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Abstract ‘

Oxygen is remarkable in that it has a triplet ground state, a 325 state, with its first two
excited states being of singlet multiplicity ('Ag and 'Z", lying 94 kJ mol™' and 158 kJ
mol™ above the ground state, respectively). Relaxation of the singlet state to the
ground state is consequently spin forbidden, resulting in a long lifetime for singlet
oxygen. Singlet oxygen is a highly reactive species and is fesponsible for oxidat'ive.
damage in a number of systems. In this study, singlet oXygen quantum yields, @,, have
been measured at varying temperatures and pressures, as a function of oxygen '

concentration, in supercritical fluid carbon dioxide.

@, values were measured in supercritical carbon dioxide and anthracene relative to |
perinaphthenone as a standard sensitiser, for which @, is 0.95 + 0.05 and is suggested
to be insensitive to changing solvent'. Due to the chemical and biological importance of
singlét oxygen quenching in conventional solvents has been studied in depth?, although
few studies have been made in supereritical fluid carbon dioxide®* and indeed these
have not reported quantum yields. High-pressure cell design presents unique challenges
in this area, dnd by utilising near-IR detection techniques and carefully controlled
sample geometries couﬁled with exten;iw;fe and equipment smﬂp]e characterisation it is
possible to determine reliable quantum yield values of less than one, which in previous

studies® were found to be greater than one. _

Using perinéphtﬁenone as a reference sensitise in supercritical carbon dioxide, at 44.5

°C and 200 kg m at an absorbance range of 0.1 to 1, singlet oxygen quantum yields of
anthracene obtained in supercritical carbon dioxide ranged from approximately 0.21 to
0.85, (based on perinaphthenone @, = 0.95). Further work was also done to establish if

a systematic variation with concentration, pressure and temperature exiéts.‘

Flavins such as Lumiflavins, Roseoflavin etc were studied, these bompounds are very
important in photobiological studies as further studies of their quantum yields and
fluorescence quenching were then investigated which eventually were then used as

sensitisers on the formation of juglone . Their triplet-triplet spectra were also recorded.




Photooxidation convefsion of 1,5-dihydroxynaphthalene to Juglone was followed by
usmg super critical carbon dioxide as a solvent and looking at the influence of pressure
and temperature on the rates. This study made it possible to carry out the synthesis
using super critical carbon dioxide and this was further proven with IR and NMR
spectra in comparison to the original spectra of the pure Juglone.

There were no obvious trends of the relationship between temperature and pressure but

there was a clear increase of rate of formation on Juglone with increase of pressure.
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Glossary of Terms

| A = Wavelength (meﬁes)

y= Frequency of radiation, no. of complete cycles per second (Hz)
¢ = Speed of light in a vacuum (2_.998 X 103' ms™)

h = Planck’s constant (6.63 x 107 Js)

Na = Avogadro’s number (6.023 x 10° mol™)

1 = Pathlengih through the solutioﬁ (cm)

g= Dgcadic molar absorption coefficient (1 mol’ cm;‘)
Kqobs = Observed rate constant )

k4 = Decay rate constant M

&, 6*= Sigma bonding and antibpnding, respectively
=, n* = Pi bonding and antibonding, rcspecti\_rely

Y= Wavefuhcﬁon | |

M = Spin multiplicity -

IC = Internal conversion

ISC = Intersystem crossing

VR = Vibrational rela};ation

1,0 = Natural lifetime of a species

© ®r=Triplet quantum yield

d, = Singlet oxygen quantum yield

_ SCF= Supercritical ﬂu_id -

| ScCO, = Super critical carbon Dioxide

5" = Second excited singlet state of oxygen

A, = Fﬁst singlet excited state of oxygen (singlet oxygen)

3Eg'= Ground state oxygen

il




1 = Viscosity
Abs = Absorbance
~ Ip=Incident light/ radiation Vintensity
1= Transmitted light intensity
c= Co_nccntratiop (mol I
ko' = Triplet quenching rate constant (1 mlol‘l s
kqs = Singlet quenching ré.te cénstant (1 moi™ s
[Q] = Concentration of quencher \(mol 1
| AGcgr = Free enthalpy change for complete energy transfef |
Ecr= Energy of charge transfer state | |
F =Faradays constant (9.6485 x 10* Coulomb mol™)
ET; Triplet energy

