling under Vacuum

The technique used here was first described by Borrell & Sedlar9
The apparatus used is seen in the photograph. The filling arm
consisted of a reservoir connected, via a greaseless tap, to a graduated
tube cut from a 1 ml. graduated pipette and, via a 5 mm. quartz to
pyrex graded seal (Jencon's Limited) to a b-way joint and four 10 cm.
long quartz capillaries. The whole arm was connected through a
T-joint and tap to a cone and socket joint attached to the vacuum line.
The joint was held together by springs. (In the photograph the main
tap is of the ground glass type. This was later replaced by a 'teflon'
greaseless tap). Several greaseless taps were tried, All relied on
'teflon'to make the seal. The most successful were found to be those
manufactured by Quickfit Limited ('Rotaflo') and Fischer & Porter Limited,
. though the latter were rather expensive.

Liquid was placed in 2 removable trap attached to the vacuum
line and de-gassed roughly by a freeze-thaw cycle. It was then

distilled into the filling arm with both taps open, in the position with
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the capillaries pointing upwards. The de-~-gassing process was then
completed and the liquid was finally frozen down and the arm pumped
down, until no coloured discharge was seen with a 'Tessla' vacuum
tester, when the taps were shut. The arm was then rotated through
180° so that the capillaries were poiﬁting downwards. With the main
tap shut, the reservoir tap was opened slowly so that a measured
quantity of liquid ran down into the graduated tube (c.a. 80uls). The
reservoir was then sealed off, and the liquid was distilled into the
capillaries, by cooling above a solid Cozlacetone cooling bath in a
large dewar. After freezing the tubes down in liquid nitrogen the main
tap was opened and 'black' vacuum re-established. The capillaries were
then sealed-off with an oxygen/natural gas torch (Carlisle Ltd. N.J.).
Goggles were worn during all quarti working operations. A new set of
tubes was blown onto thé stubs of the last set, after removing the filler
arm from the vacuum line. The reservoir remained sealed-off and |
de-gassed for é considerable time. It was protected from the U,V.
glare of quartz-blowing by mesking with black P.V.C. tape.
Difficulties were experienced with the distillation process.
Uneven filling of the tubes was common and this leadsto uneven
concentrations between tubes, It was found virtually impossible to
sample exactly the same concentration into each tube though the
differences were usually small. Factors influencing the distillation
vere t- |
(1) Tube length - all tubes had to be the same length
(ii) Speed of distillation - if distillation was too fast then the

concentration differences were great.,
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(iii) Constriction at sealing point - if a tube was sealed-on with a
slight constriction at the joint, then distillation into that tube was
much slower than into the others. The sealing process was eritical
and extremely difficult to do properly.

(iv) Temperature differential - if a 'dry ice'/acetone cooling bath
was used then the distillation was more even than if liquid nitrogen
was used.

Clearly, these differences of distillation were irrelevant if
the liquid had only one component, as in the case of methyl propyl ketone
actinometry. However, they lead to considerable inaccuracies with a
mixture of components with widely differing boiling points such as ﬁethyl
tiglate and cyclohexane, The system for which this method was
originated by Dr. Sedlar, that of acetone and cyclohexenelo(both very
volatile) was particularly suitable for this technique.

2.7(c) Measurement of capillary diameter

To check the internsal diameter of the capillary tubes a
measured length of mercury was weighed in a capillary. A typical
measurement was -

Mercury length - 14,25 cm.

Wt. of mercury = 0.,4548g.
Volume of mercury = 0.03357 c.c.tt
Radius of tube = 0,05015 cm.

Diameter = 1,003 em.
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The diameter of each batch of tubing was checked and was
+ *
found to vary by - 5% only. The wall thickness quoted as 0.5 rm.
varied by a greater degree, but this was ignored.

2.7(a) Vacuum Line

A vacuum line was constructed for use with the vacuum £illing
of capillaries and was also used for other experiments. (See Fig. 2.7).
This line was of conventional design. Pumping was by an Edwards Ltd.
ED.35 rotary oil pump backing an N.G.N. Electrical Ltd. oil diffusion
pump using Edwards TO2 silicone fluid., Except for the filling arm,
ground glass taps were used (Laboratory Glassware Manufacturers Ltd.)
with Ldwards high vacuum silicone grease as lubricant. These were
periodically cleaned with pentane and regreased to avoid contamination
from vapour absorbed by the grease. A nitrogen line was built into the
vacuum system with a 0.5 m. purification coluwm of Linde LA molecular
sieve to absorb moisture and grease. This éolumn vas regenerated atr
180°C, by passing a calibrated current through 'nichrome' windings with
nitrogen flowing. The source of nitrogen was a cylinder of B.0.C. Ltd.
'vhite spot' nitrogen. Springham spring-loaded taps and Pye compression
couplings were used on the nitrogen line. = The supply line was 3.2 mm,
o.d. nylon pressure tubing.

An Edwards G5C-2 2-range Pirani head and gauge were used to
assess the absolute vacuum. This was better than 10"2 N./m.z, which
was considered satisfactory for de-gassing purposes. An Edwards
Type 2 H.F. Tester was used to detect leaks and as a rough guide to
vacuum. 'Black vacuum' with this instrument is quoted as less than

5.3 x 10-2 N./m.2. This was usually taken to be an acceptable vacuum,
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Care was taken to exclude mercury from the vacuunm system.

2.7(e) Photolysis of Capillaries

(i) Water thermostat

The apparatus used is shown in Fig. 2.8. It consisted of
a black-painted brass tank of about 10 l. capacity. I£ wvas filled
with clean tap water and maintained at a constant temperature by means
of an immersion heater (Electrothermal Ltd., 400 W.) connected to a
contact thermometer and relay. For maintaining temperatures near
ambient, cold water was circulated through a 3 m. coiled copper pipe
immersed in the tank. The tank was stirred slowly by a glass paddle
and stirrer motor. DBy these means the temperature of the bath could
be maintained to within £ 1°c,

Two 2 mm. thick 'spectrosil' windows were mounted in the walls
of the tank and the samples, fixed in a holder, were mounted on a brass
beam running across the tank between the windows. - The windows were.

5 cm, in diameter end were sealed into the tank by threaded mountings and
O-rings. The tank was covered by a 1lid to keep out dust and the water
was changed regularly to maintain the transparency of the optical train,
The capillary holder is shown in Fig. 2.9, It was made from a block

of aluminium and was paintgd black, to reduce reflections., It held

6 capillary tubes and was so shaped that the columns‘of liquid in the
tube were positionéd in the middle of the light beam. The tﬁbes vere
held in 2 mm., square grooves by a rubber grip. A shutter device was
made from a brass disc and was mounted on the support beam between

the window and the samples., Each tube was loosely held in the holder
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to enable individual tubes to be taken out after inbwn timeé.

Using the high pressure }amp, Sedlar found that a high degree
of consistency from tube to tube could be obtained and this was borne
out in this work. It vas essential to have a nearly parallel and
uniform beam of light for these experiments and so only the high
pressure lamp, with its near point soﬁrcé, coﬁld be used., Attempts
vere made to monitor the decay of the lamp #ith‘a photomultiplier and
microarmeter mounted behind the other window, but these were not very
successful. The improvemenﬁ of this method of monitoring was neglected
vhen the semi-ﬁicro technique was adopted in piace of the capillary
method.

(ii) Photolysis on "merry-go-round" apparatus

For photolysis of capillaries with the low pressure mercury
lamp at 253.,7 nm., & rotating photolysis apparétus was constructed.
{The name "mérry-go-round" was first used by Mqées at the Californié
Institute of Technology, See Ref.2). This was necessary, as the large
size of the éource otherwise made even illuminatiqn impossible. See
Fig, 2.10. vTubes_were mounted in a rubber retaihing ring on the
inside of a rotating cylinder made from a length of 'alkathene' pipe
(15 em. long, 9 cm. in diameter), perforated with holes for good air
circulation. The cylinder was mounted on an electric stirrer motor
and the whole arrangement was enclosed in an asbestos box, fitted with
a fan, contact thermometer, heatei and relay for temperature control, '
Suspended from the top of the box and inside the rotating cylinder, was

the lamp enclosed in a double quartz jacket taken from a Hanovia
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irmmersion-well apparatus. (See Sections 2.3(a) and 2.5). The 3 mm.
thick annular space between the quartz envelopes was filled with a
solution of 20% acetic acid to absorb unwanted 185 nm, light. This
solution was changed regularly and showed a drop of 15% in concentration
after 15 hrs. irradiation. A slow flow of nitrogen was passed through
a hypodermic needle into the cavity containing the lamp and also into
the cylinder containing the tubes, to prevent ozone formation and the
consequent absorption of 254 nm. light.

At a constant speed setting of 40 revolutions per min. each
tube on the cylinder wall saw the same aspect of the lamp 100 times in
under 3 min. and, since no irradiations were shorter than this, the
averaging of illumination was considered adequate. This was borne-out
by experiment when two identical tubes gave idential degrees of
conversion after the same time (20 mins.); within sampling error on the
chromatogfaph.

The lamp was allowed to warm up for 15 mins., before placing
any samples on the drum,

2.7(f) Analysis of Capillary Samples

Attempts to sample the whole contents of the capillary after
reaction into the V.P.C. with a steel plunger device were not successful
as the tubes were too strong and the volume to large. No attempt was
made to get round this difficulty, as gaseous products were not seen in
most of this work. The tubes were broken open end sampling was by
means of a syringe. This could be done with a repeatability of Iog

(found by injecting many aliquots of the same sample).
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2.8 Semi-micro Technique

2.8(a) Optical System and Cell

The apparatus used is seen in Fig. 2,11 and the photograph.
It was designed in collaboration with Dr. J. Sedlar. In this case,
the photolysis vessel was a cylindrical, water-jacketed 'spectrosil'
cell, supplied by Ross Scientific Ltd. (Type 50) which is shown in
Fig. 2.12. The path length of this cell was 10 mm, and the optical
surface area 1,30 cm.e. The inner cell was surrounded by an annular
water jacket and the whole vessel was fitted with & BT socket, The
cell was attached to a glass neck via a BT coné, vhich was sealed at
the top by a rubber serum cap. Pure nitrogen from the nitrogen
purification line (See Sect. 2.8(b)) was passed into the cell by means
of a stainless steel hypodermic needle, sealed into the side arm of the
neck by 'Araldite'. An exit tube carried the nitrogen away to the
atmosphere via a capillary pressure head flowmeter filled with di-butyl
phthalate. With a slow flow of nitrogen, the cell was therefore
sealed to the air,

The cell end bubbling-arm were mounted in a V-shaped piece
of plywood on an Ealing Optical Instruments optical bench, 0.5m. long.
The optical bench was mounted firmly on a wooden base in line with the
beam from & mercury arc lamp (high, or medium pressure) fixed in a brass
housing, The cell was thermostated by means of an electric
circulation pump (Charles Austen Ltd.) and a constant temperature bath
controlled by a Tecam temperature control unit. Interference or

chemical filters were mounted in appropriate holders on the bench and °
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the optics were lined-up by sighting with two centering-pins. A
piece of OXT glass was mounted in the aperture of the lamp housing
to act as a heat shield and to cut down visible radiation.

The cell was filled with solution by means of a long-needled
syringe and was fixed to the bubbling arm using a greased silicone
rubber sleeve to ensure a good seal around the cone and socket joint,
The serum éap vas then replaced and nitrogen bubbled through the
solution at a rate of around 10 ml./min, for 0.5 hr. After this
period, the flow was reduced to about 1 ml./min., which was just
sufficient to stir the solution and exclude 02. Samples were taken
away for analysis with a Shandon-Terumo UMS10, 11.5 cm. needled syrirge.
The nitrogen was first passed through a glass bubbler, filled with
solvent, to saturate the stream of gas entering the cell and, hence,
reduce solvent loss. This bubbler was thermostated with the same
water-flow used for the cell, so that the nitrogen was saturated at
the same temperature as the sample vessel. After each run the cell was
cleaned with chromic acid and distilled water.’ The needle was cleaned
regularly and the serum cap exchanged on every run.

This method was found to be quite satisfactory for photolyses
of up to 5 hr. duration. Above this‘time, evaporation of solvent
became significant. The method was also unsatisfactory for volatile
products and very volatile solvents. With solutions containing a high
proportion of dissolved solid, care had to be taken to prevent blockage

of the needle, with crystals of solute,
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2.8(b) HNitrogen Purification

The apparatus is shown in Fig. 2.13. It consisted of two
parallel glass columns, 25 mm, in diameter and 47T cm. long, surrounded
by glass jackets 4O mm, in diameter. Inside the jacket, each column
was wound with approx. 50 turns of 'nichrome' wire. The jackets were
attached to the columns by means of specially-made asbestos ;ings and
connécting rods. Nitrogen was passed up the first column, down the
second and was finally distributed to its destination by means of a
manifold of three taps. All taps were spring-loaded (Springham Ltd.).

The first column wes packed with sctivated copper on

Kieselguhr13

and was heated, during use, to 170°C, by passing a
pre-set current through the nichrome wire, controlled by a Variac
rheostat., The packing for this column was made by depositing copper
hydroxide on Kieselguhrlh (B.D.H., acid purified) and then heating to
give cupric oxide. This was powdered and packed into the column, when
it was activated by passing a stream of hydrogen at 170°C, collecting
water in the trap at the base of the column. This gave a deep violet
packing in the column which, as it becomes exhausted, changes to
yellow-brown., The column was regenerated by the same method, when 3
the column had changed colour. Care was taken, as the finely divided
copper is pyrophoric in air.

| The other column was pecked with Linde LA Molecular Sieve
(B.D.H. Ltd.) to remove moisture from the de-oxegenated gas. This
vas also activated at 180°C by passing nitrogen up the column and
trapping fhe water. It was used at room temperature and periodically

re-generated,
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The nitrogen used for these purposes was B.,0.C. 'white-spot'
nitrogen claimed to contain no more than 10 p.p.m, of oxygen and other
impurities. Clearly, with a continuous flow of even this small
concentration of oxygen through the photolyte, appreciable quenching
effects might be seen. After purification on this line, oxygen

concentration should be below O.h p.p.m.,l3

though this was never
verified. The gas flow was controlled by an Edwards needle valve

mounted between the cylinder and the purification line.
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2.9 Actinometzz

The method of Hatchard and Parker was used to determine the

absolute intensity of the light sources.ls’ 16, 1T.

This relies
upon the production of re2t ions from a sulphuric acid solution of
potassium ferrioxalate, K3Fe(020h)3 vhen irradiated with light of a
wavelength between 250 and 577 nm. The Fe2+ ions are then complexed
with 1,10-phenanthroline and analysed colorimetrically. The quantum
yield of this reaction has been well established and was taken as
1.25 at 254 nm., 1.24 at 313 nm. and 1.21 at 366 nm. (25°C).%7

Pure solid reactant was prepared by mixing 3 volumes of
1.5M. Keczoh solution #nd 1l vol. of 1.5M. FeCl3 solution. The
precipitated potassium ferrioxalate was recrystallised from warm
vater and dried in air., It was stored in the dark in an amber glass
bottle., A 0,006M solution of the solid in 0,1N. H,S0) was used and
this’was als; stored in the dark, without decomposition.l cm. of this
solution absorbed 99% of incident light up to 390 nm. The solution
was handled in the dark using only a red photographic safelight
(I1fora Fook), .

As recommended, the SP500 spectrophotometer was calibrated
at 510 nm., to find the extinction coefficient of the red phenanthroline
-iron complex, by making up standard solutions. The value found was

1

€ = 1.15 x 104 litres mole” ent (compared to 1.11 x 104 Ref, 17).

To determine the light intensity incident upon a cell, the
cell was filled with the actinometer solution and photolysed for a
known time, eliminating as much as possible of the stray light., The

solution was stirred with a slow stream of O,-free N, from a fine
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glass capillary. - After photolysis the solution was shaken and

0.5 ml. was drawn out using a special pipette. To this was added

1.6 ml. of 0.1% 1,10-penanthroline solution, 4.5 ml. of 0.1N sulphuric
acid and 2.5 ml. of oxalate buffer, the whole being made up to 10 ml.
in a volumetric flask. Concurrently, a blank was made up with the
unexposed solution. After developing in the dark for 45 mins., the
optical density of the solution was measured against the blank at

510 nm. in 1 cm. photometer cells in the SP500. The intensity of the

illuminetion was worked out from the formula below :-

I= (0,D) ViVa X 6.023 x 100 q.sec."]'cm.-2
elvzts ¢l
where vy = volume of photolysis cell; ml.

v2' = volume of aliquot; 0.5 ml,

v3 =  volume of flask; 10 ml.
-1

™
n

extincetion coeff.; 1.15 x 10h l.mole-lcm.

1l =  path length of photometer cell; 1.0 cm,

t = photolysis time; secs,
s = irradiated area of cell; cm.2
¢A = quantum yield for actinometer, at wavelength A

0.D. = Optical Density

For the water-jacketed cell arrangement, the same cell was
used for actinometry. The bubbling-arm was replaced by a short length

of glass tube with a BT cone fitting into the cell and supporting it in
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the same position. A long glass capillary was used as bubbler,

With the capillary technique, it was not feasible to fill
capilléries with the light-sensitive solution, so the quantum yield
of acetoné production from pure 2-pentanone vwas used as a secondary
actinometer; This was then measured against ferrioxalate actinometry

in a larger cell (See Results Section).
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2,10 Comparison of capillary and semi-micro techniques

In the course of this work the advantages and disadvantages

of both techniques were discovered. They are listed here, as &

SUMMAaTY e

2.10(a)

The capillary technique had the following advantages over

the semi-micro technique :-

(i)

(ii

(iii)
(iv)
(v)

(i)
(ii)
(iii)
(iv)
(v)

(vi)

2.10(v)

Complete absence of 02, under vacuum, is ensured.

It is possible to follow the concentration of all préducts,
as the capillary is a small closed system. This includes
volatile products difficult to see in other techniques.
Only small quantities of reactant are needed.

High % conversions are obtained in short times.

Capillary samples can be photolysed at any reasonable

temperature.

Its disadvantages were :-
Samples difficult to prepare.
The capillary is aﬁ ill-defined optical system.
Yo continuous sampling - must use one tube per point.
Uncertainty in composition if filled under vacuum. See 2,7(b).
No stirring of solution. This may be important with
concentrated solutions,

Actinometry difficult.

Against these the semi-micro technique has the following

advantages :-

(1)
(ii)

Well defined optical system,

Well stirred, by nitrogen.

e
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(iii) Continuous sampling.

(iv) Solutions of solids easy to handle. These cannot be
handled with the vacuum capillary technique.

(v) Actinometry direct and simple.

Its disadvantages are :=

(i) Loss of volatile components; particularly gaseous products.

(ii) Limited temperature range; 15 - 90°C with water.

(iii) Approx. 100x lower conversion, for the same intensity, as
capillary sample of same reactant.

(iv) Questionable exclusion of oxygen as compared to vacuum
capillary method, though alweys assumed that O2 was excluded.

(v) Danger of contamination from needle in certain solvents. AThis
wvas noticed, for instance, when it was found that the needle
produced more ferrous ions in a ferrioxalate actinometer -
solution than did the incident light. Contamination could be

reduced by fitting a piece of quartz over the needle with

an in_ert plastic sleeve.
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2.11 Spectra
2.11(a) Mass Spectrometry

The mass spectrometer used was a Perkin-Elmer-Hitachi
RMU6(E) single focusing instrument. (Resolution up to 6000)., This
was used in conjunction with a Pye 104 analytical gas chromatograph,
via & Vatson-Biemann helium separator. The columns used were
3.2 mm. o.d. and 1.5 m. long, and used a helium carrier gas. The
instrument was equipped with a mass marker but this could not be used
vhen coupled to the V.,P.C. as the scan time was too long. A
Honeywell 'Visicorder' photographic recorder was used to record
spectra., Mass units were counted by turning up the sensitivity until
a peak corresponding to every mass number was seen. Direct injection

facilities were available for gas, liquid and solid samples.