E, = Activation energy (kJ mol™)

R =Ideal ga‘s. constant (8.3145 J K mol™)

p= Deﬁsity (g em’)

V = Volume (m%)

M, - Molecular mass (g mol™)

DHDN=1,5 -Dihdrdxy Naphthalene'

RB = Rose Bengal | _ -

MB = Methylene Blue |

AcN = Acetonitrile

Anth = Anthracene

Sens = Sensitiser

All = Alloxazine
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Introduction.



~ 1.0 Introduction

1.1.1 Photochemistry ” _ |
Photochemistry as the name suggests is the study of chemical changes initiated by

light energy’, usually absorption of the ultraviolet and visible regions of the
electromagnetic spectrum. The Grotthus-Draper Law states that only the radiation ~
actually absorbed By the reacting system. can initiate reaction and a more
satisfactory version of the Stark-Einstein law states that if a species absorbs

radiation, then one particle is excited for each quantum of radiation absorbed.

The frequency, wavelength and energy of light are related by the Planck’s law

~ equation (equation 1.1) which refers to the primary photochemical process of a |
species, in which photons of radiation of specific frequency v had associated with
them a fixed energy E. These processes may induce secondary reactions including
chain reactions consuming many further molecules of the starting material without
the need for more light.

he
E=hv= - _ 1.1
- Where h = Planck’s constant (6.63 x 1034 7s)
| ¢ = Velocity of light (2.998 x 10° ms™)
A = Wavelength (m) |
v = Frequency of radiation (Hz) |
- Accordingly photons can also be calculated using a linear relationship between

energy per mole E and wavelength A as shown in equation 1.2;

E= NThC | ‘ 12
Where N = Avogadro’s number (6.023)(1023 mol )
¢= Velocity of light in a vacuum (2.998 x 10® ms™)
A = Wavelength (m)
When a photon passes close tb a molecule there is an interaction between the
electrical field associated with the molecule and the electric field asséjciated with the
radiation. This interaction may not result in a permanent chaﬁge in the molecule, but )

it is possible for an interaction to occur in which the photon is absorbed by the

1



molecule, thus changing its electronic structure. This occurs when the molecule

absorbs a quantum of radiation whose energy corresponds to a transition within the

molecule. In terms of molecular orbitals this means a change in the occupation of -

states from the ground to an excited state. The energy of the photon may not match
exactly the energy difference between the lowest vibratioﬁal levels of the ground
and excited state of the absorbing molecule, the energy of the photon may be in
excess. When this occurs an upper vibrational level in the excited state is initially
populated but quickly loses ité energy to relax back down to the lowest vibrational

level.

* 1.1.2 Beer Lambert Law A
~The absorption of an appropriate photon of light can cause a molecule to form an

electronically excited state which may possess different electronic and nuclear
properties to the ground state. The Beer Lambert law is a linear relationship
 between absorbance and concentration of an absorbing compound. As shown in
equation 1.3, it is used to describe the fraction of light absorbed by a solution of low
concentration (homogeneously absorbing system) of absorber at a given
wavelength. ‘

1° -
A=¢&l=logw— 1.3
' I

Where A is the measured absorbance of a given molecule at a frequency v related to

concentration ¢ (mol-l"), I° and I are the intensities of the incident and transmitted .

iight intensities respectively, at a pathlength 1 of 1(cm), € is the molar absorption
* coefficient (1 mol'em™), hence this relationship shows the amount of light absorbed

per unit concentration.

1.1.3 Electronic Structure of Molecules

The electrons in a molecule occlipy molecular orbitals; together with wavefunctions

these can be used to describe the positions of electrons in a molecule. One
- molecular orbital is a bonding orbital and the other is an antibonding orbital. The
bonding'molecular orbital is more stable than the initial atomic orbitals and the

antibonding molecular orbitals are of higher energy than the initial atomic orbital

and therefore less stable. There are five types of molecular orbitals which have been

distinguished, © and- 7 bonding, ¢* and w* anﬁbonding and n, non-boriding.




.

Molecular 'orbitals_ are often formulated from linear combinations of the valence

shell atomic orbitals., as shown in the figure 1.2: _ ) . \

A . .
Atomic Molecular - Atomic
Orbital Orbital o Orbital
|\ (u)* Antibonding
e e -
1 E fr.-ﬁ "-.__\N". - | X :
Energy BRI N | T W@
M, _".“‘“'.' Jl"'f“"_..-- d .
. Atom (1) ““'"-w.ﬁ_k ‘ w Atom (2)
1s Orbital T . 1s Orbital
| ¥ (u) bonding |

Figure 1.2: Energy levels of s-s atomic and molecular orbitals

Wavefunctions W¥(x, y; z) are often used to represent the spatial properties,
momentum and energy of states. The modulus of the Square of the wavefunctions
- can be used to define thé electron probability density, the probability of finding
electrons in given configurations is then equal to 'niultiplying Y(x, y, z)? by the
volume concerned (dx, Edy, dz)._WaQefunctions describe the energy state and can be
separated into electronic and vibrational | components denoted by ¢ ‘or X

respectively.

1.1.4 Pauli’s exclusion prmcnple _
Pauli’s exclusion principle states that : 10 two electrons in an atom can have 1dentlcal ‘

~ quantum numbers which means that each orbital may hold a2 maximum of two
clectrons whosc spin must be paxred These orbitals can be in the form of: bondmg
(o or m), non bonding (n) and anti-bonding (c* or n*) whxch are of lower, equal and
higher energy respectively than the atomic orbitals from which they are constructed.
Orbitals which are symmetric about the internuclear axis are designated o and %

and have hi gh' electron density for bonding orbitals along the molecular axis. Whilst
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-1 orbitals are formed if 2px or 2py orbitals are mixed and n orbitals if non bonding

valence shell electrons are present. All of these orbitals have different relative _

energies as shown in figure 1.3 and transitions induced between these levels by the

absorption of a photon leading to an excited state. n > o*, 1 » n*,n > ¢* and ¢

- ¢* are common transitions in organic compounds and some of these transitions

- can produce a singlet or a triplet state (see section 1.15).

A
o .
| n-o*
_ T* y JL.
Energy n-m¥
n w
' T-T0*
T
o-0*
9]

Figure 1.3: Relative energies of the different transitions

Wavefunctions W(x, y, z) are often used to represent the spatial properties,

momentum and energy of states. The quantum aspect of a system can be represented

- using wavefunctions v (x, y, z) which is defined by the Schridinger equation as.

shown below:

_ R dly(x) N w*m

o 2 > x*y(x) = E,p(x)

y = Schrédinger wavefunction’
Where E, = energy eigenvalue

dx*= position (x, y,z) .

h = Planck constant (6.63 x 10°*Js)
m = Mass (Kg)

E = Energy (I)

V = Potential energy (J)

1.4 | 1



1.1.5 Spin multiplicity
The spin multiplicity is ‘defined as M = 2S+1, where S is the vector total spin

quantum number from each electron. For spin paired electrons S will be equal to
zero whilst for two electrons with parallel spins S will be one. Each electron in a
molecule has a spin quantum number of %2 which can either coxrespond to spin
magnetic qﬁantum numbers me= %2 and mg= -V2 these two orientations depend on the
electron’s alignment with respect to a specified axis. Therefore M = 1 for a singlet
and 3 for a triplet state, by using a symbol Sy to denote a singlet ground state and
excited state singlets by 3, Sz, S3 etc with the subscript denoting increasing energy.
Triplet states feliow the similar pattern with T, being Lisuaily the lowest triplet state

and increasing in energy as T, T3, T4 etc

Ground State Singlet Excited State Singlet = Excited State Triplet
(spin paired S=0) (spin preserved S=0) (spin inverted S=1)

Figure 1.4: Representation of spin orientation in singlet and ftriplet excited

states

Since the Pauli exclusion principle states that an orbital can never have more than
two electrons in it (i.e. that no two electrons can have the same set of quantum
numbers), electrons occupying the same orbital must have paired spins in the form
of mg= Y2 and me= -Y2. According to Hund’s rule there are two ways of arranging
electrons within a set of degenerate orbitals but keeping the repulsion between the
energy to a minimum: |
¢ electrons will occupy different orbitals whenever energetically possible .
‘e two electrons occupying degenerate orbitals will have parallel spins in their
lowest energy state .