2.11(b) Ultra-Violet Spectra
| The spectrophotometer used mostly was a Pye-Unicam SPB8OOA

‘linear wavelength automatic scanning machine., (190 - TOO nm.). Liquigd
samples were usually contained in & pair of optically-matched, 10 mm,
path length 'spectrosil' cells fitted with 'teflon' stoppers. (Unicam).

For actinometry (See Section 2.9), the older SP500, manual
scan, spectrophotometer was used. At 510 nm., it was used with the
tungsten lamp, blue filter and shutter in position 1.

2.11(c) Infra~Red Spectra

Three instruments were used at different times. They were

the Perkin-Elmer 357 and Pye-Unicam SP200G grating spectrophotometers

and the Perkin-Elmer 137 prism machine,
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The samples used were thin films held between polished

sodium chloride plates.,

2,11(d) N.M.R. Spectra

The spectrometer was & Perkin-Elmer model R10 60 Mc.sec -

machine. The spectrometer was used only on its simplest mode of

operation. Spectra were run in CCl) solution with T.M.S. as marker,
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2.12 Gas Chromatography

2.12(a) Preparative Gas Chromatography

A Pye 105 sutomatic preparative chromatograph was used.v

(See Section 2.2(b)). The column used was a glass spiral of tubing
0.95 cm. 0.d. and 4.6 m. long, packed vith 15% Polypropylene Glycol
(P.P.G.) on Chromosorb W (Perkin-Flmer Ltd.). The flow rate was set
at 150 ml./min. end the column temperature 145°C, for optimum
separation of the esters. Vhen optimum conditions had been reached,
the chromatograph was set on programmed automatic operation, when a
continuous plastic tape operated the machine through a compressed
air sérvo system. Injection was automatic and controlled by a
pressure head of nitrogen operating on a 50 ml. reservoir of substrate,
Collection was automatic and pure components were collected in coiled
glass traps cooled in a freeging bath of solid CO,/acetone. (-TBOC).

| A flame ionisation detector fed from a 100:1 stream splitter
was connected to a Servoscribe recorder.

2.12(b) Analytical Gas Chromatography

(1) Description

The analytical machine used for all experiments vas a Pye
Series 104, Model 24 gas chromatograph. This was fitted with a dual
flame analyser. The oven temperature could be prograrmed. A Vitatron
linear/logarithmic URLOO/1 flat-bed 10 mV recorder was used, This
was fitted with 8 chart drive speeds.

The carrier gas was B.0.C., 'white-spot' nitrogen and the

flames were supplied with hydrogen and compressed air, the hydrogen
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being passed through molecular sieves before use. Gas lines wefe
of 3.2 mm. nylon (air and N2) or copper (H2) tubing,.using Pye
compression couplings.

Liquid samples were injected into the column by means of
a microlitre syringe., Various types were tried. Most samples
were.taken with a Shandon-Terumo UMS10G 10yl syringe with an 11.5 cm.
needle, A Hamilton 10ul (701-N) syringe with a 5 cm. needle was
also used. The syringe was cleaned after use by flushing with ether
and drying on a water pump.
(ii) Columns - |

Various column packings were used for different separations,
These were packed into U rm.-bore Pyrex glass, or stainless steel,
columns coiled into & circle of 17.8 cm. diameter and of three standard
lengths:1.5, 2.1 and 5.5 m. The mesh size of the packing was usually
80:100 and the columns were pre-heated, where necessary. Different
flowrates, from 50-100 ml./min., were used in different separations
and were set using a bubble flowmeter.
(iii) Calibration

The machine was calibrated for each compound on each column
by, either injecting different volumes of a standard solution of the
compound from & syringe, or by injecting the same volume of different
standard solptions. The latter were prepared volumetrically in
most cases. A calibration graph was plotted of peak height (measured

in cm. with a ruler) vs., arount injeeted. Conditions were chosen,



- 99 -

such that the peak fo be measured was as sharp as possible and well
resolved from other peaks. The graph was usually a étraight line,
though, in some cases, it became a curve when large amounts were
injected and the flame overloaded. Typical calibration graphs

aré shoﬁn in Fige. 2.14 « 2.16. Other calibration facfors are
tabulated below. Note that when a column was used for long
periods at high temperatures it was recalibrated from time to time.

The following columns were used for analytical purposes:

Stationary Abbreviation % Loading Column
Phase Length

metres
Polyethylene PEGA 10 2.7

glycol adipate

Apiezon L APL 10 2.7
Polypropylene PPG 10 1.5
glycol

Di-nonyl DNP 10 1.5
phthalate ,

Bis-methoxy EA 20 1.5

ethyl adipate

The first three columns were used at several different
temperatures. Calibration factors for each set of conditions are
given overleaf. The heading 'sensitivity' is the number of cm peak
height multiplied by the amplifier attenuation factor corresponding

to one mole of substance injected. This is worked out from the
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gradient of the calibration graph.

Compound Column Operating Nitrogen Sensitivity

Temp. °C. flow em mol™t x 10712
ml min~t

Methyl Tiglate PECA 100 50 1.63 .

Methyl Tiglate PEGA 100 50 2.31 *

Methyl Angelate “APL 150 50 2.58

Acetone PEGA 100 50 2.8

Acetone PEGA 80 50 1.7T1

l-Pentene PPG 100 60 3.37

l-Pentene - PPG 80 60 v 3.29

Acetone PPG 100 60 1.67

Acetone PPG 8o 60 ‘ 1,05

2-Octanone PEGA 150 50 5.45

gjﬁgﬁf‘ PPG 100 60 0.99

2-Pentanone PPG 80 60 0,537

Acetone DNP ‘ T0 55 0.857

2-Pentanone APL 139 _ 50 2.59

Acetone APL 130 50 2.16
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Column calibrations ... continued

Compound Column Operating Nitrogen Sensitivity

Temp, °C. Flow em mo1~t x 10™12
ml min~t

2-Pentanone PPG 100 60 0.909

Acetone EA 100 15 0.82

2~-Pentancne ' EA 100 15 0.79

2-Octanone PPG 150 60 0.833

2-Octanone APL 130 50 0.676

Cyclohexene PEGA T0 50 1,04 *

Acetone DNP 60 50 0.254

* Calibration graphs curved at higher concentrations. Figu?e quotéd
is from linear part of calibration graph.

Certain sensitivities quoted changed with time and new
calibrations vere carried out, The corrected values are used in
calculation of results where necessary.

Fig. 2.14 is the calibration graph for methyl tiglate on
PEGA et 100°. Fig. 2.15 is the curve for methyl angelate under

the same conditions.

Fige 2.16 shows a typical linear calibration curve for

acetone on PEGA at 100°.
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3. PHOTOISOMERISATION: RESULTS

- 3.1 Spectra
U.Ve, I.R., N.M,R. and mass spectra of methyl tiglate and

the isomer produced by preparative photolysis of methyl tiglate
(Section 2.2(b)) were taken as confirmation of structure. These
spectra are shown in Figs. 3.1 to 3.7. It can be seen by inspection
of these spectra.l that the compound prepared from methyl tiglate is
indeed the cis isomer, methyl angelate. ('Cis' here refers to the
two bulkiest groups being on the same side of the double bond).
Spectra were obtained as described in Section 2.11.

The ultra-violet extinction coefficients for the two isomers
are tabulated below. They were measured in cyclohexane solutions

prepared by quantitative dilution.

Amax. emax. e25h
Compound
nm 1.mol Yem™t 1.mol™ Yem™t
Methyl Tiglate 216.5 10.5 x 103 130

Methyl Angelate 218 T.85 x 103 174

In a polar solvent, ethanol, the maxima of the U.V.
“‘absorption peaks are very slightly shifted to the red and the peak is
broadened slightly. There is no sign of a weak n-n* transition in

either solvent. In ethanol Amax. for methyl tiglate is at 218 nm and
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for methyl angelate Amax, = 219 nm., As in cyclohexane the long
wvavelength tail of the spectrum extends further for methyl angelate
than tiglate. Ko extinction coefficients were measured in ethanol.
The - only quoted values concerning the absorption spectra of methyl
tiglate ang'methyl angelate are for ethanol solution when higher

1 ] 2
values for emax. were obtained

methyl tiglate : Amax. = 215 nm, € = 1,12 x 10h l.mol'lcmf;

methyl angelate: Amax. = 217 nm, € = 9.1 x 105 l.mol™tem™>
Although these values are slightly different from those

above the qualitative trend is the same.
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3.2 Preliminary Photolysis

As a preliminary experiment, capillary tubes were filled
under vacuum with a 10% solution of methyl tiglate in cyclohexane,
the methyl tiglaﬁe having been purified by preparative gas chfomato-
graphy as described in Section 2,2(b). The tubes wvere photolysed
for 10 to 300 min with the unfiltered high pressure mercury lamp at
25°¢C. The‘reaction mixture was analysed on PEGA columns at 100°C by
injecting 1 microlitre samples. A typical chromatograph trace is
shown in Fig. 3.8. As photolysis time increased, the peak
corresponding to methyl tiglate, (I), dropped and the peak (II)
appeared. This was shown to be methyl angelate by preparative scale
vhotolysis as already described. Under these chromatograph conditions
the retention time for methyl angelate was 3.4 min and for methyl
tiglate 5.2 min. A further peak, (III), with a shorter retention
time (2.6 min) was slowly produced and this built up to an appreciable
concentration after long irradiation. The other small peak shown
in Fig. 3.8 was an imﬁurity present in all these solutions'and did
not change with time. Fig. 3.9 shows a plot‘of these results. The
results are only qualitative as the;peak heighfs are not corrected for
detector sensitivity. As can be seen, the methyl angelate is
produced quickly at first but is then consumed to produce the product
(III) after prolonged irradiation.

In another experiment starting from methyl angelate, methyl
tiglate was produced rapidly and (III) was produced linearly with
time; there being no induction time as was observed with methyl

tiglate. Such an experimental curve is shown in Fig. 3.10. Note
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that the conditions used in this experiment were different from
those used to obtain Fig. 3.9. These points were obtained by
irradiating capillaries filled under vacuum on the merry-go-round
apparatus using monochromatic light. In both cases no other
products were detected on the gas chromatograph other than those

mentioned,
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3.3 The Nature of Product III

A small volume of 10% methyl angelate solution in cyclo-
hexane was photolysed for 4 hours with the unfiltered high pressure
lamp. The resulting mixture of angelate, tiglate and unknown was
analysed on the mass spectrometer and coupled gas chromatograph (See
Section 2.11) so that a mass spectrum of the compound (III) was
obtained, This is shown in Fig. 3.11. To confirm the structure
of (iII) a preparative photolysis of a 10% solution of crude methyl
tiglate in pentane was carried out. After 24 hours the reaction
mixture contained an appreciable amount of (III) and this was then
separated from the other isomers and impurities by preparative gas
chromatogréphy, using & PPG column at 145°C. About 0.5 ml of
compound (III) was isolated and was found to begbout 95% pure; the
other 5% being mainly methyl angelate. It was not possible to remove
all the latter as the two compounds were eluted very close together
on the chromatograph.

N.M.R. and I.R. spectra of (III) are shown in Figs. 3.12 -
13. A U,V, spectrum was also taken but this was merely a spectrum
of the methyl angelate impurity. (i.e. Amax, =218 nmand e = th
assuming 5% solution of methyl angelate). No other absorption bands
were seen in the U,V. This is consistent with (III) being & de-
conjugated isomer of methyl tiglate as a non-conjugated ester would
“absorb only very weakly above 200 nm and would be obscured by traces
of conjugéted impurity. From analysis of the mass spectrum, N.M.R,

and I.R. spectra it seems that the unknown compound is the B,y-
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unsaturated ester formed by dé-conjugation of the v system.

B _ CO,CH,
CH;=CH=—CH_ -

3 (3-carbomethoxy~-but-1-ene)

Comparing the mass spectra of (III) with those of methyl
angelate and methyl tiglate it is apparent that the unknown is an
isomer of these two. The main difference between the mass spectrum
of (III) and of methyl angelate is the increased sbundance of the
fragment with m/e = 59, This can be assigned to loss of the
carbomethoxy group which is no longer conjugated to the double bond.
The position of the carbonyl stretching mode in the infra-red
supports the idea that the ester garbonyl is no longer conjugated.

The N.M.R. spectrum confirms that the structure is as

shown above and not ¢

CH, COCH
Sc—c 2 °®
H- CHy

This follows from the position of the multiplets corresponding to

single protons, The triplet at Tt is assigned to the proton

attached to the a-carbon and the multiplet at 4.2 v is assigned to the

- proton attached to the B8-carbon. In the alternative structure there

is only one single proton.
From plots 330 and 3.9 it is clear that the percursor of

this B,y-unsaturated ester is methyl angelate and not the tiglate.
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As a guide to the mechanism of this reaction a 10% solution of
methyl angelate in MeOD (Koch-Light, 'puriss') was photolysed at
254 nm in the semi-micro apparatus and the resulting de-conjugated
product was analysed on the coupled V.P.C. = mass spectrometer.
The spectrum obtained is shown in Fig. 3.14, It can be seen that
the molecular ion and base peak are increased by one mass unit
compared to those of (III)., The spectrum is consistent with the
incorporation of a deuterium atom on the a-carbon atom. (This is

discussed in Chapter 5.).
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3.5 Photolysis of 313 nm

The U.V. spectrum of a 5% solution of methyl tiglate in
cyclohexane (by volume) was taken. There appeared to Se some
ahsorption of 313 nm though this was probably due to traces of
impurity in the ester. As a check, this solution was photolysed
for 3h in the semi-micro apparatus using the medium pressure lamp
and 313 nm interference filter. There was no change in the initial
- small concentration of methyl angelate present. It vas therefore
concluded that the absorption was due to an impurity which did not
sensitise the reaction. This is borne out by the observation that
if the absorption was due to methyl tiglate the extinction coefficient

would be less than 1 l.mol-lcm-l, vhich is unlikely,
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3.4 Thermal Isomerisation

Samples of pure methyl tiglate in quartz capillary tubes
under vacuum were heated in the oven of a Pye 10k gas chromatograph
for known lengths of time in an attempt to follow the first order
thermal isomerisation in the same way as Calvin and Alter did with
stilbene derivatives.3 This oven represented an accurate air
thermostat with a range from room temperature up to hOOOC and a
temperature constant to within * 1°C. At 100°C there was no |
apparent reaction after 18 h., The same was true over the same
time at 175°C. WVhen the tubes heated to 303°C there was T%
conversiqn after 92 h, Howeyer, at this temperature the contents
of the tube were"present as & vapﬁur at very high pressure so that
measurements under these conditions were probably irrelevant to
solution work at room temperature. Apart from methyl tiglate,
several other unidentified products were observed in the samples
heated for long periods at this temperature., Similar experiments
starting with methyi angelate were equally unsuccessful and no
further attempts were made to study the thermal reaction. Clearly

the energy barrier to rotation around the double bond is considerable.
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3.6 Actinometry in Capillaries

In order to determine the quantum yields of processes
taking place on the merry-go-round apparatus it was first necessary
to determine the quantum yieid of the secondary actinometer used,
methyl propyi ketone (2-pentanone). This was carried out under
nitrogen on the semi-micro apparatus at 25°¢ using the medium pressure
lamp and 254 nm interference filter. The intensity of the light
incident of the cell was first determined by ferrioxalate actinometry

as described in Section 2.9, Three actinometric determinations

were made,
‘Time of Illumination Optical Density of
min. Phenanthroline Solution
20 0.250
20 0.260
20 0.248
Average = 0.253

The cell dimensions were measured with a vernier scale and the

volume was determined by weighing.

Cell volume = 1.26 em3
Path length = 1.0 cm

Surface area of 2
face = 1.26 cnm'

Using the formulavquoted in 2.9 the measured light intensity at

25k nm = 1,77 x 101h quanta s~tem=2,
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Without changing the position of the cell, the.actihometer
solution was replaced with pure 2-pentanone which was photolysed
under a stream of purevnitrogen after purging of oxygen for 30 min.
Acetone production was followed by injecting 1 microlitre aliquots

onto PECA at 100°C. The resulting data is shown in Fig. 3.15

Time, min Peak Ht, Acetone, cm
0 35
60 : 300
98 550
213. 1220

334 1790

Gradient of straight line plot = 5,28 em nin~t

12

Sensitivity = 2,48 x 107" em mo1™t

«’e Acetone formed per cell per minute = 2,68 x 107 mo1
«’+ Quantum yield of acetone formation from 2-pentanone = 0,121
Sedlarh found a value of 0.123 for the same quantum yield at 313 nm.

In gas phase work, Wettack and Noyess

found that this quantum yield was
virtually independent of wavelength between 313 and 254 nm though their
value was somewhat higher. There is no reason to expect the quantum

yield of such a reaction to be the same in both pure liquid‘ketone and

the gas phase at relatively low pressures, The value of 0.121 was
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therefore used to calculate all quantum yields in capillarieé.
The extinction coefficient of 2-pentanone at 254 nm was

1cmf1. Therefore, applying Beer's lLaw,

measured to be 8.56 l.mol”
the optical density of a 0.025 em column of pure 2-pentanone is 2.1,
i.e. absorbs >99% of incident light. From simple geometrical
considerations it can be shown that parallel chords of length 0.25 mm
enciose 99.3% of the area of a circle 1.0 mm in diameter. If capillary
tubes of 1.0 mm internal diameter are assumed to be perfectly circular
in cross-section, then it is clear that 99% ofasample of pure

pentanone in such a capillary will absorb 99% of incident light at

254 nm. Applying the‘same arguments, the minimum concentration

of methyl'tiglate that can be assumed to be absorbing 100% of incident
light is 0.5 mol 1.7  ina capillary tube.

In order to measure the quantum yield of isomerisation in
capillaries the amount of acetone produced from 2-pentanone was
determ;ned after measured irradiation times on the merry-go-round.

The quantum yield of isomerisation was then calculated from the

expression ,

¢ = 0,121 x moles of product formed per minute per microlitre

moles of acetone formed per minute per microlitre
Pentanone actinometer tubes were photolysed periodically during the
experiments with the merry-go-round apparatus., The rate of
* production of acetone was found to vary randomly about an average value
1

of 1.59 x 10'9 mol min-lul' « The reasons for this variation were not

clear though a certain amount of inaccuracy was caused by decomposition
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in the stored tubes which were filled at one time and kept in a
refrigerator. This was corrected for by measuring a control tube
with every photolysis, but may not have been completely eliminated
as a source of error. It was assumed that the lamp delivered a
constant output after a short warm-up period but variations may
have been caused by ageing of the acetic acid filter, although this
was changed regularly. The average value for the rate of acetone
production was used in calculations and this corresponds to an
intensity of 1.0 x 1016 quanta s len™2 on the surface of the

rotating cylinder.
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3.7 Photolysis on Merry-go-Round, Temperature Variation

A series of quartz capillary tubes were filled with a
solution of methyl tiglate in pure cyclohexane under vacuum. These
tubes were then photolysed on the merry-go-round (Section 2.7(e)) at
three temperatures, 26°, 35° and 50°C to see if temperature had any
effect on the quantum yield of isomerisation. The concentration was
chosen so that all incident light was absorbed by the solution. For
low conversions to methyl angelate the formation of the de-conjugated
ester was unimportant and was not followed in these experiments.