Therefore as most molecules in their groﬁnd state contain an even number of
electrons, the electrons will be spin paired and hence the ground state will be a
singlet state. Electron repulsion is minimised where spins are parallel, so
consequently triplet states have lower energies than their corresponding singlet

states and a promotion of an electron from the ground state can give rise either to an

5




,excited‘singletlor an excited triplet. Accordingly the triplet ground state is Ty and

the excited triplets are Ty, T etc. Not many molecules have a triplet ground stzitc,
one of the few molecules that does is molecular oxygen, due to the lone pair of
electrons in its outer shell which occupy separate, degenerate orbitals.

Selection rules may be used to establish whether a transition between two states is
likely to occur. There are 3 types of selection rules; transitions are usually referred

to as either allowed or forbidden

¢ Spin selection rule: The radiative transition should take place with no
change in the total electron spin, i.e. AS =0. | ‘
¢ Orbital symmetry selection rule: Relating to diatomic and linear
molecules. Tfansitions involving a large change in the orbital angular
momentum are forbidden, therefore electron should occupy the same region
qf space after light absorption, i.e. AL =+ 1. |
e Orbital overlap rule: for a transition to be allowed there must be a good
spatial “overlap” between the orbitals of the state involved, hence & to ©* is

allowed whereas n to 7* is not.

1.1.7 Electronic Transitions

1.1.7 Franck-Condon Principle

The Franck-Condon principle states that ‘since electronic transitions are much faster
than nuclear motion, electronic transitions occur most favourably where the nuclear
structure of the initial and final states are most similar’.. Hence, the more vibrational
wavefunctions level overlap the more likely the transition will happen and this is
determined by the probability of finding a nucleus at a given internuclear distance in
a given'vibrational level v, for each Vibrafional level {v) there are v+1 maxima, and
the transition is most likely to occur from a v maximum in the lower state vertically
upwards to the v’ level in the upper state having the best overlap. Each state has
vibrational levels associated with it and each vibrational level has a wavefunction

~associated with it, as the vibrational levels increase the number of nodes increase_:s.



Absorption Emission

\//\\//\vf \wg v=35
\/\VA\.)/\\.'A/ v=4
SRS — v
/\\/ / v=2
v=1l

\(-:'\ v=0

Internuclear distance (r)

Figure 1.5: Diagram illustrating the Franck-Condon principle

For a given vibrational level v, there will be v + 1 maxima and v nodes between the
maxima for the vibrational wavefunction 6f the particular vibrational level. From
the energy diagram the best vibrational overlap for absorption is betweenv=0to v
= 3, corresponding to the highest intensity, the same rationale is applied to the
emission process. According to the Boltzmann distribution, at room temperature the
majority of molecules in the lower electronic energy state are located in the lowest
vibrational energy level of that state, hence the most favoured transitions occur from
v=0.

1.2 The Jablonski diagram -
There are a number of pathways available for the dissipation of energy and

deactivation of the excited state. The Jablonski diagram can be used to show the
electron excited states and transitions between the states of molecules used to

represent the electronic exc1ted states and the fundamental processes that occur from

such states Excited states are defined in terms of the total spin angular momentum. .




Since S is the singlet ground stét_c and Sy, Sj, S etc are the électronically excited

singlet states, in¢reaéing in eﬁergy.'Applying the same rationale to triplet states, Ty
is the triplet ground state and Ty, T etc are the electronically excited triplet states.
Each state has vibrational and rotational levels associated with it.