The acetic acid filter solution was changed regularly to
maintain a constant intensity. Without this filter, a similar rate
of isomerisation was seen but several unidentified new products were
seen with retention times on PEGA greater than methyl tiglate. With
the filter 185 nm light was cut off (checked on SP800) and these
other products were not formed. |

As has already been mentioned in Section 2.7 difficulties
arose in uniform filling of the capillaries by the vacuum rilling
method. Within a batch of tubes filled with a given solution of
methyl tiglate in cyclohexane there was found to be a cénsiderable,
variation in concentration. Once filled a tube could not be
analysed until after photolysis, when it was broken open and sampled
on the gas chromatograph. This variation was found to be t 10%.
Consequently all experiments involving capillary tubes filled by
this method were subject to considerable random veriation in

o
composition which combined with a sampling error (estimated at t 3%
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by injecting repeated samples of the same solution) led to high
scatter in the results, However these results are included as the
semi-micro method was not developed until later in the work and,
despite large errors, they give a fair quantitative picture of the
systen,

3.7(a) Photolysis at 25°C

Concentration of methyl tiglate = 1,0k Molar in cyclohexane.
Analysis on PECA at 100° with 1 microlitre aliquots (see

sensitivity curves).

Fig. 3.16
Photolysis Peak Ht., Peak Ht. gm gn Total % Angelate
time Angelate Tiglate Angelate Tiglate Isomers
min cm x 1o‘h cm x 10-h x 10° x 10° gn x 10° Total
10 6.0 116 0.28 11.0 11.28 2.5
20 14,2 119 0.67 11.4 12,07 5.5
40 22,4 - 115 1.0 10.9 11.9 8.b
60 35.0 110 1.7 10.2 11.9 14,3
135 56.0 100 3.0 8.8 11.8 25.h

200 T7.0 92 4,5 T.8 12,3 36.6

N.B. In the above table, as in all following results, 'peak height'
includes the attenuation factor of the detector. It will be

feferred to by the abbreviation P,H, in following tables.



Fig.3.16

9/, Angelate
40r |




- 118 -

The last oolumn expresses the amount of'angelate produced as a
percentage of the sum of angelate and tiglate measured in each tube
to smooth out variations due to variations in initial concentration.
Note that in this case mole % and gramme % are the same thing as the
molecular weight of angelate and tiglate is the same.

3.7(b) Photolysis at 35°C

Initial tiglate concentration = 1.07 Molar. Analysis as

in (a)
Fig. 3.17
Time P.H. P.H. gm gm Total % Angelate
min Angelate Tiglate Angelate Tiglate Isomers
cm x 1o‘h cm x lo-h x 10° x 10° gn x 10° Total
5 3.12 122 0.1k 12,0 12,1k 1.1
10 6.4 126 0.30 12.6 12,9 2.3
15 11.0 126 0.52 12,6 13.12 4.0
20 15.0 124 0.71 12.2 12,93 5.8
25 16.6 '120 0.79 11.6 12.4 6.4
35 22,2 116 1.07 10.4 11.47 9.3
60.5 36.0 114 1.7 10.8 12,5 13.6
120 60.0 97.5 3.2 8.5 1.7 2T.3
180 T2.0 91.0 b1 TeT 11.8 34,7
250 82,0 89.0 4.8 7.k 12.2 39.3

300 86.0 83.0 5.2 6.8 12.0 k3.3
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3.7(c) Photolysis at 50°C

Initial tiglate concentration = 1.12 Molar.

Analysis as in (a)

Fig. 3.18
Time, P.H, ~ P.H, gn gm Total %Angelate
min Angelate Tiglate Angelate Tiglate Isomers
cm x 1o'h cm x 10‘“ x 10° x 10° gn x 10° Total
13 10,0 124 0.4T 12.2 12,67 3.7
20 15.8 128 0.75 12.8 13.55 5.5
29 20.8 123 0.90 12,0 12,90 7.0
L2 24.0 130 1.1 13.2 13.31 8.3
48  35.0 112 1.7 © 10,4 14.0 14,0
60 41.0 123 2.0 12.0 12.1 1L.3
90 L7.0 108 2.4 2.9 12.3 19.5

120 59.0 99 3.1 8.7 11.8 26.3

3.7(4) Surmary

The quantum yields are obtained from the initial slopes
of the plots of percentage angelate against time of photolysis.
(Figs. 3.16 - 3.18). The curvature shown by these plots is
presumably due to the back reaction, angelate to tiglate, The
determination of the initial slope was simplified by plotting

reciprocals., It was found that for low conversions there existed a
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linear relationship between the reciprocal of the time and the

reciprocal of the % angelate formed.

i.e. 1 a

vhere A = % angelate formed, t = time and a and b are constants

rearranging, dA a

a " Tav+ bt)2

o'« Initial slope when t = O is given by :

dA 1
— 8 -—
at a

This is the reciprocal of the slope of the reciprocal plot so that
the initial §lope can be obtained from the linear plot. Such a

" reciprocal plot for the results at 35°C is shown in Fig. 3.19 vhere
the reciprocal points are taken from the best curve through the

original data. The results are tabulated below :

Initial Temperature Initial Slope Rate of production

concentration °c % min of angelate, ¢

of tiglate mol min-:l'ul.'1

mol 1.”1
1.04 26 0.260 0.270 x 1o"8 0.206
1.07 35 0.264 0.282 x 10'8 0.216
l.12 50 0.265 0.297 x 10"8 0.226

The quantum yields were calculated from an assumed intensity of
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6

1.0 x 10% q et en2 as explained in 3.,6. The observed variation
in @ corresponds to an activation energy of about 1 kJ mol-l.
However, bearing in mind the experimental errors involved from

various sources, it is possible that this variation is spurious,
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3.8 Photolysis on Merry-g¢ o-Round, Concentration Dependence

The influence of concentration of methyl tiglate on the
rate of isomerisation at 35°C was investigated by photolysing a
series of tubes filled under vacuum on the merry-go-round apparatus
as in 3.6, All analyses were on PEGA at 100°C with 1 mierolitre

aliquots,

3.8(a) 0,510 Molar methyl tiglate Fig. 3.20

Time P.H, P.H, gm gm Total % Angelate
min Angelate Tiglate Angelate Tiglate Isomers
em x 107 em x 107 x 10° x10°  gm x 10° Total

15 8.9 TL.0 0.35 545 5.85 6.0

31 16.6 65.5 0.7 5.0 5.7 12.3

L3 f 25.2 68.5 1.1 5.2 6.3 17.5

71 34,0 60.5 2.0 h.s 6.5 30.8
107 35.0 . 52.0 2.1 3.8 5.9 35.6
127 ko.5 | 47.0 2.0 3.4 5.b 37.0
150 k4,0 45.0 2.6 3.2 5.8 L4.8

226 52.5 k1.5 3.2 2.9 6.1 52.5
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3.8(b) 2.20 Molar methyl tiglate Fig. 3.21

Time P.H. P.H. gn gn Total % Angelate

min Angelate Tiglate Angelate Tiglate Isomers
em x 107 em x 10°% x 10° x 10°  gm x 105 Total
20 14.0 194 0.55 27.8 28.3 1.9
35 31.6 178 1.5 23.6 25.1 6.0
15 47.0 178 2.3 23.6 25.9 8.9
87 48.5 172 2.5 22.0 2L,5 10.2
148 69.5 166 3.9 20.4 24,3 16.0
186 188.0 156 5.b 18.0 23.4 23.1
268 105 150 6.9 17.0 23.9 28.9

3.8(ec) 2.67 Molar Methyl tiglate Fig.3.22

Time P.H. P.H. gn gn Total % Angelate
min. Angelate Tiglate Angelate Tiglate Isomers
em x 107 em x 107% x 10° x 10°  gm x 10° Total
30 " 1T7.6 196 0.75 28.6 29.3 2.5
58 30.5 202 1.k 30,2 31.6 L.}
81 38.0 196 1.8 28.6 30.4 5.9
101 7.5 194 2.4 28.0 30.4 7.9

130 55.5 192 2.9 2T.b ~30.3 9.6
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3.8(d) 3.33 Moler methyl tiglate Fig. 3.23

Time P.H. P.H. gn gn Total % Angelate
min Angelate Tiglate Angelate Tiglate Isomers
em x 107 cm x 10 x 10 x 10°  gmx 10° Total
18 10.2 220 0.48 36.L 36.9 1.3
ko 2k,0 21k 1.17 3.4 35.6 3.3
65 33.0 21k 1.67 344 - 36. k.6
8o 0.0 220 2.09 36.4 38.5 5.4
168 82.0 220 4.8 36.4 h1.2 11.6
256 106 208 7.0 32.4 39.L 17.8

3.8(e) Summary
As in 3.7 initial slopes were measured and quantum yields
were determined using the intensity calculated in 3.6. These are

tabulated below

Tgmp. Initial Initigi Slope Rate of formation
C Concentration % min of angelate ¢
of Tiglate mol min 1 1
Molar microlitre”
' x 10
35 0.510 0.k31 0.220 0.166
35 1.07 0.26k4 0.282 0.216
35 2,20 0.106 -~ 0.233 0.178
35 2.67 0.091 0.243 0.184




_’°/oAngelate

[ { o a A -

R . . N | { N a o N
O 100 200

Time/min



- 125 =

3.9 Semi-Micro Apparatus; Variation of Concentration

The results in 3.8 suggested that there may be a
concentration dependence but they were not sufficiently reliable
to deduce anything from them. When the semi-micro technique was
devised it was decided to repeat these results. Various
concentrations of methyl tiglate were photolysed in this apparatus
(See Section 2.8) using the medium pressure lamp and 254 nm
interference filter. Under these conditions conversions were very low
and no curvature was observed on the production versus time graphs.
A small concentration effect was observed due to evaporation of the
solvent after long photolysis times. This was corrected for by scaling
to the feak height of a small impurity peak used as an internal standard.
By this means good straight line plots were observed.

2

3.9(a) 3.51 x 10" Molar methyl tiglate

Analysis on PEGA at 100° using 1 microlitre samples,

Photolysis temperature = 35%C.

Intensity measured by ferrioxalate = 1.77 x lolhq s tem™?
Fig. 3.24
Time P.H. Angelate
min em x 1072
0 6.5
30 T.5
80 8.7
120 10.5
154 11.9

200 ' 13.2
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3.9(b) 0.360 Molar methyl tiglate

35°C, Analysis as in (a). Cell position altered and
1k

intensity changed to 1.05 x 107 q s-lcm-2 as measured by ferrioxalate

actinometry.

Time P.H. Angelate
min em x 1072
0 0.3k
30 1,0
43 1.2
50 1.6
68 '1.9
93 2.k
121 3.0
142 3.4

3.9(c) Molar methyl tiglate

3500. Analysis as in (a). Intensity as in (b).

Fig. 3.26
Time P.H. Angelate
min em x 1072
3 1.k
53 2.5
102 3.7
154 5.2
201 5.8

231 6.8
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3.9(d) 1.96 Molar methyl tiglate

As (c).
Fig. 3.27
Time P.H. Angelate
min em x 1072
0 6.6
Lo T.h
82 8.4
102 8.75
139 9.6

3.9(e)  Summary
Using the tabulated chromatograph sensitivity (Section 2,12),
the quantum yields were calculated using the intensities measured,

Theée_are tabulated below.

Initial Tiglate Intensity Slope of
Concentration q s"lcm"2 Production Graph ]
 Molar x 10-lh em min~tp1~t
0.0351 1.77 3.37 0.083
0.36 1.05 2.20  0.091
1.04 1.05 2.k0 0.098
1.96 . 1.05 2.16 0.090

There appears to be no variation of quantum yield with
" concentration. The average value measured in this apparatus is found

to be 0,090 ¢ 0,003 : R
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3.10 Effect of Solvent

A solution of methylltiglate 0.42M in purified ethanol was
photolysed in the semi-micro apparatus at 35°C to see if a hydroxylic
solvent had any effect on the quantum yield of isomerisation at
254 nm,

" Analysis on APL at 150°C with 1 microlitre samples.

Intensity = 1.05 x 1olh q s tem™2

Fig. 3.28

Time P.H. Angelsate

min em x 1072
0 0
48 1.0
90 2,2

125 2.8

152 3.k

177 4,2

Slope = 2.30 cm min™+

. s =12 -1 . =1
.« Rate of production of angelate = 0,89 x 10 “mol yl min
o.o ¢ = 00086

This is, within experimental error, the same as the value

found in cyclohexane,
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3.11 Low Temperature Photolysis

As described in Section 2.6 an attempt was made to measure
the quantum yield of isomerisation at low temperatures. A solution
of methyl tiglate, 0.42M in ethanol, was degassed on the vacuum line
and sealed into the special cell. It was then photolysed for 315 min
at 195K (acetone and solid 002) with a small spiral low pressure
mercury lamp mounted in a housing, fitted with a quartz window and
flushed with nitrogen. When opened and analysed the amount of
angelate present was given by a peak height of 1.k x 103 cm per
microlitre on PEGA at 100°C. This was such a low conversion that it
wvas difficult to measure with accuracy as the solvent peak overlapped
the methyl angelate peak to some extent, A control was run at room
temperature under the same conditions #nd this‘gave a peek height of

angelate = 7.0 x 103

em after 1320 min, When the errors are taken
into consideration it would seem that the reduction in temperature
had little, or no effect on the quantum yield. Further attempts to

study the effect 6f low temperatures were abandoned.
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3.12 Methyl Angelate to Methyl Tiglate Isomerisation

A sample of pure methyl angelate was prepared and identified
as previously deécfibed (Sections 2.2 and 3.1). Solutions of this
compound in cyclohexane were phatdlysed by both capillary and semie-
micro’techniques to determine the quantum yield of the reverse

isomerisation,

3.12(a) 1.75 x 1072 mole litre~t methyl engelate

35°C. Analysis on PECA at 100°c. Semi-miero technique.

Intensity = 1.77 x 10lh q s lem™2,

Fig. 3.29

Time P.H. Angelate
min cm

0o o}

35 47,9

65 60.5
109 106.5
135 138
167 168

Production of (III) negligable.

¢ = 0,032k

As in the case of the reverse reaction the values found in
capillafies were higher than this. They are set out below,

3.12(b) 1.83 Molar methyl angelate and 1.10 Molar methyl angelate

Analysis as in (a). Merry-go-round at 35°C. Intensity

as in 3.6.

The sensitivity was measured approximately for compound (III)
on PEGA at 100°C as being 2.2 x 10%em mo1~?..
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Time Initial P.H. P.H. egm gm gm Total % Tiglate %(III)
min molarity Angelate Tiglate Angelate Tiglate (111) Isomers
of methyl cm x 107 emx107t x 10? x 10° _t x 10° gm x 10° Total Total
angelate
0 1.83 196 0.1 20.8 0.01 0.08 20.9 0.05 0.38
15 .~ 1.83 202 3.7 21.8 0.23 0.11 22.1 1.0k 0.49
30 1.83 195 5.5 20.5 0.35 0.15 20.9 1.67 0.72
L5. 1.83 202 8.3 21.8 0.55 0.17 22.5 2.4 0.76 ,
58 1.83 200 8.9 21.5 0.60 0.19 22.3 2.69 0.85
98 1.83 190 1h.b 19.k 0.97 0.26 20.7 L.68 1.26 !
0 1.10 152 0.1 12.6 0 0.05 12.6 0 0.k%0
33 1.10 147 6.8 11.9 0.h2 0.11 ‘12.h 3.4 0.89
‘58 1.10 138 13.5 10.7 0.90 0.19 11.9 7.6 1.59
B 1.0 146 16.2 1.5 1.10 0.22 12.8 8.6 1.72
103 - 1.10 145 18.L 11.6 1.27 0.25 13.1 9.7 1.91
166 1.10 134 - 28.6 10,0 2,05 0.41 12,4 16.5 3.30
2ko 1.10 127 Lo.0 9.3 2.81 0.55 12.7 22,2 4,33

Figs. 3.30, 3.31.
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3.12(¢) Summa
From Figs. 30 and 31 the following quantum yields were
calculated.
Initial Initial Slope Initial Slope @ 1)
conc, of of Tiglate of III Ang.» Tig. Ang.+> I1I
Angelate, M Production Production
4 min~t % min~t
=2 -2
1.83 5.8 x 10 0.85 x 10 0.081 0.0119
1.10 1.4 x 1072 1.65 x 1072 0.095 0.0138

- Although these values differ considerably from the value

obtained in (a) it is observed that the ratio of the quantum yield of

isomerisation to that of de-conjugation is the same in both cases

above, 6,8.
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3.13 Photosensitisation - Preliminary experiments

3.13(a) A solution of 0.614% mol litre™! methyl tiglate in
cyclohexane containing 20% (by volume) acetophenone was photolysed
at 313 nm with the medium pressure lamp and interference filter in

the semi-micro apparatus. 1 microlitre portions were analysed on

PEGA at 100°.

Figo 3.32
Time P . H . Angelate
min em x 1072
0 16.5
30 31.5
60 47.5
87 57.8
227 127
243 138

" 3.13(b)  The same solution was then photolysed with the 366 nm

filter in the same experimental arrangement.

Fig. 3.33
Time P.H. Angelate
min em x 1072
0 146
63 228
104 285
126 320
155 350

207 k20
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This solution was then photolysed for a further 16h, by
which time the angelate represented about 10% of the total ester
concentration. No trace of compound (III) was seen even at the
maximum possible sensitivity of the detector. It was concluded
that (III) is not formed in the photosensitised reaction. The
results above show that it is a genuine photosensitised reaction
as methyl tiglate does not itself absorb at either wavelength.

The intensity at 313 and 366 nm was not measured but that
at 258 nm = 1.77 x 10lh q s'lcm-2. If the ratios of intensities
wvas as was later determined then I313 = 8.0 x 101h qQ s-lcm_2 and
1366 = 22.5 x 1olh q e lem™2,  From the slopes of Figs. 3.32 and

3.33 the quantum yields are therefore 0.267 and 0.257 respectively.
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3.14 Absorption Spectra in Ethyl Jodide

In an attempt to get some approximate measure of the triplet
energy of methyl tiglate, the U.V. spectrum was recorded in freshly
distilled ethyl iodide (10% solution). In such a heavy atom solvent
singlet to triplet transitions become possible due to perturbation
effects (See for example Ref.6). A weak absorption band vas seen
on the long wavelength end of the ethyl iodide cut-off which was
shown to be due to the methyl tiglate. The onset of this absorption
was at 400 nm. No such absorption was observed in the same strength
solution in hydrocarbon solvents, though it could possibly have been
caused by traces of impurity in the ester. U400 nm corresponds to an
eneréy of 300 kJ mol™} (71.5 keals mol™l), As a check on this
experiment it was found that the onset of absorption of benzophenone
corresponded to a triplet energy of 292 kJ mol'l as compared to the
published value of 289 kJ xuol'l from phosphorescence measurements.

This result. suggests that the triplet energy of methyl
tiglate is around 300 kJ mol™, This is of the order expected and
fits in with photosensitisation results described overleaf. The
reliability of this energy is open to question, however, due to the
fact that the ethyl iodide ié absorbing strongly at the poéition of

the methyl tiglate absorption seen.
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3.15 Benzophenone photosensitisation

Photolysis of a solution, 2.78 x 10~y methyl tiglate and
0.394% M Benzophenone in cyclohexane. Photolysis at 25°C on semi«

micro apparatus at 366 nm. Analysis of 1 microlitre samples on

PEGA at 100°C.

Fig. 3.34
Time P.H. Angelate
min em x 1072
0 10.2
Ly 34.5
T1 50.5
88 - 58
10k 67
126 Th
1h3 8T
232 116
294 160

Slope of production curve = 51 cm min~t

b oo-1 -
1 q 2

Intensity measured by ferrioxalate = 15,70 x 10 8 “em

«*e Quantum yield = 0,1kl

To obtain a value for the photostationary state & small

amount of methyl angelate was added to this solution so that the

1 . The

solution was then photolysed for a further 189 min when a constant

total concentration of ester was 4.2 x 10-2 mol litre”

composition was obtained. This stationary composition was 52.9%
tiglate.
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3.16 Other Sensitisers

Other compounds of different triplet energy were tried
as sensitisers for the isomerisation. Biphenyl (ET = 275 kJ mol-l),
naphthalene (ET = 254), benzil (ET = 224) and pyrene (ET = 204) were
all tried under conditions where they absorbed all incident light
at 313 nm. None of them acted as photosensitisers and no reaction
vas observed. Acetone (E, = 330 mol-l)8 was found to be an
effective photosensitiser. A solution cohtaining 6.6 x ZLO-2 mol
1:i.1:re-l methyl tiglate and 1.37 mol litre-l acetone was photolysed

at 313 nm and 25°C on the semi-micro apparatus. Analysis on PEGA

at 100°c.
Fig. 3.35
Time P.H. Angelate
min em x 1072
4 0.h
25 T.0
k1 12.2
78 22,5
102 | 30.0
124 36.0
171 45.5
178 50.5
218 €2.0

Intensity = 4,74 x 10lh qQ s~ lem™?