‘Radiative processes involve the emission of electromagnetic radiation (photons)
from a molecule to return to the ground state. '

Non-radiative proécsses involve a transition between states of either the same or
different multiplicity, to return to the ground state without the emission of
electromagnetic radiation. The principal transitions are as follow:

* Singlet to singlet and triplet to triplet absorptions preserve spin orientation
and are therefore spin allowed, and consequently correspond to strong
transitions.

o Singlet to triplet absorption requires spin flip and is spin forbidden,

consequently such transitions are of low intensity




VR
TAVAYY - .
527 IC —
. S-S VR
Absorption VR I
R — VW T,
IC [ — T-T
<« N S ISC Absorption .
B 1 >
VR :
— ISC
Flu'orescen'ce T ; / _ > >
Phosphorescence : 5 _
- N VR
VR S !
5o i \ é VR

Figure 1.6: The Jablonski Diagram illustration for singlet and triplet states
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1.2.1 Singlet State _ o |
Absorption conventionally occurs from the singlet ground state to the singlet .

excited state as shown in figure 1.6; a higher level than S; may be initially

‘ populatéd, but from here rapid vibrational relaxation occurs to populate the lowest

electronically excited state, Si. The transitions can be described as radiative or non
radiative and can be spin allowed or spin forbi'dden. From here there are 3 main
intramolecular possibiltieszz

1. Fluorescence:

'A* —— 'At+ho - L5

Fluorescence usually occurs from the lowest vibrational level in the singlet state and

is a relatively fast transition, since it is spin allowed, occurring on timescales of the
order of 107"° to 10 s™'. This is a radiative transition which is spin allowed since it
occurs between states of like multiplicity. There are two types of fluorescence,
prompt and‘delayed. Prompt fluorescence occurs from the excited singlet state to
the singlet ground state following absorption from Sg to 5. Kasha’s rule states ‘the
emitting electronic energy level of a given spin multiplicity is the lowest excited
energy level of that multiplicity’. However there are a few exceptions to this rule,
fluorescence in both azulene > and thioketones® has been shown to occur froxﬁ S2.

A

\ s
‘Energy | q-— 4
Fluorescence Sy
\ /7
\ /
\ v/

Y

Reaction co-ordinate

Figure 1.7: Absorption and subsequent fluorescence illustration from the singlet state
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2. Internal Conversion, IC:

IA* —_» 'A +heat : | : 1.6

Non-radiative decay from the first singlet excited state to the singlet ground state
(e.g. liberation of heat). Electronic energy in one state is converted to vibrational
energy in a lower state. The rate of internal conversion is dependent on the enérgy
gap between the two states involved, the lafgef the energy gap the slower the
transition due to decreasing Frank-Condon factors. |
3. Intersystem Crossing, ISC:

A 3 A* j ' ' 1.7

This process occurs between states of different spin multiplicities i.e. it is a non-
radiative transition from the first sin glet excited state to thé first triplet excited state,

this transition is of low probability as it involves a change in spin multiplicity, and -

. is spin forbidden. This could be seen in on the Jablonski diagram in figure 1.6; if

intersystem crossing occurs from the excited singlet state the triplet state will be

populated;

1.2.2 Triplet State
For intersystem crossing. to occur from the excited singlet state, the triplet state will

be populated, deactivation of the triplet state then occurs from the lowest vibrational
level of the T, tﬁﬁlet state. Since relaxation from the first excited triplet state
involves a change in spin multipliéity, triplet states are long lived, microseconds to
milliseconds, relative to singlet‘ states which have lifetimes of t.he order of
nanoseconds. Conseqtiently the triplet state has a lower energy than the singlet state,
due to the repulsive nature of-the spin-spin interaction between electrons of the
same spin. Promotion of an electron from the ground state can give rise to either an
excited singlet (spin orientation preserved), or an excited triplet (spin orfentation
inverted) as could be seen on figure 1.6. Froin the triplet state there are two main

possibilities:

1. Phosphorescence: , 7
A — > 'A+ho . 18
Phosphorescence is the decay from the triplet state to the singlet ground state via the

emission of a photon. It is a radiative transition of lower energy than fluorescence,

its spin forbidden nature results in the radiative lifetime of phosphorescence being -
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long; this allows diffusional quenching of the triplet state by solvent rriolccules and
other triplets to compete eff1C1ent1y w1th phosphorescence As it is a radlatlve
transition between states of dlffermg spin multiplicity, but occurs due to the effect
of spin orbit coupling. It is a transition from the lowest lying triplet state to the
singlet ground state via the emission of a photon. Its spin forbidden nature (AS=0),
results in the radiative lifetime of ‘phosphorescence being long, this allows
diffusional quenching of the tripIet state by solvent molecules and other triplets to
compete efficiently with phosphorescence. The ;ypical radiative rel_aﬁvc lifetimes

for both fluorescence and phosphorescence are shown in table 1.1 below:

Transition B ~ Typical radiative lifetimes
12 (S = (=, 1) ' 10
70 (1=, ) , , 105
72 (S1=3(n, 1) 107%s
10(S1=">(x, %)) _, 10s

Table 1.1: Typical radiative relative lifetimes of fluorescence and phosphorescence

2. Intersystem Crossing (ISC):
Non-radiative decay from the triplet state to the singlet ground statc involves a
change in spin multiplicity and is a radiationless transition between states of
differing multiplicity. The transition is of low prebability as it involves a spin
- inversion, but ‘the transition is made possible by the effect of spin o:rbit coupling.
The shortest lifetime is on the singlet =, * transition since this process 1is spin
 allowed and does not involve a change in orbital configuration in cornparison to the
slower n, T* trans:tlon as th1s transition involves a change in orbital conflguratlon
Whilst the tnplet hfetlmes are much longer because relaxation to the singlet ground
state is spin forbidden as this transition involves a change in spm. However, the n,
7* transition is faster than the 7, 71* transition in triplet states, despite the change in

- orbital configuration which also explailis spin orbit coupling.




1.2.3 Triplet-Triplet Annihilation _
The process of triplet-triplet annihilation can be represented as; -

3M*(Ty) + *M*(T)—> M (So) + IM**(Sl)ﬂM (So) + hve 1.9

Triplet-triplet annihilation (TTA) can be determined® and also occurs when two
excited triplets collide and redistn'Bute their energies via an entity X,.whéreb.y Xis
the enc\ounter complex which then decomposes and resulting in the promotion of
one triplet to the singlet excited state S;, Whilst S; decays non-radiati\)ely to the
singlet ’ground state Sy, via intersystem crossing as seen _in figure 1.6; Once back in
the excited singlet state (S;), emission occurs with the same rate constant as prompt
fluorescence. Delayed fluorescence is governed by the spin probabilities and forms
one molecular entity in its excited single;t state and another molecular entity in its
electronic ground state, referred to as P-type, from pyrene, whilst the thermally
activated delayed fluorescence involving back intersystem crossing, referred to as
E-type, from eosin. This only occurs when the S;-T; gap is small enough for
thermal energies to populate Sy from Ty. This type of delayed fluorescence exhibits
the same lifetime as triplet state decay and occurs with an intensity that is
proportional to the exciting light intensity. ‘

The following scheme describes the pathway leading to 'the: triplet-triplet
annihilation (TTA): o

hv '

So ———» S Absorption
kisc'

S ———» T ~* Intersystem crossing
T, + Ty — > X = Triplet-Triplet Annihilation

X — ‘_Sl *t So Bak Intersystem Crossing

ke '
S; ——— So + hv  Delayed fluorescence

Scheme 1.1: Mechanism of delayed fluorescence via triplet — triplet annihilation
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The radiative or natural lifetime of a species 70 — either fluorescence or
phosphorescence can be defined by the following equation

0= 7:- | - 1.10

r

k; is the radiative rate coefficient which is related to the Einstein coefficient for

spontaneous emission. The measured 'fluorescence (z'J'.) or . phosphorescence
(7, )lifetime will generally be shorter than the radiative lifetime owing to further

contributions to the decay of the excited state via either internal conversion (IC) or
intersystem crossing (ISC), so the singlet and triplet lifetimes are given by the

following equation:

_ 1 ‘ . ‘
Tf - (kf +k. +kic) : . 1.11

15¢

or

o
T, v

The quantum yield of fluorescence (@y) or phosphorescence (P ,) can be given by

the following equations respectively:

—_ P
®,= k, +k, @7

Where ®ris the triplet quantum yield
' kp is the phosphorescence constant
k¢ is the fluorescence constant

kisc 1s the intersystem crossing constant

ki is the internal conversion constant

1.2.4 Spin orbit coupling :
This coupling arises because an electron experiences a magnetic field due to the

motion of the nucleus, due to a relation between angular momentum and the strong

nuclear force. This occurs for the protons and neutrons moving inside the nucleus,
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leadihg to a shift in their energy levels in the nucleus shell model. The magnetic
field is often strong enough to cause spin flipping of the electron, and so to conserve
total angular momentum (spin and orbital) this results in the electron changing
orbital. When a molecule has heavy atoms present stron g interactions occﬁ_r between
the spin angular momentum and the orbital angular'momentum of the electron, i.e.
spin orbit coupling. Atoms with high atomic numbers give more spin orbit coupling,
the higher the charge the greater the coupling and this is due to the fact that spin
orbit coupling depends on interaction with the nucleus. Xenon, iodides and
bromides "are often used to enhance spin forbidden - transitions either as
intramolecular (substituents) or intermolecular quenching‘ agents. Since pure singlet

or pure triplet states do not exist, this leads to forbidden transitions to occur, as

singlets have some triplet character and also triplets have some singlet character due

to coupling between spin and orbital angular momentum as shown in the equations

below:
Yr= \P'OT+ Ax Wex : | 1.14
v =y + Ay Y1x _ 1.15

Where yr and v, are the wavefunctions describing triplet and singlet states
respectively, the superscript 0 denotes pure states and A, and Ay are fractions less
than one. | '

Decay from the tn'plét (n, ©*) excited state to the ground state involves both spin
flip and a change in orbital configﬁration, whereas relaxation to the ground state

from the excited state (x, £*) triplet requires just spin flip.

1.3 Intermolecular processes |
Energy transfer conserves energy through an exciting molecule losing its energy,

and transferring the excited energy to another molecule, creating the ground state of
the donor and excited state of the acceptor. The transfer of energy from an
electronically excited donor (D*) to an acceptor (A) is often referred to as

quenching of D* by A and can be summarised as follow:




D*+A 2> D+A* , | 1.16

Where D is the ground state of the donor and A* is the electronically excited

acceptor.

Radiative (trivial) or non radiative energy trai_lsfér involves a specific interaction of

D* and A as shown in equétion 1.16, of which there are two types.
i) Long range coulombic energy transfer

ii) Short range electron energy transfer

1.3.1 Radiative energy transfer o .
Radiative enérgy transfer involves the absorption of the emission of light

(fluorescence or phosphorescence) from the donor moIecule followed by the

absorption of the emitted photon by the acceptor:
D* > D+hv : ' - 117

ho+ A > A* - | 1.18

This can only occur if there is an overlap between the emission spectrum of the

donor with the absorption spectrum of the acceptor. The emission from the donor is

not influenced by the presence of the acceptor furthermore the molecules do not:

need to be in close proximity.

- In an energy transfer experiment the quenching of emission of D* and its

replacement by emission of A will be observed. Aithough the photon is absorbed by

D, A becomes excited. Processes arising from A* are said to be sensitised

- processes. When the donor and acceptor are identical the energy transfer is referred

to as migration.

Energy transfer mechanisms are usually classified according to the initial spin
multiplicity of D* and final spin multiplicity of A*, for example the following

process is known as triplet-triplet energy transfer.

D+ A ——> D+A*




Electronic energy transfer and paramagnetic catalysed intersystem crossing is the

mechanism by which oxygen quenches excited states.

1.3.2 Non-radiative energy transfer
This involves the emission of a specific photon from the excited molecule, of which

there are two types: coulombic and collisional energy transfer

o  Coulombic energy transfer: This process océurs between a well separated
donor-acceptor, as the donor can induce a change in the acceptor at a
“distance. This only occurs if there is sufficient superposition of the
electronic and nuclear vibrational levels in both donor and acceptor. The
oscillation of the excited electron in the donor induces an oscillation in the
highest energy electron in the acceptor. o

| Collisional energy transfer: This occurs when the donor and acceptor atoms
are suffi.ciently close together to allow their respective electron clouds to
overlap allowing an e_xchange of electrons to take place. The excited |
electron from the donor molecule transfers into the LUMO of the acceptor
molecule, simultaneously an electron from the HOMO of the acceptor
molecule is transferred to the corresponding orbital. Triplet-triplet energy
transfer usually occurs via a collisional mechanism, due to the low
extinction coefficient of the S¢=T; transition, on which the coulombic

mechanism is dependent.