Slope = 28,5 cm min™l .. 4 = 0.260
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In order to find the photostationary state with acetone,
the intensity was increased by illuminating the cell from both
sides using the high pressure lamp and another 313 nm interference
filter as an additional source of light. In this way the light
entering the cell was increased tenfold and equilibrium conditionms
were reached much more quickly. The photostationary composition
of the above solution was found to be 50.3% methyl tiglate. 1In
the same way, that of a solution of 6.6 x 1072 mol litre~t methyl
tiglate in 10% acetophenone in cyclohexane was measured to be
49,8% tiglate.,

9, 10 -« Anthraquinone (ET = 263 kJ mol-l)7 vas found to
be ﬁn inefficient photosensitiser for the isomerisation. A solution

containing 2 mgm of anthraquinone (9.6 x 10'“

mol litre-l) in 10 mls of
a 6.6 x 2!.0"2 M solution o f methyl tiglate was photolysed at 313 nm

in the semi-micro apparatus at 25°¢. Anslysis on PEGA at 100°¢.

Time P.H. Angelate
min em x 1072
o0 0

139 ‘ 3.5
167 k.0
202 5,0
2h3 6.25
260 6.5
303 T.5

Slope = 2.5 cm min~1 ul"l

Intensity = 5.61q s~lem™2 .+, ¢ = 0.019
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It was noticed that the production of two unknown side-?roducts
ﬁroceeded at about 10 times the rate of isomerisation. These
products were probably oxetanes. The low quantum yield of
isomerisation reflects this side reaction. =The exact nature of

the addition products was not investigated.
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3.17 Attempts at Quenching Photosensitisation

A series of experiments was planned to try to determine
the dependence of photostationary state composition on azulene
concentration in the benzophenone photosensitised reaction. The
concentrations were arranged so that the benzophenone was absorbing
more than 90% of the light. When such an experiment was carried
out it was found that after 8h illumination at 313 nm the methyl
tiglate and angelate had both been consumed to an extent that the
total ester concentration was less than 10% of the initial
concentration. The original deép blue colour of the azulene had
also been dissipated and a light blue fluorescence was noticed on
irradiation at.313 nm. At least three new product peaks were seen
on the chromatograph. The same reaction was observed at 366 nm,
This series of experiments was therefore abqndoned.» Vhen
naphthalene was used instead of azulene a similar reaction leading
to depletion of the ester was observed and no stationary state could

be established. No attempt was made to identify the products of

these complex reactions.
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3.18 Effect of Benzophenone Concentration on the Photosensitised

Isomerisation

As part of a more detailed study of the benzophenone
sensitised isomerisation it was decided to investigate the effect
of benzophenone concentration on the isomerisation, if any.

1 x 10~2M solutions of methyl tiglate in cyclohexane
wvere made 0.5 to b x 10-2M in benzophenone and photolysed at 313 nm
and 25°C in the semi-micro apparatus. Analysis was on PEGA at
100°C, using 1 microlitre samples. Due to breakage, & new cell

vas used. This was 1.0 cm path length and 1.302 cm3 in volume,

Fige. 3.36
Time P.H. Angelate Concentration

min em x 1072 of benzophenone
mol 1.7 x 10°

0 1.6 k.0

39 6.0 k.0

137 16.5 k.0

223 22.5 k.0

348 30.5 4.0

0 ‘ 0.8 2.0

56 6.2 2.0

99 9.5 2.0

134 4.0 2.0

149 1k.5 2.0

233 19.4 2.0
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Fig. 3.36 - continued
Time P.H. Angelate Concentration
min ' em x 1072 of benzophenone
. mol 1.71 x 102
0 1.k 1.0
L5 4.6 1.0
68 5.4 1.0
86 T.0 1.0
11k 8.2 1.0
209 12,8 1,0
253 13.8 1.0
267 14,5 1.0
0 1,k : 0.5
18 2.k 0.5
L5 h.Y 0.5
63 : 4.8 0.5
75 5.2 0.5
90 6.6 0.5

These data are shown in Figs. 3.36 - 37.

The results are summarised overpage.
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Molarity of Slope 1 Absorbance % Light Scaled Slope
Benzophenone 'cm min- of solution Absorbed com xnin"1
2

x 10

0.5 5.6 0.30 49.9 11.2

1.0 T.6 0.60 T4.9 10,1

2.0 . 10.1 1.20 93.7 10.75

4,0 11,7 2.0 99,6 11,7

In the above table it can be seen that if the rates are
scaled to 100% absorption of the incident light they approximate to
a constant value. The variation is due to the difficulty in
measuring the initial slopes of the rate plots which are curvead.
(Probably due to consumption of benzophenone by side reactions).

Absorbances (optical densities) were measured on the SP800.
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3.19 Effect of Ester Concentration on Benzophenone Photosensitised

Isomerisation

3.19(a) Solutions of methyl tiglate 1.33 to 6 x 1072 molar in
0.5 x 10-2 molar benzophenone in cyclohexane were photolysed at

25°C and 313 nm in the semi-micro apparatus. Analysis was on

PEGA at 100°. Intensity as in 3.18 = 5,61 x 10lh q s~ lem™2

Time P.H. Initial Conen. Time P.H, Initial Conen.,
min Angelate of Tiglate min Angelate of Tiglate
em x 1072 mol 1.7} x 102 em x 107°  mol 1.7 x 10°
0 1.6 . 2.0 0 6.2 L.0
T1 9.27 2.0 59 4.0 4.0
137 13.6 2.0 73 15,2 k.0
158 16.0 2.0 98 18.0 4.0
221 21.9 2.0 217 31.5 4.0
2Lo 22.1 2.0 489 60.0 )
0 T.6 6.0 0 1.h 1.33
5T - 19.0 6.0 2L 3.8 1.33
76  21.0 6.0 127 10.5 1.33
98 - 26.0 6.0 178 14,5 1.33
111 28.5 6.0 208 17.5 1.33
135 31.7 6.0 229 19.0 1.33

Rate plots for these 4 concentrations are shown in Fig. 3.38,
Taken with the result from Section 3,18 these give five values of the

rate of isomerisation for different concentrations of methyl tiglate.
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Concentration Slope Rate of Production
of Tiglate cm min~t of Angelate
mol 1,71 x 10° mol min~Tu1.”% x 1012
1 5.6 2,42
. 1.33 T4 3.20
2 9.1 3.94
L 12.1 5.2k
6 17.1 T.k0

3.19(b) A similar series of experiments was carried out with methyl

angelate as the starting isomer. As before the henzophenone

2 1l

concentration was 0.5 x 10 < mol 1, — and the conditions were as above,

Time P.H, Initial Concentration
min Angelate of Tiglﬁte‘
em x 1072 mol 1.7 x 10°

0 0.25 1.0

LY 3.5 1.0

62 k.0 1.0

77 L.L 1.0

91 5.6 1.0

137 8.0 1.0
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Time P.H. Initial Concentration
min Angelate of Tiglate
cm x 1072 mol 1.7t x 10°
0 1.6 2.0
37 5.0 2.0
56 Tob 2.0
78 8.4 2.0
90 9.6 2.0
250 23.0 2.0
0 0.75 4,0
15 2.k k.0
37 5.0 L,0
68 8.2 L.0
82 11.6 k.0
102 13,6 L.0
119 15.6 4,0
o} 2.0 1.33
27 3.8 1.33
L5 L.}y 1.33
66.5 6.0 1.33
81 6.5 1.33
96 T.75 1.33

136.5 11.0 1.33
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Time P.H. Initial Concentration
min Angelate of Tiglate
em x 1072 mol 1.7% x 107

0 0 0.83

25 1.5 0.83

39 2.0 0.83

L6 2.2 0.83

64 2.8 0.83

88 k.0 0.83
125.5 6.0 0.83

These data are shown in Fig. 3.39

Concentration of Slope Rete of Production
Angelate em min™t  of Tiglate
mol 1,71 x 10° mol min~tu1,”t x 1012
0.826 L7 2.88
1.0 5.8 3.56
1.33 6.7 4,10
2.0 8.9 5.45
4.0 12.6 T.72




Fig. 3.39
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3.20 Addition Products with Benzophenone

It was noticed that photolysis of solutions containing

methyl angelate or tiglate and benzophenone as photosensitiser
formed two side products which were eluted on the PEGA columns (100°C)
after 9.5 and 11,5 min respectively. (Under the same conditions,
the retention times of methyl angelate and tiglate are respectively
3.4 and 5.2 min). Comparing the rates of production of these peaks
it seems that the first peak is formed more quickly from methyl
angelate than from methyl tiglate, but that the second peak is
produced at similar rates from both isomers. When the temperature
was raised to 50°C it was observed that the rate of isomerisation went
dﬁwn and the rate of production of other products went up. A third
peak with a retention time of 13.4 min appeared after long photolysis
times though this was produced more slowly than the other peaks.

| A reaction mixture containing these three products were
analysed using the V.P,C. coupled to the mass spectrometer with an
SE30 column. As all three compounds were present in minute

L

amounts (approx. 10" ' mol ml.'l) the mass marker could not be used and
so the m/e values quoted may be subject to a certain error. | All the
three compounds had the same molecular weight of 296, corresponding

to one molecule of benzophenone plus one molecule of methyl tiglate.
If they are referred to as'A, B and C in increasing order of retention
times then the most abundant peaks in their mass spectra are listed

below.

A 296, 295, 2b9, 210, 197, 182, 183, 184, 171, 168, 139, 125, 113,
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109, 108, 107, 103, 99, 95, 9%, 85, 81, T5, 67, 53, 39, 32, 28.
Base peak = 171
B 296, 295, 265, 249, 242, 210, 182, 183, 170, 16T, 159, 1k2, 1kl
129, 117, 115, 111, 105, 91, 83, 717, 55, ki, 32, 28
Base peak = 105
c 296, 295, 249, 205, 183, 184, 165, 167, 153, 128, 115,k105, 89,
75, 50, 32, 28 | |
Base peak = 183, Also many metastable peaks,
These fragmentation patterns are difficult to interpret

but peak B can be assigned as the oxetane,

Ph_ .

Ph |
hAe;(:___{::(ZCEhAe
H Me

C may be the other geometrical isomer (cis-trans) of B
produced by slow interconversion from B. The nature of A is obscure
though it may be a Diels-Alder type adduct in which a six~-membered ring
is formed. Graphs of peak height against time for this peek indicate

that it is formed very quickly from the angelate but is not photostable.
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3.21 Quenching Experiments

Several difficulties were encountered when it was
attempted to study the quenching of the direct isomerisation by the
addition of compounds with low triplet energies that could act as
energy acceptors from the triplet state of the ester. Since the
main absorption band of the esters are so far into the blue most
compounds known to possess low triplet levels absordb strongly in the
same region. Commonly used quenchers such as dienes cannot be used
as they have extinction coefficients at 254 nm greater than thaf of
the esters. Most other common quenching agents also absorb at
254 nm, Simple olefins such as l-heptene and cyclohexene were
'purified until transparent at 254 nm. However, when added to solutions
of methyl tiglate and sealed into capillaries under vacuum neither
compound quenched the isomerisation as far as could be seen. The
experiment with cyclohexene was repeated in the semi-micro apparatus
but again no quenching or other reaction was observed. The same

was true with the reverse isomerisation.

It vas shown by Porter and Wright9

that paramagnetic ions
reversibly quench the excited triplet states of many molecules. They
- suggested that this takes place through catalysed inter-system crossing
with overall sfin conservationlo and showed that the rate constants

for quenching were independgnt of magnetic susceptibility. These

ions will also quench the excited singlet states of organic molecules

but as these are generally much shorter lived in solution this will

be less important. Solutions of a series of such compounds were
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made up in ethanol and it was found solutions of NiCla. 6H20
and MnCla. hH20 vere transparent at 254 nm, Other paramagnetic
species tried were either insufficiently soluble in ethanol or not
transparent at this wavelength.

Quenching experiments were carried out using ethanolie

solutions of Nia+ and Mn e

* at 254 nm. The semi-micro technique
had to be used and consequently conversions were low, Ethanol,
being a polar solvent, was eluted from the column with considerable
tailing so that the methyl angelate produced from the isomerisation
of methyl tiglate was largely obscured by the solvent tail. Other
columns were tried and PPG was found to be better but even with this
éolumn the measurements were very inaccurate. Ethylene glycol was
tried as a solvent to remove the problem of tailing but this solvent
wvas not sufficiently volatile to give reproducible sampling at
temperatures low enough to give good separation of the isomers.
Temperature programming was too lengthy to allow samples to be taken
at small time intervals. The éolution eventually adopted was to
use the full mercury arc using only the OXT glass as a filtér. In
this way, conversions high enough to be measured in ethanol despite
~tailing were obtained. It was unlikely that the quencher was
absorbing much of the light under these conditions as the OXT7 glass .
removed most of the very short wavelengths.

The results for MnZ* quenching under these conditions are
given below,

Solutions 1.67 x 102 mol litre > methyl tiglate, photolysed

with full arc at 25°C in semi-micro apparatus., Analysis on PECA at
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100°C. 1 microlitre samples.

Fig. 3.40
Time P.H, Concentration of
min Angelate Mn2*
em x 1072 mol 1.7%
0 0 0
11.5 3.h 0
25 9.5 Y
30 11.5 0
38.5 14,0 0
47 16.0 0
55 20.0 0
0 0 0.205
2k 6.5 0.205
38 10.0 0.205
51.5 14.0 0.205
76 19.0 0,205
82 2k, 7 0.205
96 25.9 0.205
Y 0 0.103
14 L.0 04103
32 8.5 0.103
68 17.5 0.103
76 21.5 0.103
82 22.5 0.103

90 2h.75 0.103
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Fig. 3.40 continued

Time P.H, Concentration of
min Angelate an+
em x 1072 mol 1.7%
0 0 0.016k4
29 9.0 0.0164
35 10.2 0.0164
Ly.s 13.8 ‘0.016h
53 15.7 - 0.0164
60 17.6 0.0164
80.5 24.9 0.0164
101 30.5 0.0164
From Fig. 3.k0
Concentration of Slope Rate of Production
Mn2+, em min~! of angeLgte
Molar mol min~Ty1~lx 10711
0 37.0 1.60
0.0164 30.6 ’1.33
0.103 27.h 1.19
0.205 26.8 1.16

When the semi-micro apparatus was used with a stream of air
bubbling through the solution instead of oxygen a similar degree of

quenching was observed. Same solution of tiglate as above, analysis
on PECA at 100°C.
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Time P.H. Angelate
min em x 1072
14 3.6
22 6.0 .
30 6.5
) 13.0
83 21.5
96.5 27.0

This gives a slope of 26.4 cm min'l vhich is about the

| same as the limiting quenching observed with manganese ions above,
Using 254 nm light and nickel chloride as quencher the only

reliable result cbtained was that for a 4:16 x 10™°M solution of

methyl tiglate 1.8% x 10'2M in Ni012 the quantum yield was reduced

to 0.068 as compared with 0.090 with no added nickel,
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3.22 Summary of Results

1. The quantum yield of methyl tiglate to angelate

isomerisation was measured as 0,090 ¢ 0,003 in cyclohexane sglution

at 25°C and 254 nm. It was found to be independent of initial
ester‘concentratign and change of solvent. @ increased by 9.7% from
26°C to 50°C. There was no photolysis at 313 nm.

2. " The quantum yield of isomerisation for methyl angelate to
tiglate was measured as 0,032 at 35°C and 254 nm.

3. The B,y-unsaturated isomer was produced as a product of
photolysis in the direct isomerisation but not on photosensitised
isomerisation., Methyl angelate was established as precursor for

this product. Deuterium was incorporated on photolysis in MeOD.

h.' The isomerisation was photosensitised by carbonyl compounds
with high triplet energies: acetone, acetophenone, benzophenone and
9,10-anthraquinone. No sensitisation was observed with biphenyl,
benzil, naphthalene and pyrene. The composition of the photostationary
state mixture was 50% methyl tiglate using acetone and acetophenone as
photosensitisers and 53% tiglate using benzophenone., Photosensitisation
by benzophenone and anthraquinone was accompanied by compound formation.
5. The quantum yield of photosensitised isomerisation using
benzophenone was found to be independent of benzophenone concentration
but increased with increasing ester concentration (q.v.).

6. The triplet energy of methyl tiglate was estimated at

300 kJ mol™t from the absorption spectrum in ethyl iodide.
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T Thermal isomerisation was extremely sloﬁ at 175°C. At
303°C, T% conversion from tiglate to angelate was observed after

92h hgating in sealed tubes.

»8. | Photoisomerisation from tiglate to angelate at 254 nm wés
partially quenched by oxygen and paramagnetic ions; Using the

full medium pressure mercury arc, the limiting degree of quenchiné
was measured as 28% using oxygen at atmospheric pressure and 0,2 mol

litre-l Mn2+.
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i, QUENCHING OF PHOTOELIMINATION: RESULTS

4,1 U.,V., Absorption Spectra

The U.V. absorption spectra of the three ketones studied
are shown in Fig. L4.l. The spectra shown are all taken in
cyclohexane as solvent, The relevant extinction coefficients

are tabulated below,

Compound A max. € max. - e 313

nm 1.mol™tem™d 1.mol™Yem™t
2-pentanone 282 19.8 5.35
2-octanone 282.5 21.0 5.92
Lhomethyle
p-pentanone 283.5 19.3 6.33

- The spectra were also taken in benzene solution to try

and detect any differences,

Compound A max, € max. e 313

nm 1.mol tem™t l.mol'lcm'}
2-pentanone 282 22,6 5.13
2-octanone 282.5 21.8 4,96
Lh-methyl-

2-pentanone 284 22.0 6.08
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The effect of changing the solvent frbm cyclohexene
to benzene is to '"sharpen' the peak corresponding to the n-w*
transition reducing the sbsorption at 313 nm whilst increasing
that at the maximum, The position of the maximum remains
unchanged. If these hydrocarbbn solvents are replaced by a more
polar solvent the absorption band is shifted to shorter wavelengths
as with all n-n* transitions. For 2-pentanone the size of this

ghift is 7 nm in ethanol and 6.5 nm for n-butanol.
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k.2 Photolysis of Pure Liquid Ketones

A series of aliphatic ketones containing y-hydrogen atoms
was photolysed at 313 nm and 25°C in the pure liquid state. The
semi-micro apparatus was used and acetone production was followed
by gas chromatography using one microlitre aliquots. The light
source used was the high pressure mercury lamp together with the
OXT glass/potassium chromate solution filter. (SeevSections 2.3

‘and 2.4). The results are tabulated below.

Ketone Time P.H. Acetone Ketone Time P.H. Acetone
min em x 1072 min cm x 1072
A 0 4.5 D o) 20.5
.\ 15.5 T2 D 10 k3.0
A 23.5 108 D 02 77.0
A 39.5 200 D 37 120.0
A 51 280 D 129.5 385
B 0 28 E 0 3.0
B 13.5 51 E 20 T2
B 38 92 E 11 190
B 61 115 E 79 220
B 73 135 E 101 275
B 125.5 215 E 158 L07.5
E 161.6 L2s
c 0 14
c 18 85
c Ly 210
o 58 272.5
c 95.5 437.5
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A is 2-pentanone, B is 2-hexanone, C is L-methyl-2-pentanone,

D is 2=-heptanone and E is 2-octanone. Analysis of E was on

PPG at 100°C.

For the others analysis was on APL at 130°C.

The results are shown in Figs. 4.2, 4.3 and the slopes are

tabulated below,.
Compound  Slope, cm min~l . Rate of Acetone, Intensity
Production,mol q min~ten=2 8
microlitre t x 1077
min~t x 10%°
A 466 2.15 5.17 0.250
B 150 0.692 - 5.08 0.082
c LY 2,05 5.06 0.244
D 284 1.31 5.05 0.156
E 262 1.57 5.01 0.189

2-pentanone determined in Section k4.3.

time is as estimated in Section L.k,

The quantum yields quoted are based on the value for

The drop in intensity with

The quantum yield of D was

measured again independently with the calibrated medium pressure

lamp and gave a value of 0,191.

0.173.

The average of the two values is
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4,3 Effect of Solvent on Quantum Yield of Photoelimination -

from 2-Pentanone

As considerable variation exists between different
literature values it was decided to measure the quantum yield of
acetone formation from 2-pentanone in various solvents. The
experiments were carried out using the semi-micro apparatus and
the medium pressure mercury lamp in combination with the 313 nm
interference filter. The light intensity was measured by
. ferrioxalate actinometry at three stages during the course of
the experiments and was found to fall off linearly. The fairly
rapid decay of this usually stable source was attributed to the
fact thaf the arc tube was new,having just been replaced.
Intensities for intervening experiments were interpolated from these
measured intensities,

As most of the solutions used in these experiments did
not absorb all light at 313 nm, the optical density of each
experimental solution was measured separately and the percentage light
absorption calculated. It was assumed that all light passed by the-
interference filter was of wavelength 313 nm, In fact some 303 nm
light as well as small amounts of 298 and 366 nm light were
transmitted by the filter when used with this source,as was found
in the experiments outlined in Section 2.3(d). No attempt was made
to correct for this effect as it was thought that the shorter
wavelengths absorbed strongly would effectively compensate for the

longer wavelengths which were not absorbed by the experimental

solutions, although all were measured with the ferrioxsalate
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actinometer.

'All solutions vere 0,1M in 2-pentanone and were
photolysed at 2S°C. 1 microlitre aliquots were analysed by
gas chromatography. The solution in t;butanol'was analysed on
a DNP column at 60°C whilst the others were analysed on APL at
130°C. The experimental results are set out below and are

shown in Figs. 4.4 and k.5.

Solvent Time, P.H. Acetone
nin cm
Cyclohexane o 63
©1k.s 267
32 515
51 736
61 828
68 900
78 1006
169.5 1660
Benzene 0 5
10 86
b2 210
61 278
101.5 INES
117 462
131 520
167 635

196 45
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Solvent Time, P.,H. Acetone
min cm
t-butanol 0o 0
34 140
k3.5 180
57 2ko
T2 300
86.5 340
- 95 380
n-butanol 0 0
3k 408
51 646
83.5 1052
92 1136
iso-Octane 0 10
9 246
15 398
32.5 836
k2 1054
5245 1386
61 1500
2-pentanone 0 130
2l1.5 985
38 1600
54 2360
63 2720
92 4215
117 - 5200




Fig. 44
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Solvent - Slope, Rate, .. % Light Incident Light
em min™? molecules absorbed light absorbed
' pin~t Ll’l at intensity q s~ Lom 2
x 10733 313 nm q s”lem™® x 1o'lh
x 10714
2-pentanone LY 4 1.47 100 9.81 9.81
iso-octane 25.2 0.8§i 66.9 9.19 6.14
n-butanol 12,4 0.410 46.5 9.48 4.0
cyclohexane 13.35 0.hh1 T1.2 9.95 T.09
benzene 3.55 0.117 66.8 9.7k 6.50
t-butanol L.oh 0.753 47.6 9.08 h.32

The percentage light absorption is lower in the case of
the butanols due to the 'blue shift' of the n-n* transition in

these more polar solvents. The quantum yields are tabulated below,

- Solvent @ Acetone
2-pentanone 0.250
iso-octane 0.226
n-butanol 0.155
cyclohexane 0.104
benzene 0.030

t=-butanol 0.291
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In separate experiments the same quantum yield was
measured in ethanol and methanol. The light intensity was
estimated by relative measurements., It was not possible to:
obtain a value in methanol as the points were extremely scattered.
In ethanol the value was estimated as 0.12.

The value of @ = 0,250 in 2-pentanone is not consistent
with the value of 0.123 found by Sedlar (See Section 3.6) at the
same wavelength but is nearer the quoted values in other solvents
(see Chapter S5.). This being the case, the experiment was repeated
and a value of 0.25 was again found. A repeat of the experiment
at 254 nm produced a similar result to that found before in
Section'3.6 so that there seems to be a wavelength effect operating
in solution. This was not investigated further in the present
work.

The value for‘benzene appears to be low compared to the
other solvents., It was suggested that this was due to aromatic
impurities acting as triplet quenchers. However, mass spectral
and U.,V, analysis éhowéd no trace of any impurity. As the benzene
was taken as a middle cut from the rectification of 'analar' material
impurities were unlikely to be present in any significant amounts.

Experimental note

n-Butanol was Hopkin and Williams Ltd., G.P.R. grade
rectified three times collecting at 117°C. No acetone or isopropanol

were present in the purified compound and it was transparent down to

250 nm,
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t-Butanol came from the same source and was contaminated
with benzene and other alcohols. It was rectified twice on the
Towers column and the middle fraction boiling at 82°C was collected.
This was spectroscopically pure but still contained traces of
isomeric alcohols. These were not removed as they were eluted
after the tertiary-butanol on the DNP column used and represented
about 1% of the pure compound. Although the pure t-butanol
freezes at 26°C, the pentanone solution in butanol remained & liquid
at the experimental temperature. As both butenols formed viscous
solutions they were de-oxygenated with pure nitrogen for longer

periods before starting the photolysis.
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L,4W Light Intensity of High Pressure Lamp

No direct measurement of the light intensity of the high
pressure lamp and chromate filter combination were made due to
experimental difficulty. Instead the light intensity were
calculated by comparing rates obtained with this arrangement with
those obtained for the same systems using the medium pressure lamp'!
and interference filter. In this latter case the intensity was
measured by ferrioxalate actinometry. Repeated measurements of
the rate of acetone formation from O.1 Molar 2-pentanone in benzene
and in cyclohexane showed that the high pressure lamp was subject to
a drop in output with time. This depreciation was estimated as
23.8% ofer the 160 hours of use during the course of these experiments,
The fall off was assumed to be linear so that the intensity used
for each experiment could be expressed as a percentage of the
intensity at the start of the series (Io). By comparison with the
results obtained with the medium pressure lamp this intensity was
calculated as 6.5T7 x 1017 quanta min-lcmfa. Using this value the
rates obtained with the high pressure lamp could be turned into
quantum yields knowing the initial concentration of absorbing

species and its extinction coefficient.
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4.5 Quenching of Photoelimination in 2-Pentanone at 313 nm.

Experiments were carried out on the quenching of the
photoelimination reaction in 2-pentanone both in benzene and
cyclohexane using cyclohexene as quencher. The rate of acetone
formation was used to monitor the photoelimination whilst the
rate of ketone consumption was used to monitor the total photoreaction.
The chromatographic conditions used did not allow the following of
any cyclobutanol products. All experiments vere carried out under
a stream of nitrogen in the semi-micro apparatus so that it was not
possible to follow ethylene formation. The temperature in all
cases was 25°C and the solutions were thoroughly de-oxygenated before
each rﬁn.

.~ In order to get appreciable depletion of the starting
ketone it was found necessary to increase the light intensity as much
as possible., This was done by using the SOOW high pressure mercury
lamp and potassium chromate filter. Even with this arrangement
the diminution of starting material was small and many points hed to
be obtained for each run to average out the errors inherent in
sampling. Another source of error was introduced by the slow
depletion of solvent céused by the nitrogen flow. Such losses were
small except for runs of very long duration and could be corrected
| for by scaling the ketone peaké to the peak height of constant small
impurities observable at the high sensitivities used. Solvent loss
placed a limit on the length of the experiment of approx. Sh. The

light intensity was calculated as explained in Section L.k,
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It should be noted that small concentrations of acetone
vere nearly always present in the solutions used for photolysis.
The amount varied from run to run as acetone was slowly formed in
the samples of purified ketones and not all runs were done at the
same time. The concentrayion of acetone present was small enough
to be negligable compared to that produced by photolysis and the
ketones were periodically redistilled to remove it. This explains
vhy rate plots for acetone do not alvays start at the origin.

4.5(a) Oxygen quenching

The effect of oxygen on the photoelimination vas
ascertained by replacing the nitrogen stream used normally with a -
fast flow of pure oxygen (10ml min~'). This was done in the
middle of a run with pure liquid pentenone. The rate of acetone
formationwdropped to zero under these conditions.

4.5(b) Quenching by cyclohexene in benzene solution

The experimentsal results are set out below and in

Figs. 4.6 and 4.7. Analysis was on APL at 130° with 1 microlitre

aliquots., Measured sensitivities were 0,461 x 10712 mo1 em™d for
12

acetone and 0,386 x 10712 mol em L for 2-pentanone.
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Concentration Intensity Time, ©Peak Height Peak Height of
of Cyclohexene, % Io min of Acetone, 2-pentanone
mol 1litre em x 105 em x 107%
0 88.3 0 3.25 24,6
19 4.0 24.3
30 . ' § 24,5
k2 5.1 2h.3
k9 5.8 2k.1
54 5.7 2k .1
69 6.25 23.9
83 7.2 23.9
90 .5 23.75
5.0 89.5 0 2.9 25.6
27 3.5 25.0
62.5 4,15 24,0
83.5 4,55 2k .25
89 4.8 23.2
117 5.2 23.4
133 5455 v 23.2
150.5 5.9 22,8
163 6.1 22.7
167 6.25 22,4
184.5 6.55 22,2
1.0 91.1 0 3.1 26.7
9 3.3 25.0
17 3.4 25.4
2l 3.45 25.2
3 3.6 25.0
T0 k.9 2k.5
7 k.75 N

87 5.2 2h.h
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Concentration Intensity Time, Peak Height Peak Height of
of Cyclohexene, % Io min of Acetone 2-pentenone
mol litre~t em x 1073 cm x 1074
1.0 91.1 121 5.8 -
continued 138.5 6.3 23.6
148 6.5 23.%
193 T.6 23.1
262 9.3 23.8
265 8.9 21.6
9.76 . 90,0 0.10 26.8
9 0.22 26.7
19 0.k2 26.2
34.5 0.T0 25.8
65 1.20 25.8
87 1.50 25.6
190 2.50 24,0
197 - 23.k
213 2.75 23.6
The best values of the slopes are set out below:
Cyclohexene Slope, Acetone Slope, Pentanone
mol litre™t em min™t em min~t % Io
0 47.0 92.5 88.3
1.0 2h.5 156 91.1
5.0 20.0 162 89.5
9.76 17.0 161 90.0
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4.5(e¢) Quenching by cyclohexene in cyclohexane

A similar series of experiments to those in (b) were
carried out using cyclohexane as co-solvent to investigate the
differences in the reaction in the two solvents. Three different
column conditions were tried: APL at 130° as ebove, PPG at 100°
and at 80°, Sensitivities for these last two were measured as
0.60 and 0.951 x Z!.O"'12 mol em™t for acetone and 1,10 and 1.862 x

=12

10 mol cm"1 for 2-pentanone respectively. The results for 1 ul

aliquots are set out below and in Figs. 4.8 - L.10.
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Concentration Analysis Intensity Time, Peak Height Peak Height
of Cyclohexene Conditions % Io min of Acetone of 2-Pentanone
mol litre'l em x 1073 cm x 10"h
o} PPG 94,0 0 2.8 9.72
100°C 22.5 5.6 9.50
‘ 48 7.75 9.55
159 1.1 7.08
185 15.4 6.70
203 15.8 6.43
219 16.0 6.1k
L62 18.0 3.36
7.0 PPG 93.5 0 0.85 6.20
80°¢c 8 0.9k 6.15
1L 0.90 6.07
22.5 1.15 6.09
L7 1.35 6.00
62.5 1.52 5.91
70 1.65 5.82
105 1.85 5.70
116 2,07 5,60
133 2,25 5.25
1ks 2.b45 5.50
156.5 2.35 5.46
1.0 PPG 92.5 0 2.1 6.95
80°c 21.5 2.7 6.65
35 3.3 6.65
58 4,05 6.57
81 k.5 6.35
93 5.0 6.20
118 5.7 5.99
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Concentration Analysis Intensity Time Peak Height Peak Height

of Cyclohexene Conditions % Io min of Acetone of 2-Pentanone
mol litre ™t ‘ em x 1073 cm x lO-h
1.0 PPG 92.5 142 6.65 5.T5
Continued 80°¢c 160 6.25 5.T0
' 168 6.6 5.50
k.0 APL 89.0 0 0.07 2h,1
130°C 8 0.25 2l .4
19 0.60 24,6
35 1.00 24,7
53.5 1.k0 23.8
66 1.80 23.3
76 2.10 2k.3
111 2.80 23.2
157 3.65 21.9 -
173 3.90 21.6
198 4,30 21.2
221 k.70 20.6
2ks k.90 20.5
263 5430 19.9

The best values of the slopes are set out below:

Cyclohexene Slope, Acetone Slope, Pentanone q 1
Y . =1 , =1 °
mol litre cm min cm min
0 112 175 94,0
1.0 31.5 82 92.5
k.0 ' 25.75 182 89.0
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As can be seen from the figures above, the initial
concentration of 2-pentanone varied slightly from run to run
(due to the difficulty of making up small volumes of solution
accurately). As the solutions were not absorbing all incident
light, variation in concentration is important. To allow for this
the rates were scaled to the amount of light absorbed by a 0.,1M
solution using the average value of the extinction coefficients
in benzene and cyclohexane, 5.33 l.mol-lcmfl. (The extinction
coefficient in cyclohexene at 313 nm lieé between the values in the
other two solvents). The rates were also scaled up to 100% Io to
allow for lamp decay.

' For example, the slope of the acetone production graph
for 5 Molar cyclohexene in benzene is 20.0 cm min-l. The incident
intensity is 98.5% of that at the start of this series of experiments.
If the lamp intensity had not depreciated this would give a slope

of 22.4 em min-l. The sensitivity measured for acetone on APL

12 mol cm-1 so that this slope corresponds

mol min~! microlitre™t. The initial concentration

at 130°C was 0.461 x 10~
to 10.3 x 10712
of 2-pentanone was 0.099 mol 1:'Ltre"l corresponding to an optical
density of 0.529 meaning that 70.5% of incident light was absorbed
in the 1 cm path length cell. A solution 0.1 mol litre™> in
pentanone absorbs T0.T% of the incident light so that the scaled

12

rate is 10.35 x 10 ~° mol mim-1 microlitre., In this case the

correction due to deviations in concentration is negligable but in

other cases it is more appreciable.

Treating the results in this way the following values
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are obtained.

Concentration Rate of Production Rate of Consumption
of Cyclohexene Co-Solvent of Acetone of Pentanone
mol litre™t mol min ‘microlitre™ mol min~t
x 1012 microlitre tx 1012
0 Benzene 25.2 b1.7
1.0 Benzene 12,25 65.0
5.0 Benzene 10,35 65.5
9.76 None 8.65 €8.0
0 Cyclohexene 68.9 197
1.0 Cyclohexane 28.8 ' 148
4.0 Cyclohexane 13.8 ' 82,0
7.0 Cyclohexane 10.2 69,0

These results are shown in Fig. L.11.
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4,6 Quenching of Photoelimination in L-Methyl-2-Pentanone
- (Methyl iso-Butyl Ketone)

4,6(a) Quenching by cyclohexene in benzene solution

The results are tabulated below as for 2-pentanone.
Note that the ketone is abbreviated to MIBK. 1 microlitre aliquots.

See Figs. 4.12 and 4.13.

Concentration ‘ Analysis Time, P.H. Acetone P.,H. MIBK
of Cyclohexene % Io Conditions min " em x 1073 cm x lO'h
mol 1litre™t

0 88.0 PPG 0 1.5 9.20
100°¢C 33 k.0 8.95

70 7.0. 8.73

7 7.1 8.55

86 749 8.80

102 9.25 8.65

115 10.2 8.45

130 11.h 8.35

160 13.0 8.50

208 - 8.10

1.0 85.8 PPG 0 2.1 9.90
100°¢C 9 2.2 9.82

16 2.6 9.70

53 3.9 8.90

65.5 .2 9.05

T5 4.2 9.40

83 b7 9.10

98.5 5.0 8.90

114 5. 8.70

122 5e5 8.70
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Concentration Analysis Time, P.H. Acetone P.H. MIEK
of Cyclohexene % Io Conditions  min em x 1073 cm x 1o‘h
mol litre~t
1.0 85.8 -~ PPG 128 5.T5 8.80
Continued 100°¢C 148 6.25 8.65
' sy 6.9 8.90
4.0 86.4 PPG 2 1.5 9.80
100% 23 2.0 8.90
53 3.0 9.40
76 3.6 9.00
86.5 3.95 -
93.5 k.3 8.91
106 L.k -
113 b7 -
120 - 8.8k
127.5 5¢3 8.97
158 6.2 8.62
186 7.0 8.45
200 7.3 8.47
214 T2 8.25
230.5 8.7 8.30
6.0 86.9 PPG 0 1.35 10.80
- 100°% 22 1.7 -
28 1.9 10.70
ko 2.4 10.60
57 2.5 9.9
15 3.25  10.10
90 3.6 10.20
126 4.6 10.10

131 R YY) 9.52
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Concentration Analysis Time, P.H. Acetone P,H, MIBK
of Cyclohexene % Io Conditions min em x 1073 cm x 10'“
mol litre~t
6.0 86.9 PPG 15L.5 5.0 -
Continued 100°% 165 4.9 -
175 5.05 9.50
9.75 87.4 PPG 0 0.3 10,30
100°C 22 0.7 10.10
32.5 0.8 10,00
46 1.5 10.00
53 1.5 10.35
67 1.65 9.30
88 2.1 9.55
98 2.35 -
104 2.h 9.45
115.5 2.4 9.30
128 2.8 9.30
1ko 3.0 92.15
1Lk 3.2 _ 9.45

4.6(v) 'Quenching by cyclohexene in cyclohexane

As with 2-pentanone & series of experiments was carried out

in cyclohexane and the results are tabulated overleaf, All analyses

were oh PPG at 100°C.

measured as 1,01 x 10~

The ‘sensitivity for MIBK on this column was

12

mol emt.

See Figs. holh - h.lG.
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Concentration Time, Peak Height of Peak Height of
of Cyclohexene % Io min Acetone MIBK
mol litre ™t ' em x 1073 cm x 10°h
0 9T.5 o - 1.51 11.20
L3.5 9.3 10.65
60 11.1 9.80
66 12,k 10.20
8.5 1k.6 9.50
100 15.45 9.ko
117 - 8.70
118 16.0 8.93
1.0 96.2 0 2.95 10.90
: 14.5 3.90 -
25 L.ko 10.10
LY 5.80 10.00
58 6.50 -
65 7.00 9.55
81.5 8.30 9.90
100 8.90 9.l0
11k 9.30 9.00
121 - 8.82
128.5 - 92.12
137 - 8.93
147 - 9.05
158.8 - 9.08
3.0 95.7 0 2.2 10,30
10 2.8 9.55 .
T - 2.75 9.92
2! 3.80 9.60
50.5 .35 9.75

58 4.20 9.35
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Concentration Time, Peak Height of Peak Height of
of Cyclohexene % Io min Acetone MIBK
mol litre > em x 1073 cm x 10'1‘
3.0 95.7 85 5.05 9.50
Continued 106 6.23 9.03
131 - 8.70
139 - 8.95
151.5 - 8.77
159 - 8.50
170 - 8.42
183 - 8.60
5.0 96.7 0 - 1.60 9.9
' 13 1.85 9.9
Ly 2.90 9.5
61 3.25 9.6
69 3.0 9.35
76 3.60 9.4
107 4.20 9.2
122 4,90 8.9
128.5 5.10 9.6
6.0 95.0 0 1.50 10.L0
10.5 1.60 10.50
ko 2.50 9.95
Y 2.45 10,00
6545 3.13 9.70
7 3.50 9.67
97 k.00 9,30
120.5 4,38 9.%0
157 - 9.15
175 - 8.80
199.5

9.05
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Concentration Time, Peak Height of Peak Height of
of Cyclohexene % Io min Acetone MIBK
mol litre ™l em x 1073 em x 107
T.0 9T7.1 o 1.%0 . -
' 8 1.55 11.90
12 1.60 11.80
21.5 1.65 -
50 2.47 11,35
ST 2.60 11.15
T5 2.80 10,95
85.5 3.20 10,90
98 3.k40 10,70
112 3.55 10.35
117 3.60 10,40

The slopes were treated in the same way as those for
2-pentanone in Section 4.5 and the rates obtained are tabulated

overleaf. The extinction coefficient was taken as 6.20 l.mol-lcm.-1
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Concentration Rate of production Rate of consumption
of Cyclohexene Co-solvent of acetone. mol min~l of MIEK. mol min~t
mol litre ! microlitre !l x 1012 microlitre™ x 1012
0 Cyclohexane 108 201
1.0 Cyclohexane 3T.4 125
3.0 Cyclohexane 22,7 104
5.0 Cyclohexane 15.9 ‘ 73.7
6.0 Cyclohexane 14.9 91.2
T.0 Cyclohexane 12.2 101
9.75 . None 13.1 96,0
0 Benzene ko.2 62.0
1.0 Benzene 20.8 82,6
4.0 Benzene ‘ 19.7 82.3
6.0 Benzene 4.9 89.7

The results are shown in Fig. 4.17.
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4,7 Quenching of Photoelimination in 2-Octanone

4,7(a) Quenching by cyclohexene in benzene

The results are tabulated below. Analysis was on APL at

130°.  The sensitivity for 2-octanone under these conditions was

1.48 x 1072 mol em™Y.  See Figs. 4.18, L.19.
Concentration Time, Peak Height of Peak Height of
of Cyclohexene % Io min Acetone Octanone
mol litre ™t em x 1073 em x 1o'b
0 - 8l 4 0 3.6 - 8,80
29 6.2 8.60
46 T.15 8.45
62 8.1 T.95
121 13.2 T.60
11 15.6 7.80
159 17.3 ‘ T.T0
170 - T.80
189 18.25 7.65
203 19.5 T.57
1.0 83.8 0 3.0 8.8
| 2k 5.2 8.7
ks 6.6 8.3
59 T4 7.95
76 9.6 7.95
91 10.0 8.05
110 11.5 7.8
143 14.25 8.1

180 17.75 7.9




RH.Acetone | Flg 4’ |8
XIO-B/crn

20 L

s |

O No cyclohexene
X IOM v
A 3OM ¢

. O 4 1 [ 1
' 100 <' - 200
Time/min



nWo€e V
noit X

2u2 x2yo|24> oN

O L
o8

06

w>/ VO_ X 2u0up3d2Q Hd



- 186 -

Concentration Time, Peak Height of Peak Height of
of Cyclohexene % Io min Acetone Octanone
mol litre em x 1073 em x 107
3.0 83.3 0 2.5 8.7
25 by 8.6
38 5.9 8.5
k5.5 6.05 8.65
132.5 12.3 7.8
192 16.5 TeT
204 18.0 T.T2
21k .5 18.5 T.65
240.5 20.7 ' -

4.7(b) ' Quenching by cyclohexene in cyclohexane

Analysis for acetone on PPG 100° and for 2-octanone on

PECA at 150°C. 1 microlitre samples., Figs. 4,20 - 4,22,

Concentration . Time,  Peak Height of Peak Height of
of cyclohexene %2 Io min Acetone Octanone
’mol litret em x 1073 em x 107
0 100.0 0 3.15 48.30
39 6.30 -
53 T.45 -
92 11.5 -
132 , - 43.80
136 - Lk ,00
1ko - k2,75
158 - 12,85

165 B - 42.35
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Concentration Time, Peak Height of Peak Height of
of cyclohexene % Io min Acetone_ Octanone
mol litre™t cm x 10 cm x 10'h
0 100.0 177 - 41.%0
Continued 182 - 40.15
261.5 - 37.75
276 - ~ 38.00
32k - 36.75
0.5 99.0 0 3.05 49.30
12 3.9 -
17 k.2 -
29 5.1 -
4o 5.8 -
87 8.7 -
101 9.6 -
130 - L4 ,95
138 - 43.90
172 - 45.10
184 - 43,%0
1.0 98.5 0 3.25 45,65
16.5 4.1 -
23 4.6 -
52 6.6 -
59 6.72 -
64,5 6.9 -
17 Te5 -
110 - 42.0
117 - 41.15
125 - 41.15

128 - 41.9
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Concentration Time Peak Height of Peak Height of
of cyclohexene % Io min Acetone Octanone
mol litre ™t cm x 1073 cm x 1o'h
1.0 98.5 134.5 - . k2,3
Continued 1h1 - 41,95
205 - 40,00
7.0 97.8 0 2.98 k9.3
12 3.65 -
18 3.90 -
31 L4.65 -
38.5 5.0 -
5k . 5.8 -
82 - ‘ 47.35
106 - 46.85
123.5 - L6.70
136 - 46,35

The sensitivity for 2-octanone on PEGA at 150°C was

12

measured as 0.1834 x 107 ° mol em! whilst that for acetone on

12

PPG at 100°C was 0.689 x 10™-° mol et (sensitivity changed from

value measured before), Applying the corrections used for the other

ketones the rates obtained are tabulated overleaf.
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Concentration Rate of production Rate of consumption
of cyclohexene Co-solvent of Acetone, mol m:i.n'l of Octanone, mol
mol litre~! mierolitre x 1032 min~! mierolitre~!
x 10%?

0 Cyclohexane 59.9 Th

0.5 Cyclohexane L6.9 63.5

1.0 Cyclohexane 4s5.8 55T

7.0 Cyclohexane 35.9 43.9

0 Benzene 46.1 0L

1.0 Benzene 45,8 109

3.0 Benzene L2.7 90.0

The -extinction coefficieﬁt was taken as S.h4 1, mol~tem 1,
Unlike the lower molecular weight ketones it was possible to follow
the production of the 61efin formed in the photoelimination. This
was done with the cyclohexane solutions and it was found that the
l-pentene rates corresponded closely to those of acetone, (From an
exploratory experiment with a different light source the rate of
production of acetone in a solution 5.0M in cyclohexene/cyclohexane

2 1

was 35.T x 1012 po1 min~

ul.l when corrected for the different light

intensity. . This point is ineluded in Fig., L.23).
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4,8 Varistion of Quantum Yield of Photoelimination with

Concentration in Cyclohexane

A series of experiments was carried out to determine
the effect of varying the concentration of 2-pentanone in
cyclohexane solution on the rate of acetone production. The
) resultsvof these experiments are tablulated below and shown in
Fig. 4.24. Analysis was on APL at 130° using one microlitre

samples. I = 78.0% Io.

% by volume Time, Peak Height of
2-pentanone min Acetone, cm x 1072
100 0 k.5
| 15.5 T2
23.5 108
39.5 200
51 240
59 280
50 0 8.0
| 9 ho
22 - ok
48 200
T2 315

T8 335
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/continued
% by volume Time, Peak Height of
2-pentanone min Acetone, cm x 10-2
25 0 , 12.5
15 69
24 103
31.5 136
61 237.5
86 335
10 0 9
3545
2k 84
31 104
s 1kl
61 178
69.5 201

All these solutions should absorb effectively all
incident light as the extinction coefficient is 5.53 1 mol 1cm'l

and 100% 2-pentanone is 9.4l mol litre™t

at 25°C. The reason
for the curvature of the 10% plot was not apparent but the initial

slope was used.
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% Concentration of Rate of Acetone
2-pentanone pentanone Production
mol litre™> mol pl™Imin~! x 1012
100 9.4k 216
50 N 190
25 2.36 174

10 0.9k 142
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5. DISCUSSION

As has salready been explained, the results are divided
inte’two sections, those on eis-trans isomerisation and-those on
the quenching of the Norrish type II process., (Chapters 3 and
L respectively). As these systems are not directly related they

will be dealt with separately.

ISOMERISATION OF METHYL TIGLATE

5.1 The De-conjugation Reaction

The formation of the R-y-unsaturated ester (III) is
noticed in all direct photolyses of the cis-trans isomers methyl

tiglate and methyl angelate. (See Section 3.3).

CHECH—CH__

()
Rate curves show that the direct precursor of this compound is the
angelate and not the tiglate as an induction period is observed
with the latter. Formation of compound (III) is not oﬁserved in
‘the photosensifised reaction suggesting that the de-conjugation
reaction is a singlet process. Photolysis in deuterated methanol
leads to the incorporation of deuterium on carbon atom 3.

An acyclic mechanism fails to explain why the precursor
is methyl angelate alone and the conclusion is that the double bond

migration taskes place through a cyclic intermediate by analogy
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with the Norrish type II photoelimination reaction.

_.CQMe
H” Me N —OM
H2 C /C 74
d ==C\Me
HQ\ H—O\
Hzc COMe Hy C )C— OMe
Yl e o=
H “Me HO “Me

/Cone

CHCH—CRl ()

The participétion of a six-membered intermediate of the
type shown above explains the fact that the ester group must be cis
with respect to the y-carbon atom. The intermediacy of an enol
form of the product explains the incorporation of deuterium which
becomes attached to carbon atom 3 in the product (III), Similar
observations have been made by a number of authors, in particular

Barltrop and Wills1 who studied this reaction in ethyl crotonate.
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They also observed that the rate of photoisomerisation to (III)
in alcoholic solvents is about twice that in benzene, ether or
acetonitrile., This probably reflects a stabilisation of the .
hydroxy biradical intermediate by hydrogen bonding with the
solvent. Jorgenson2 has also studied the solvent effects of
this reaction and found a large deuterium solvent isotope effect
on the rate of bond migration in a similar ester. She found a
tenfold increase in rate for bond migration in MeOD as compared to
MeOH.

The excited state involved in this reaction is probably
the n,n* singlet state of ﬁethyl angelate (as the reaction does
not occur on photosensitisétion) although it is conceivable that a
triplet state higher than T, could be involved. 1In the similar
type II process it was shown that ketones with lowest w,n*'friplets
do not. undergo intra@olecular hydrogen abstraction reactions whilst

those with lowest n,n* triplets do.3’ b

If the same difference

in reactivity can be assigned to the singlet'states, the fﬁct that
reaction to form (III) occurs in this system suggests that:the
lowest excited singlet is n,n* and not w,n* in character, although
this is not clear from the absorption spectra. The fact that no
shoulder or side peak is seen in the U,V, indicates that the energy
gap between the two singlets is small., 1In studies on cyclopropyl

p)

acrylic esters Jorgenson®’ came to the conclusion that the .
photochemical de-conjugation reaction was a reaction of the n,n*

excited singlet and that where the n,n* singlet was lowest in energy
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other reactions predominated.

5.2 Thermal Isomerisation

As has been mentioned in Chapter 1, thermal isomerisations
of ethylenic compounds have been found to fall into two classes:
those with first order rate constants of the order of

lohexp.(-ESOOO/RT) and those with rate constants around

1011exp.(-h5000/RT).6’ T Magee, Shand and Eyring showed that two
mechanisﬁs can be invoked to explain these rate constants. In the
former case, the low activation energy is explained by crossover to

the triplet state whilst in the latter case the value is explained

in terms of isomerisation in the singlet state involving a higher
activation energy but also a higher frequency factor (see Fig. 1.3).
Since the triplet energies of simple olefins have epergies of

250 - 330 kJ mol™! in excess of the ground state, the triplet mechanism
is effectively ruled out in cases where the energy difference between
singlet and triplet is small in the perpendicular configuration.7

Many results in the earlier literature have suggested triplet
mechanisms for isomerisations based on low measured activation energies,
but in many cases it has been shown that the singlet mechanism
pertains when care is taken to avoid heterogeneous catalysis, A
recent paper on the thermal isomerisation of the styrylpyridines

has shown that, in certain cases, changeover from a triplet to a
singlet mechanism takes place as the temperature is raised and the

higher activation energy becomes less of a barrier.

Butler and Sma119 have studied the thermal isomerisation of



- 197 =

/
methyl crotonate - a compound closely related to methyl tiglate,
They found that it undergoes a homogeneous unimolecular cis-trans
isomerisation in the gas phase at temperatures from 400 - 560°C,
The rate constant vas found to be independent of pressure in the
range 13.3 to 1333 Nm~2 and the equilibrium trans/cis ratio was
approximately 4.5 and independent of temperature in the range

studied. They found k = 10%3°2

exp.(-242 ¢ 6.3 kJ/RT). It

was also found that simultaneous free radical reactions also occur
of which the most important was de-conjugation to methyl vinyl
acetate, which is anélogous to the photochemical production of
compound (III) discussed in Section 5.1. Lin and La.idlerlo quote
values §or the Arrhenius parameters of several ethylenic compounds
whose thermal isomerisation has been investigated and found to
ﬁroceed through a singlet pathway. Activation energies measured
vary from 272 kJ mol"1 for cis-butene to 174 kJ mol-1 for cis=-
methyl cinnamate., A value of 215 t 15,5 kJ mol"l is quoted for

11

crotonitrile™ ™ which is another molecule similar to methyl tiglate.

1l

The value quoted for cis-stilbene is 179 kJ mol~
It seems likely that the parameters for methyl tiglate
isomerisation will be similar to those of methyl crotonate found
by Butler and Small, i.e. an activation energy of 240 kJ mol™! and
& normal frequency factor of around 101351, Although the
observations in Section 3.4 are limited, it can be said that the

observed rate is consistent with these parameters. (The observed

7% conversion after 92h at 300°C corresponds to a first order rate
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constant of approx. 10'88'1 whilst the predicted value is approx,

10'8'58'1).

5.3 The Potential Enerpgy Diagram of Methyl Tiglate/Angelate

The a,R-unsaturated ester system is basically a modified
butadiene structure. An approximate energy level diagram
determihed from simple Hickel M.b. calculations (neglecting overlap)
is presented in Fig. 5.1.12 The energy levels of an enone are shown
for comparison. The two transitions which should be seen in the
accessible ultra-violet, the n-r* and the n-n* are indicated by
arrows., As has already been discussed, it seems likely that these
transitions are very close in energy in methyl tiglate and that the
lowest excited singlet state isvn,w“ in character. As an estimate
of the energy of this transition, the onset of absorption in the

U.V. can be taken as 260 nm. This corresponds to an energy of

456 kJ mol™l.

Estimates of the lowest triplet energy of methyl tiglate
can be made from two sets of observations. Spectroscopic estimates
of the 'vertical'! triplet energy in ethyl iodide solution (See
Section 3.14) put the triplet energy at approx. 300 kJ mol™2.
Photosensitisation also indicates the energy of the lowest triplet
state of methyl tiglate, although these estimates do not take into
account 'non-vertical'! energy transfer if operative. It was found
that the isomerisation of methyl tiglate is sensitised by acetone,

benzophenone and acetophenone. . In the case of acetone and

acetophenone the photostationary state ratio of trans/cis was unity
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suggesting that the triplet energy of the sensitiser is greater
than that in the two isomers. (See introduction). With
benzophenone the trans/cis stationary state ratio increases to
1.13. This suggests & triplet energy for methyl angelate of
between 310 and 288 xJ mol'} the triplet energies of acetophenone
and benzophenone respectively.l3

Barltrop and Willsl found that acetone, benzophenone
and acetophenone sensitised the isomerisation of ethyl crotonate
but did not try sensitisers of lower energy. Jorgenson and
Gundellh found that the same three sensitisers photosensitised the
isomerisation of a tertiary butyl crotonic ester but that acetonaphthone
(ET = 247 xJ mol-l) and phenanthrene (ET = 260 kJ mol-l) did not act
as sensitisers. This is consistent with the triplet energy
estimated above and also with that of simple enones. Brand and
Williamson found this to be around 290 kJ mo1™t for acrolein.15

The nature of the lowest triplet state is open to question.
Some controversy has surrounded the assignment of this state in
a,R~-unsaturated ketones., Yang et al.l6 have suggested that the
differences in reactivity towards de-conjugation reactions in a,B-
unsaturated ketones can be rationalised by saying that the unreactive
ketones are those that possess w;w* lowest triplets. This has been

17

discussed by Wagner and Hammond™ ' in their review of the reactions
of the triplet states of organic molecules, They point out that in
many cases any n,m* states formed decay rapidly to a relatively

unreactive w,n* triplet. They also show~that much of the lack of

reactivity in enones can be ascribed to rapid relaxation to a twisted



triplet state in which the hydrogens on the y-carbon atom of
the enone are bent too far away from the carbonyl oxygen for
reaction to occur. Finally, they suggest that some of the
reactifity of such compounds could be explained by reaction in the
n,n* singlet state occurring fast enough to compete with inter-
system crossing to the triplet state.

Some confirmation of this idea that there is relaxation
to a twisted unreactive state in unsaturated ketones is given by
the calculations of potential energy diagrams mentioned in Chapter 1.
Cqmbining the results of Becker et al.18 and McCullough et al.19
discussed in Section 1.6(f), the potential energy diagram for acrolein
for the lowest excited states and the ground state should be shown
by Fig. 5.2, Since acrolein is a symmetrical molecule, in the
isomerisation sense, the shape of these curves is symmetrical about
90o of twist. This will not be the case in molecules possessing
distinct cis and trans isomers, when generally the energy of the
cis planar isomer‘ﬁill be higher than that of the trans planar isomer,
The relative displacement of these curves is subject to considerable
uncertainty but it seems that in acrolein there is a crossover between
n,m* and w,n* triplet states at around 30° of twist about the double
bond. | The shape of the n,n* singlet excited state curve was not
calculated by either of the above sets of authors although MeCullough
did show that the n,m* triplet state increases in energy on twisting.
It seems reasonable to suppose that the equivalent singlet state

behaves in a similar fashion. A simple picture of the bonding would
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suggest that in an n,n* excited state there is still a certain
amount of resistancé to rotation remaining in an ethylenic bond
whilst in a w,w*'excited state there is effectively only a single
bond with no resistance to rotation. Since the n,n* and =,n¥*
triplets are so close together in acrolein it is quite fossible
that iﬁ homologoué cﬁrbonyl compounds the relative energies of
the two states mdy change with substitution and solvent effects
explaining the different reactivities of similar compounds.ls’ 17
The effect of introducing another oxygen into the ‘'n-

system as in methyl tiglate will clearly have a considerab}gaeffect
on the potential energy curves for excited states. Inspection‘
of Fig; 5.1 shows that the n-n* trensition is increased in energy .
to a greater extént than the m-n*, though both are increased relative
to acroléin. This is reflected in the U.V. spectrum of meﬁhyl
tiglate as compared to an a,R-unsaturated ketone, The large high
intensity n,m* pesk is not shifted as much as the smaller 'forbidden'
n,n* peak which undergoes a hypsochromic shift to the extent that
it is hidden under the main peak. These shifts correspond to
approx. 20 kJ mol~t for the n,m* singlet and approx. 138 kJ mo1~t
for the n,n* singlet.

| The resulting diagram should be represented by Fig. 5.3,
though this is of necessity highly speculative. In this diagram
it is assumed that the equilibrium geometry of methyl angelate is
not planar but twisted by some 30° in order to reduce the steric

hindrance between the methyl and ester groups. - This was observed

for stilbene20 (though in this case the repulsidn wés electronic as
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Steric factors were not allowed for in the calculations). . The
curve for the triplet n,n* state has been moved up in energy
compared to acrolein on the basis that the separation between
n,n* singlet and triplet states is smaller than with n,n* states,
The energy barrier in the ground state can be directly equated with
the activation energy for the thermal isomerisation estimated above
to be about 240 kJ mol'l. This figure is in good agreement with
the value estimated for acrolein by Becker18 of around 250 kJ mol-l.
An important assumption in this diagram is that the n,n* and n,n*
Cross

singlet stateqﬂin the twisted configuration.

5.4 Mechanism for Direct Isomerisation

The observations that have to be explained by an
isomerisation mechanism are
1. Low quantum yields for isomerisation in Soth directions.
¢ trans + cis = 0.090 end § cis + trans = 0,032 at 25°c.
These appear to be independent of concentration and are possibly
subject to a small temperature effect. (The more reliable semi-
micro results are taken).
2. Quenching of direct isomerisation of tiglate to angelate by
oxygen end paramagnetic salts to the same extent i.e. by 26%.
Clearly it is not easy to explain these observations
on the basis of the predicted energy diagram in Fig. 5.3. However,
diagrams which would explain the results more easily do not fit in
with the predictions of other work in the field., Starting with

methyl tiglate,excitation at 254 nm causes molecules to be raised
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to first excited n,n* singlet, in which state aAconside;able
barrier to rotation is predicted. From this state the quantum
yield shows that 9% of the excited molecules isomerise and 91%
return to the original configuration. Possible sites for
isomerisation are either the singlet or triplet n,n* states both of
vhich are predicted to have energy minima at around 90° of twist.

It is proposed that most of the isomerisation takes place
in the singlet w,n* state but that some of the molecules cross into
the triplet n,n* state and isomerise there. Any molecule which
gets into a state represented by the bottom of a potential well in
the perpendicular form will isomerise with a quantum efficieney of
0.5, AIt is suggested that there\is a fairly low probability
associated with the crossover in the excited singlet states as this
involves a change in electronic symmetrys in the same way that thére
is a low probability associated with excitation to an n,n* state in
the first instance. This combination of an energy barrier and a
low probability could explain the low quantum-yield in the singlet
state. It is a necessary postulate that there is a highly efficient
means of returning to the ground stafe with retention of configuration
by internal conversion, fluorescence or inter-system crossing.

It would be interesting to have information on the
fluorescence and phosphorescence yields of these compounds but
equipment was not available for sﬁch measurements., The natural

fluorescence lifetime of an excited state can be calculated
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approximately from the formula,

8 21
to = 3.47x10 cdu

2 ‘ !
w /

vhere w is the frequency of the absorption band in the U.,V. and ¢
is the extinction coefficient. If the n,n* absorption pesk vere &
triangle centered at 250 nm with a half-width of 5 x 103 em ! and
emax = 150 l.mol-lcm.'l then 10 would be epproximately 3 x 10'78,
although the n,n*peak is not observed. Other processes should be
faster than this so that fluorescence is probably not an important
decay process.

Inspection of Fig. 5.3 shows that inter-system crossing
to the triplet state should result in efficient isomerisation,
The fact that this is not the case suggests that the dominant}modev
of deactivation from the éxcited singlet state is radiationless
internal conversion. The mechanism for this decay is not clear
since the excited molecule must lose over L20 kJ mol’"1 of electronic
energy, though in solution loss of such energy by collision is more
favourable than in the gas phase. The mechanism of radiationless
internal conversion is not yet fully understood. (See for example
reference 22). Low quantum yields for direct isomerisation are
not confined to this system. Direct excitation of the 1,3—peﬁtadienes
gives @e>t = 0,09 and Pt+c = 0.11.23 Saltiel explains fhis by
assuming the intermediacy of cyclopropyl methylene biradicals which

cannot undergo cis-trans isomerisation (See Section 1.6(b)), but this

*
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explanation is only speculative. Vhitten and McCall2h found

that the quantum yields for direct isomerisation of the stilbazoles
and 1,2-bis-pyridyl-ethylenes (nitrogen containing analogues of
stilbene) were much lower than those observed in stilbene and also
lower than those observed with photosensitisers. For instance,

@ trans+cis in U,4'-bis-pyridyl-ethylene is 0,003 whilst in
stilbene it is 0.48. They point out that there is evidence for
azaaromaties with lowest lying n,n* singlet states having rapid
rates of internal conversion. It is known that pyridine neither
fluoresces nor phosphoresces and photosensitisation studies with
2-butene indicate very low quantum efficiencies for formation of

> In spite of this no permanent or transient

27

the pyridine triplet.2
products have been detected.26 Hochstrasser and Marzzacco
concluded that compounds which have either n,n* lowest excited states
or m,m* states where n,n¥* —w*,7* mixing occﬁrs show enhanced rates
of radiationless decay. They have suggested recently28 that,
"overlap or mixing of orbitally different states causes a severe
breakdown of the Born-Oppenheimer(approximation with consequential
broadening of electronic spectra and acceleration of radiationless
transitions".zh They say that thig spectral broadening should

be abparent at low temperatures and in regions of n,n* - w, 7%
overlap, It seems possible that these remarks can bé taken to apply
to the esters studied here, which have lowest n,n* singiet states

(or singlet states with mixed n,n* - n,7* character) However,
although a high yield of internal conversion is implicated spectral

broadening is not apparent at normal temperatures.,
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Quenching by paramagnetic species could be explained
by saying that those molecules isomerising in the triplet state
are progressively quenched but that those molecules isomerising
in the singlet state are unaffected., Once in the middle of the
potential well quenching to the ground state will not affect the
degree of isomerisation in a molecule. The lower yield of
cisytrans isomerisation can be explained by saying that the
barrier to crossover in the excited singlet states is greater
than in the reverse process so that internal conversion becomes
even more favourable. (De-conjugation to compound (II;),

@ = 0,005 does not have much effect on the isomerisation).

If the assumption is made that only the triplet reaction
is quenched by paramagnetic ions and that isomerisation proceeds
via singlet and triplet mechanisms then a modified Stern-Volmer

mechanism can be applied (see later).

(R, - R,™)"" = Mo+ mraiz

where RA is the rate of angelate production and I is the intensity.

[Q] is the quencher concentration and A and B are constants compounded
of the various rate constants. RAnlis the rate of angelate production
vhen the reaction is fully quenched (i.e, singlet reaction). A plot

of (RA - RA”)'1 against [Q) gives a straight line of slope/intercept

= B/A = qu, vhere kq = rate constant for quenching t = triplet lifetime,

The values of these variables for quenching by'Mn2+ ions are tabulated
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below. (See Section 3.21)

R, = 1.15x10t
Concentration Rate of R, = R, (R, = R w)-l
24 . A .A-l -1 A-1 A
of Mn™ ', Angelate Production mol min “ul mol “min pl
Molar, mol min~ty1~t x 1071 x 1071
Q- x 101t
0 1.60 o.h7 2,13

0.0164 1.33 0.20 5.0

0.103 1.19 0.06 16,7

0.205 1.16 0.03 33.3

The modified Stern-Volmer plot is shown in Fig. 5.k.
Slope/Intercept = TOL 1 mol-l. If kq is taken as being diffus ion
controlled then it should have a value of approximately.

5 x 10° 1 mo1™3s~1, 29 A value of T = 1,41 x 10~05 is thus
indicated. This is_a very reasonable value for a triplet lifetime
in solution. (See for example reference 30). The value of R * also

A
indicates that 28% of the isomerisation proceeds via the triplet

mechanism,

5.5 Photosensitisation

L

If Fig. 5.3 is a fair representation of the potential energy
curves for the triplet states of methyl tiglate then simple excitation
of the lowest triplet state (w,m*) should result in ideal yields for
isomerisation (Bcrt = gtre - O.S)_assuming that the quantumryield of

inter-system crossing in the sensitiser is unity as has been shown in
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the phenyl ketones.3l’ 32

These yields are not observed with any
of the sensitisers tried. Photosensitisation seems to be
accompanied by addition to form oxetanes, at least in the case of
benzophenone and anthraquinone. Another interesting point is that
biphenyl does not act as a sensitiser for the reaction whilst
anthraquinone is an energy donor, albeit an inefficient one. This
is despite the fact that the triplet energy of biphenyl is
considerably higher than that of anthraquinone (275 kJ mol'l as
against 263 kJ mol-l). At the same time the triplet energy of
anthraquinone is below that of methyl tiglate as predicted by ethyl
jodide spectra and theoretical considerations. (Fig. 5.3),

Similar observations have been made by other workers using

33 = 35 Yang et al. studied the

different cis-trans isomers
photosensitised isomerisation of 3-methyl-2-pentene using
benzaldehyde (ET uw 299 kJ mol-l), benzophenone (ET = 278 kJ mol-l),
and triphenylene (E,r = 278 kJ mol'l). Their results clearly

indicated that, in the systems investigated, the Paterno-Buchi

reaction to form oxetanes competed with bimolecular energy transfer

to the olefin, with resulting isomerisation. Benzophenone transferred
energy more effectively than benza;dehyde, andltriphenylene, despite

a tfiplet energy only marginally below benzophenone, vas completely
ineffective as a photosensitiser. They found that the triplet state
of the carbonyl compound was the common intermediate for both the
oxetane formation and the olefin isomerisation and that the bimolecular

rate constants for olefin isomerisation, or energy transfer, in these

systems were substantially less than for collisional transfer or



- 209 -

diffusion-controlled rate processes.
To explain their results they suggested that the

mechanism of energy transfer was via a biradical Schenck

intermediate.36 |
3 !,453
O/C
\c—o + olefin —> o7
oxetanes [ olef 1n]

Schematically, the biradical intermediate may cyclise to give the
oxetanes or dissociate to give back the carbonyl compound and the '
triplet state of the olefin in a non-planar configuration (or
isomerisation may take place by rotation around the single bond in
the biradical intermediatel The low quantum yields of isomerisation
are explained by the competing oxetane formation. In this way
energy transfer involves two steps and consequently there is no
violation of the Franck-Condon principle involved in the concept of
'non'vertical' energy transfer to olefins as suggested by Hammond et al,
(See reference 37 and Chapter 1). An alternative way of looking

at this process is to say that the vacant n orbital of the n,n*

triplet state of the donor may polarise the r system of the olefin
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during the energy transfer pfocess so that the olefin moiety in
the £¥ansition state is no longer planar. It is well known that
the Paterno-Blichi reaction involves the n,n* state of the carbonyl
compdund38 and this explains why compounds with lowest lying w, %
tripiets such as triphenylene do not take part in this endothermie
energy transfer,

Saltiel et a.l.35 have extended these ideas by suggesting
that different processes are involved with different sensitisers,
They suggest that with high energy sensitisers the triplet energy
transfer process, in which olefin triplets are formed by excitation
transfer from the sensitiser, is dominant but as the sensitiser
triplet energy is lowered the Schenck intermediate becomes
increasingly involved. The simplest general scheme for sensitised
cis-trans photoisomerisation is given below where X* represents an’

unspecified common intermediate and other symbols have their usual

meanings,
‘ So-» Sl-» S3 hv
53 + t°%— x» X
g3 &+ O xw kg

x* — at® + (1-a) ¢® x

(c = cis, t = trans and S is sensitiser).

3

Applying the steady state epproximation to S~ and X* the
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following relationships can be shown :

((t1/lc))s.s. = (ks/ksla/(l-d)]
1/¢t*c = 1/(1-a) (1 + kh/ksltl)

1/¢crt = 1/x(1 + kh/k6[°l)

The top equation represents the photostationary trans/cis ratio,
The efficiency of inter-system crossing is taken as unity and
oxetane formation is neglected. This is valid so long as oxetane
formation does not depend on the isomer used and oxetane formation
is a minor reaction., Reaction L includes any reaction with the
solvent,

If these assumptions are applied to the system benzophenone
+ methyl tiglate/angelate (Section 3.19) then the values of ¢-1

against (ester o::oncentrns.tion).1 are tabulated below,

Initial Tiglate ('J.‘igla.te)"l

concentration concentration @t+ang. (gtra)~t

mol litre™t |
0.0100 100 0,087 11.5
0.,0133 T5.2 0.115 8.70
0.0200 50 . 0.1k1 T«10
0.0%00 25 0.187 5435

0.0600 16.7 0.266 3.76
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'Initial Angelate (Angelate)-l

concentration concentration Pang.+t (¢a»t)'l
mol litre T

0.00826 ’ 121 0.103 9.67
0.0100 100 0.128 7.81
0.0133 752 0,147 6.80
0,0200 50 0.196 5.10
0,0500 : 25 0.278 3.60

These quantum yields are calculated on the basis of an

intensity of 5.61 x 101h quanta s-lem™2,  With a benzophenone

concentration of 5 x 10'3

mol litre~L the light absorbed is 49.9%
of incident intensity in 1 cm path length,

Plots of (es‘lter]_1 vs. "1 are shown in Fige 5.5 The
plots‘are good straight lines suggesting that the proposed simple
mechaﬁism is valid. They are also very similar to those obtained
by Saltiel et al. in reference 35. The decay ratio,a/(1-a), is
obtained from the ratioc of the iﬁtercepts in Fige 5.5 2 1,20, The
ratio of the slopes = 1,46 and should represent (k6/k5)(a/(1-a)2
the photostationary ratio. This was determined at 1.13 experimentally
and probably reflects the fact that the true photostationary state
had not been reached in the experiment. Alternatively oxetane
formation may occur preferentially from one geometric isomer, Other
information obtained from these plots is that the excitation ratio,

k6/k5 = 1.21 and the limiting quantum yields at high ester concentration

are 0.416 and 0.50 for tiglate to angelate and angéiate to tiglﬁte
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respectively.

The results obtained are similar to those obtained from
the acetone photosensitised isomerisation of 2--pentene.35 These
were that the excitation ratio = 1,30, the decay ratio = 1,17 and the
observed and predicted photostationary ratios = 1,52, Saltiel
e#plained these results on the basis that the deviation of the
decay ratio from unity is a measure of the involvement of the
Schenck intermediate in the photoisomerisation. | Thus the decay
ratio of 1.20 obtained above indicates that the photosensitisation
proceeds largely by triplet excitation transfer and that the Schenck
intermediate is involved to a minor extent, This fits in with the
suggestion made in Section 5.3 that energy transfer from benzophenone
is very slightly exothermic. It is expected that with acetone the
mechanism will be exclusively triplet excitation transfer but that
with anthraquinone the Schenck mechanism should predominate with a
high photostationary ratio. (Saltiel found that with energy
transfer from acetophenone to 2-pentene the decay ratio was 1,90 and
the photostationary state ratio was predicted as 5.4, They found
that with low‘energy sensitisers the photostationary ratio was close
to the thermodynamic ratio)s The fact that biphenyl does not act
as a sensitiser reflects the fact that its triplet is n,ﬁ* in nature
and does not form a Schenck intermediate,

It would be of interest to carry out furfﬁer studies along

these lines which lack of time did not permit in the present study.
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QUENCHING OF THE NORRISH TYPE II REACTION

The remainder of this diséussiﬁn deals with the second
part of the work. The results for this study of the photoelimination
reaction in keﬁones are described in Chapter . The work is
introduced in Section 1.5 of the Introduction.

5.6 Background to Present Work

The study outlined in Chapter 4 was initiated by the
results of Borrell and Sedlan?g obtained in this laboratory. During
the course of a wider study of the reactions of ketones and olefins,
they came upon an interesting observation concerning the quenching
of the photoelimination reaction in 2-pentanone by cyclohexene,
Cyclohexene vas found to be an inefficient quencher of this reaction
and the rate of acetone formation was found to drop, as expected,
to a limiting value at high cyclohexene concentration. Less expected,
was the fact that the rate of consumption of pentanone increased with
increasing cycloﬁexene concentration. The two curves for rate
against olefin concentration were found to be symmetrical and the
essumption was made that the quenching took place by compound formation
to form an addition product, presumably an oxetane, though this was not
investigated.

In order to discuss the results of Chapter 4 in this light

it is necessary to outline the kinetics behind their approach. The

following mechanism was postulated ¢
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P+hy~+ P I
P1 + P kl
P+ P3 k2
Pl + Type II products Kqp
P1 + Cyclobutanol products k3b
PP+ P X,
P3 + Type II products kSa
P3 + Cyclobutanol products ka
P3

+ C -+ Addition products ke

In the above, P represents 2-pentanone and P1 and P> its excited
singlet and triplet states., C represents cyclohexene, It has been
shown by Wagner and Hammondho that both types of product are produced
by both singlet and triplet states (See Section 1.5). In this case
the type II products are acetone and ethylene., Only acetone was'
followed and the difference between the rate of production of acetone
and the rate of consumption of pentanone was taken to represent the
rate of production of cyclobutanol, at zero olefin concentration.

The addition products in reaction 6 were taken to be similar to those
found in a‘separate study of the reactions of acetone and cyclohexene.h1
This seems reasonable as cyclohexene is known to form oxetanes with a
variety of carbonyl compoundss.h2 The increase in ketone consumption
is due to the fraction of excited molecules which normally revert to
the ground state by reaction 4 vhich are consumed by reaction 6 in

the presence of olefin.
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Steady state approximations can be made for Pl and P3.
Expressions can then be derived for the rate of production of

acetone, R,, and the rate of consumption of ketones, -Rp, where 1

is the light absorbed,

RA = A k3a. + k2k5a

k) ks *kg [C]

R, = Af kg o+ kz(k5+k6[C])

If the superscripts o and « refer to zero and limiting olefin

concentration then the limiting rates can be expressed as

o}
Ry = A k3a + ksza
kh+k5
w = kI
Ry 3a
kl+k2+k3
-R°® = A/kx.+kk
ol o 3 275
Ky +g
.Rp = A (k2+k3)
In the above ky = k3a + ks k5 = kSa + ka and A = (I/k1+k2+k3).
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Modified Stern-Volmer relationships can be used by
plotting (RA - RAu)-l versus [C] with slope/intercept equal to
K6/kh+k5) and (-Rp+Rp°)°l'versus [C]"1 with slope/intercept equal
to (kh+k5)/k6‘ Borrell and Sedlar obtained reasonable straight line
plots for these relationships giving values of 20 and 18,2 1.mol"1
for ké/(kh+k5). They therefore concluded that the mechanism is
valid., Having established the mechanism, they then went on to show
that by taking ratios of limiting rates and the quantum yield for
zero quencher, the proportions of the various internal processes in
the ketone can be established, If it is assumed that singlet and
triplet states break down in the same proportion to type II and

cyclobutanol products, then

o
R k k
A e 32 o 2% . o0
o
.Rp k3 kS
From equations above, RA k3a 0.7k3
om—— = —— =
®
-Rp k2+k3 k2+k3

From the rate vs. olefin concentration graph,

k3 singlet reaction

—_— = 0.15

k2+k3 total reaction

e o k = 0.175k2

3

-Rp k3kh + k3k5 + k2k5

R " (kh+k5)(k2+k3)

3 = 0.75k;, 0.85ks + 0.1k9 -R %

. - k+ k ' ~R
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¢S§ = ¢%inglet + @° triplet

Borrell and Sedlar took a figure of 0,20 for the quantum
yield of ketone consumption although this figure was not measured
directly in their experiments but taken as an estimate from the .

43

results of Sedlar - in neat ketone and Hammondhh in hexane solution

(0.18 and 0,42 respectively). Using this figure and the ratios
derived, together with the steady state conditions, a series of

simultaneocus equations can be set up and solved for the quantum

yields of each process,

8, = 0.1750,

¢5 = 1.khg,

By +0s = 0 = 0.20
8, +9, = o0.60

8, + @, +8; = 1,00

Thus, ¢1 = 0,693, ¢2 = 0,262, ¢3 = 0,046, ¢h = 0.107 and
¢5 = 0,15k,

The final picture emerging from this work can be

represented diagrammatically below :

0-io7

. lo. 3 0.
p_0O  plO2:2 PO proguas
o693

0046
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(Note that the figures in the original paper differ slightly
as the authors used slightly different ratios from the graphs.
The difference, however is small).

Wagner and Hammondhh obtained a value for the quenching
of the pentanone triplet by a piperylene, a rayio equivalent to
k6/(kh+k5). They obtained the value kqt = 50 1.mol™t or 2.5 times
the equivalent rate for chemical reacti?n with cyclohexene, If
the triplet lifetime is assumed to be the‘same in both cases then
ke = kq/2.5. If Wagner's value of the diffusion controlled rate

1 -1 =1

constant is taken as § x 109 1, mol” s'l then k6 = 2x109 l.mol s

and kh-bk5 = 1083'1. Using the ratios derived ebove, k) = bl x 1.073'1

and kg = 5.1 x 10778, ‘ |

To obtain their results Borrell and Sedlar used the vacuum
capillary technique described in Chapter 2, They used benzene as
solvent at 313 nm, It was decided to repeat their experiments using
the semi-micro technique and to try to épply the same method to
different ketones., Different solvent media were tried to see if the

reactions sbove were general.

5.7 Quenching Fxperiments in Benzene

The results above were repeated in benzene using the

semi-micro method. The reaction in lemethyl-2-pentanone with twice

[ R
the number of y-hydrogens and in 2-octanone with secondary y-hydrogens

was also followed. The plots of rate against concentration of
cyclohexene are shown in Figs. 4.11 and 4,17 for 2-pentanone and
L-methyl-2-pentanone. The results for 2-octanone (q.v) show

virtually no quénching in benzene.
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The quality of the original data is rather poor apd this
is reflected in these results., This must be put down to the technique
used, _ It seems that the semi-micro method, although the best
method for studying the isomerisation results is not the best way
of following the type II reaction. It is possible that the acetone
production data is subject to a certain degree of error due to the
purging effect of the nitrogen stream, Larger errors come in
trying to follow tﬁe depletion of starting material. Due to
evaporation of the solvent photolyses could not be carried out for
longer than about 5h., Beyond this time errors due to changing
concentration become significant. On the other hand, conversions
obtained in this length of time are not iarge‘enough to fully overcome
the inherent error of sampling with a microlitre syringe (¢3%)., Many
points have to be taken in order to obtain a fair estimate of the -
rate of ketone depletion and these rates are subject to a large
standard error. An alternative would be to uée a cell of smaller
volume with a larger incident light intensity, but such equipment
was not available for this work. It should be pointed out, however,
that the capillary technique would probably nof‘be much better due to
the difficulty of f£illing tubes uniformally with samples of relatively
invoiatile solutes in a volatile solvent, such as 2-octanone in
benzene. (See Chapter 2).

Having said this, it is still possible to obtain some

useful figures from the results.
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5.7(a)

2-Pentanone in Benzene

Inspection of Fig. 4.11 shows that the results obtained

for this compound are qualitatively similar to those ofBorrell and

39

Sedlar. The curves are not so symmetrical as the quenching of the

acetone rate appears less than the increase in pentanone consumption

on adding olefin. The rate of acetone production is 60.5% of the

rate of ketone consumption at zero cyclohexane concentration. This

compares with T0% found by Borrell and Sedlars’ and 684 found by

Wagner and Hammond.hO - RA‘»)-1

vs.[C] and (-Rp + Rpo)-lvs. [C]'1 can be drawn for these curves.

Modified Stern-Volmer plots of (RA

The data for acetone production is tabulated below together with the

equivalent data for L-methyl-2-pentancne.

(€] . Ry, L 1o o R, - R," (R, - R,
mol 1, mol ul™ "x10"“min"
- Y- M- 2- L aMa2a b eMaoa
Pentanone Pentanone Pentanone Pentanone |Pentanone Pentanone
0 25.2 40,0 16.0 26.5 0.0625 0.038
1 12,2 20.0 3.0 6.5 0.33 0.154
2 11.0 17.0 1.8 3.5 0.55 0.286
3 10.5 16.0 1.3 2.5 0.77 0.%00
L 10.2 15.5 1.0 2.0 1,00 0.500
5 10.0 15.0 0.8 1.5 1.25 0.667
Limiting 9.2 13.5 0 o] o )

straight lines with slope/intercept ratios of 4.0 l.mol~t

The plots are shown in Fig. 5.6,

2-pentanone and 2,72 l.mol"1 for h-methyl-z-pentanone.

The points fall on fair

for

For 2-pentanone
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the equivalent plot for ketone consumption gives a similar plot of
iﬁtercept/slope ratio = 14.8 l.mol'l, nearer the value quoted by
Borrell., The difference in these values reflects the differeﬁt
shape of the two curves and also the inaccuracy involved in drawing
reciprocal plots which depend heavily on a limiting value subject to
an error of as much as %57,

If the assumption is made that the mechanism described in
Section 5.6 is valid then treatment of the results in the same way,
using the ratios RA /-Rp°° = 0,135, RAO/-RPO = 0,605 and -Rpo/-Rp°°
= 0,614 and ¢Sp = 0,0495 (See result in Section 4.3, ¢A = 0,030) gives

the following quantum yields.
o010

o9 /_\

éﬁ ~ | 3
P00 ' p 0067 . OQ36_., products

o032

5.7(b) L4-Methyl-2-Pentanone in Benzene

As with 2-pentanone the results are qualitatively similar
to those obtained before, Employing the same assumptions and the
(o] (o] (o] k°°- o ©
ratiqs RA /-Rk = 0,645, ka /-Rk : 0.6Th4 and RA /--Rk = 0,163
together with ¢Sk = 0,074 the quantum yields are found to be:

0-0276
O-89

.00 | OC8i7
am2p 2225 (4-02-P) -—>(4-M-zp)3c—;5;6>4 Products

’

00353
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5.T(c) Comparisons

The quantum yields for the two ketones are presented below

together with the results of Borrell and those of Yang et a.].,h5
2-Pentanone | 2~Pentanone 2-Pentanone | b<Methyl-2-
(Present (Borrell and (Yang et al.) Pentanone
Work) Sedlar) (Present Work)
Solvent Benzene Benzene Hexane Benzene
Overall 0.0495 0.20 0.38 0.0k
$ -K
8, 0.9193 0.693 0.35 0.8907
2, ' 0,0627 0.262 0.63 0.0817
¢3 0,0180 0.046 - 0,025 0,0276
@), 0.0312 0,107 0.27 0.0353
¢5 0.0315 0.15k4 0.36 0.0L6k

The agreement between the published values for the overall

Barltrop and Coylel‘6

quantum yields for 2-pentanone is not good.
quote ¢-K in benzene = 0,43 whilst Wagner and Hammond quote 0.L2 in
hexane?o On the other hand, Yang and Feith7 quote a value of 0.27 in
hexane, It should be pointed out that the agreement between the present
work and that of Borrell and Sedlar is improved considerably if the

same quantum yield is used (the ratios derived from the quenching
experiments are similar). Since they estimated a quantum yield by

reference to published values in different solvent systems it seems
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reasonable to take the present value of 0.05 measured directly under
the same conditions as quenching and in the same solvent,
The values derived by Yanghs rely upon the quenching of the
reaction by piperylene,which has since been shown to be an effective
quencher of the singlet réactionh8 (see introduction) at high
concentrations of the diene. Wetta.ckh8 et al, have corrected the data
of Wagner and Hammond for the piperylene quenching of 2-pentanone and
estimate that the proportion of triplet reaction to type II products
is about 70%., Borrell's figure is 77% whilst that estimated from
the present work is 63.6% (Yang's uncorrected figure is 93.5%).
These figures compare to the gas phase value of 65% calculated by
Wettack and Noyes}'9 Another difference between Yang's results and
the present work is that Yang used hexane as solvent. The effects of
solvent on the reaction will be discussed in Section 5.8,

The most noticeable feature of the results presented above
is the very high yield of internal conversion from the excited singlet
state., With 2-pentanone it is estimated that 92% take this path
whilst the figure is 89% in h-methyl-2-pentanone. This high yield of
internal conversion has been rationalised by Ya.ng’45 Sy postulating the
formation of a singlet biradical intermediate which can either react to
give products or return to the grouﬁd state without spin inversion,
(See Section 1.5). Although this explains why the type II reaction is
generally inefficient it does not, in itself, explain why the overall

quantum yield is so much lower in benzene than in other solvents.

This will be discussed below. The proportion of triplet reaction to
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give products in Lemethyl-2-pentanone is very similar to that in
2-pentanone itself (62.6%) and reflects the fact that both molecules
have similar primary y-hydrogens the only difference being that the
substitutéd pentanone has more of them, giving & higher overall
quantum yield.

5.8 Effect of Solvent

The quantum yield of acetone production from 2-pentanone was
measured in various solvents as tabulated in Secfion L.3. Except
in the case of benzene and cyclohexane the quantum yield of pentanone
disappearance was not measured. These results were obtained using the
medium pressure lamp for stable light output and this light did not
give sufficient conversion for @-K to be‘measured. Clearly there are
considerable solvent effects operating and these may be compounded of
a number of separate effects,

The first of these is the well known effect of solvent
polarity. It has been shown by Wagnerso and by BarltropSl that the
effect of increasing solvent polarity is to increase the overall
quantum yield such that it approaches unity in the case of certain
aryl alkyl ketones, though this is not so marked in aliphatic ketones.
They have suggested that this is due to the solvation of the proposed
tripiet biradical intermediate tending to drive the reaction to
completion. Such a solvent effect is not noticed in the fully
quenched singlet reaction,h6 presumably due to the shorter lifetime
of the singlet state intermediate,

Another effect of solvent on the photoelimination is the

degree to which hydrogen abstraction from the solvent may take place,
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It is wellhknown that aromatic ketones such as benzophenone do
abstract from solvents such as isopropanol. It has also béen
reported that_aliphatic ketones abstract hydrogen from hydrocarbon
solvents; the triplet n,r* excited state being thought to be the
sbstracting species. (See Section 1.L(i) and references therein).
Rapid hydrogen abstraction from the solvent will have the effect of
increasing the overall quantum yield of disappearance of ketone at
the expense of acetone production. It has been suggested that the
triplet n,n* ketone molecules can be compared in reactivity to
t-butoxy radicals52 (In which case abstraction from cyclohexane is
570 times easier than abstraction from benzene?3) ‘Héwever, WagnerSh
has reﬁorted that hydrogen abstraction is not observed with 2-hexanone
in hexane or t-butanol although hydrogen abstraction products
(2-hexanol) are observed using tri-butyl stannane as solvent.,

A third varisble with solvent is the energy level of the
ketone, It has been established that the position of the n-n*
transition in cerbonyl compounds is influenced by solvent, suffering
~ a hypsochromic shift in polar solvents. This must reflect an increase
in singlet enefgy end is probably accompanied by a corresponding increase
in triplet energy. If the triplet energies of the donor ketontand
quenéhing olefin are very close, as must be the case with cyclohexene
then it is possible that small changes in solvent nature such as those
on going from benzene to cyclohexane are sufficient to change the
reletive energies of the two. An example of changing the

relative energies of donor and acceptor is shown by the competition

betveen photocycloaddition and energy transfer with the carbonyl n,n*
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25 when the ratio of oxetane/triplet

triplet and norbornene,
energy transfer products goes from 0/70 to 46/4 in changing from
& donor energy of 308 kJ to 300 kJ mo1™Y.  In enother caae56 a
change of only 2.5 kJ mol-l in donor energy was sufficient to
change a similar ratio from 0/100 to 43/57.

Another factor determined by solvent is chemical reaction
with the solvent. In a very recent paper Schuster and Brizzolara57
proﬁosed that some observed results of ketone photochemistry in

benzene (e.g. reference 58) can be explained by a mechanism of—mMN)

reversible addition to benzene to form a biradical :-

T y
RS ' R .
=0 + — > C—0
e /7
R R Y

This provides a mechanism for efficient deactivation of ketone

triplets which could explain the low quantum yield of reaction in
benzene observed. This does not, however, explain the fact that
Ba.rl‘l:roph6 reported the overall quantum yield from 2-pentanone in

benzene as being 0.43, almost(lO timesthe value found in the present

worke
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Finally, solvent cduld affect the proportion of reaction
to give acetone and olefin, on the one hand, and cyclobutan§l on
the other; though both products have been shown to come from the
same biradical intermediate.51 It is difficult to speculate as
to what this effect vill be as only acetone was followed, However,
it is clear from Wagner's vorkso that the ratio of overall quantum
yield to the yield of acetone production varies with solvent.,

In trying to explain the difference in the observed
reaction in benzene and cyclohexane several of these solvent effects
may be invoked. The involvement of the adduct shown sbove seems the
only way to explain the low quantum yield in benzene. The difference
in the observed behaviour of the rate of ketone consumption is
probably best explained by postulating a slight difference in the
relative energies of ketone and cycléhexene triplets in the two cases,
It is known that the triplet energies of the two are very close (of
the order of 310 kJ mol™Y). 1In the case of bengzene the triplet
energy of the cyclohexene must be just sbove that of the ketone,
resulting in oxetane fdrmation, vhilst changing to cyclohexane may
increase the triplet energy of the ketone just sufficiently to make
‘energy transfer the dominant process. It is reaésuring td note
thaﬁ as the co-solvent is progréssively replaced by cyclohexene the
values of the two rates tend to the same value., Another possibility
would be attack of cyclohexene on the biradical adduct with benzene,
though this may emount to the same thing, This explanation could:

explain why the type II reaction of 2-octanone in benzene is barely

affected by cyclohexene, The increased chain length is expected to
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lover the triplet energy marginally and this may be sufficient to
make reaction rather inefficient. |

Inspection of the figures in Section 4.3 for the type II
reaction of 2-pentanone in different solvents suggests that the increase
in polarity does increase the quantum yield of acetone formation.
However, without data on the quantum yield of ketone consumption.
it is not possible to conclude what other effects are operative.
The yield of acetone is greatest, as expected, in t-butanol.
Barltfoph6 quotes a value of 0.85 for the quantum yield of disappearance
of the ketone so that the yield of other reactions is 0.56, or 66%,
much higher than the corresponding figure of 39.5% observed in benzene.

Similar figures are tabulated below @

@ Acetone @-K % Reactions

Solvent (Present other than

Work) Type II

(a) _

Cyclohexane 1 0.104 0.30 (@) 65.4
t-Butanol 0.291 0.85 (b) 66.0
Ethanol 0.12 1.0 (e 88.0
{s0~Octane 0.226 0.4z (@) 46,2

In the above table, (a)= present work, (b)= Barltrop and Coyleh6.
(c)= estimated value from reference L6 and (d)= value for n-hexane from
reference 44, If, as Vagner found, hydrogen abstraction from the

solvent is unimportant, then the variations in % Type II reaction
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must be explained by variation in the ratio of acetone to
cyclobutanol formed. If, however, Yang's reporths of abstr#ction
products being formed in hexane is the case then the variations

from solvént to solvent could also be attributed to hydrogen
abstraction. = A combination of the two seems the most likely,
2-pentanol was not observed as a product of photolysis in the

present experiments but under the usual conditions-its retention time
would»be very long, makingthe chromatograph peak flat and not readily
noticed. The value for the rate of acetone formation in pure
2-pentanone seems to fit with other solvents on the basis of polarity
but is higher than found by Sedlarh3 (0.12). Repeat experiments,
however, confirmed the higher vglue, thoﬁgh the value seems to be near
that found by Sedlar at 254 nm,

Finally, the results in Section 4.8 show that as pure
ketone is replaced by cyclohexane as solvent the qﬁantum yield falls
from 0.25 towards the cyclohexane value of 0.10, though there is no
simple relationship between § and concentration of cyclohexane,

5.9 Quantum Yield of Acetone Production in Different Ketones

Section 4.2 1ists the quantum yields found for acetone
production in various pure ketones. The values are similar for the
two ketongs»with primary y-hydrogens but are lower for the three with
secondary y-hydrogens.. As has already been said, the value in
2-pentanone is higher than that found by Sedlar. The value in
2-heptanone (0.156) is lower than the value quoted by Calvert and
Pitts of 0.23.°° The quantum yield is 2-hexanone measured as 0,082

is also slightly lower than that measured by Sediar60 of 0,100, VYo
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values for the rates of ketone consumption were measured,or have
been published,but it is possible that the ratio of type II
reaction to cyclobutanol formation may vary in the different

ketones as suggested in Section 5.8 meking interpretation of these

results difficult,

5.10 Quenching in Cyclohexane

The quantum yields of acetone production and ketone
consumption for zero olefin concentration and limiting concentration
of olefin are tabulated below for the three ketones. These were

evaluated from the data shown in Figs. 4,11, 4.17 and 4.23.

‘ o o o ® 2,° 6,
Ketone ¢A ¢A ¢-K ¢-K 965 :>/
=K ¢- a0
2-Pentanone | 0,10 | 0,014 | 0.30 (0,10 | 0.35 0.1k
L-Methyl-
o-Pentanone 0.13 | 0.15 0.2k 0.11 0.54 0.13
2-octanone 0.074| 0.043 | 0.091 |0.054 | 0.81 0.79

The ratios in the last two columns express the fact that the

rate of consumption of ketone does not fall with quencher to the same

extent as the acetone is quenched. This suggests that energy transfer,

although the dominant process,is accompanied by some compound formation,

This seems likely if the energy levels are only slightly shifted
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compared to benzene as would be expected in two such similar
golvents, It seems probable that a Schenck type adduct is
involved which may either result in energy transfer or may cyclise
to form an oxetane. With 2-octanone the degree of quenching is
less than in the other two ketones., This suggests that the
proportion of reaction through the singlet state is greater in this
case (58.4%). Compound formation also seems less marked than in .
the other cases and this may be due to steric hindrance in the
proposed intermediate.,

Modified Stern-Volmer plots can be drawn for the acetone
quenching as before (using data taken from tpe curves drawn through
the original points). Plots of (RA - RAu) #s,[C] are shown in
Fige 5.T. The slope/intercept ratios of these plots give values of
kqtt' where kq is the sum of the rate constants for quenching by energy

is the triplet lifetime.

transfer and by compound formation and T,
, 2
Ketone X t,, l.mol™t
qt’

2-Pentanone 3.6
L-Methyl-2-

Pentanone . 10.6
2-Octanone 4.0

The maximum value of k- will be the diffusion controlled rate of

q
91.mo1~t

around 5 x 10 s'l vhich gives a minimum value of T

% of arpund

10'95. The variations between the ketones could be explained either
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by changes in kq or r, and without further data it is not possible
to say which,

5.11 Summary and Suggestions for Further Work

The results for the photoisomerisation of methyl tiglate
provide sufficient information when combined with previous work to
enable a speculative potential energy diagram to be drawn. The
validity of such diagrams in explaining photoisomerisation is open
to quéstion when chemical reactions involving radicals are invoked
to explain observed results, The results suggest an efficient process
for internal conversion as the major route for deactivation of the
excited molecules as has been observed for cerﬁain other n,n* gystems,
Photosensitisation of the isomerisation seems to involve a certain

amount of adduct formation and competing reaction to form addition:

products,

- It would be of interest to have further information on
photosensitisation using sensitisers of different energy and following
oxetane production as well as isomerisation on the lines indicated in
Section 5.5, It would also be useful to have ; computer-drawn
energy diagram based on molecular orbital theory as produced for
stilbene.

| The later results on the Quenching of photoelimination
indicate the usefulness of following quenching in ketone-olefin
pairs of similar triplet energy as a means of obtaining detailed
information about the internal processes taking place on excitation

of such molecules. Clearly such reactions are highly sensitive



- 234 -

to the relative triplet energies of donor and acceptor and also
to the solvent system, These various effects need much further
investigation using different ketones and quenchers under

conditions where all the rate parameters of the reaction can be

followed.
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