1.4 Fluorescence Quantum yield . )
Fluorescence Quantum yield Q can be defined as the ratio of the numbers of

photons emitted through fluorescence to the number absorbed and- can be

represented mathematically:

_ Photons,

1.19

- Photons,

The subscripts e and a represent emission and absorption respectively.

It can also be represented by the relative rates of the radiative and non radiative

pathways, which deactivate the excited states:




= | X 1.20
¢ k, +2k

L

~ where the subscripts r and nr, correspond to the ratés of radiative and non radiative
processes respectively.
Determination of the relative quantum yield is genérally accomplished by a
comparison of the Wavelength intensity of the unknown‘ samples with the common
standard known like Rhodamine, cresyl violet, fluoresceine® ete.
Fluorescence quantum yields from acquired data can be calculated using the

following equation:
A Teae) I
(Dx:[—’] P (-’L} o, | | 121
7 .

® =Fluorescence quantum yield
a - J

' J'(x)xdx= Area under corrected emission curve
b

A = absorbance
n = Refractive index of solvent used

Subscripts s and x refer to‘thel standard and unknown samples respectively

1.5 Quantum Yield of Singlet Oxygen Production |

The quantum yield of sensitized production of singlet oxygen, ®,, is given by the
sum of the contributions arising from oxygen quenching of the lowest excited
- singlet state (S;) and the lowest excited triplet state (Ty) of the sensitiser;

@s = Da (S) + OuT)) | 1.22

Singlet oxygen (discussed in detail in chapter 3) is thus produced with varying
efficiency due to qugnching of both triplet and singlet states. The quantuin yields of
production of singlet oxygen '0, (lAg) have Been reported for a number of |
compounds in a variety of solvents. Rate constants for quenching of singlet, kqs, and
triplet states qu,' by oxygen and the fraction of _triplct states quenched which
produce singlet oxygen, fAT, have been shown to depend on several factors
including; excited state energy, nature of the excited state, Iredox potential of the

excited state and nature of the solvent’ !,
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1.5.1 Quenchers‘ :

Quenchers are substances which accelerate the decay of an electroniéally excited
state to the ground state or to a lower electronically excited state, which may be

- summarised by the equation below:

M¥*+Q->M o
Where M* = Excited state of a molecule
M’ = Ground state of 2 molecule
Q = Quencher _

Quenching is the process of deacti;/ation of an excited molecular entity
intermolecularly by an extemal influence (quencher), or intramolecularly by a
.substituent lfhrough a non-radiative process, . When the external environment
(quencher) interferes with the behaviour of the excited state after its formation the
.process is referred to as dynamic quenching. Common mechanisms include energy,
charge or electron transfer. The quenching process occurs in many different
mechanisms and is induced by many different substances as mentioned previously,
but oxygen is universal hence it is necessary to reduce the concentration of the
dissblved oxygen to the minimum by degassing or deoxygenating. Fluorescence
quenching of organic molecules in solutions by various quenchers like
bromobenzene, iodopropane, halidc ions, metal ions, oxygen etc have been shown
to follow the Stern-Volmer relations. But in some cases, it has been observed that
the experimental results show a deviation from a linear Stern-Volmer plot'%, This
deviation js attributed to various processes like

"o Chemical Reaction

e Association (excited complexes)

e Proton transfer

e Heavy atom quenching -

e Electron tré.nsfer _

o Paramagnetic Catalysed intersystem crossing

e Electronic energy transfer
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1.6 Stern-Volmer kinetics relationship

This term applies broadly to variations of quantum yields of photophysical

processes or photochemical reactions like fluorescence or phospho_rescence, usually
with the concentration of a given quencher reagent. The process for measuring

~quenching constants of compounds is 'by using the Stern-Volmer equation which

simply states that the reciprocal of fluorescence yield is proportional to the quencher

concentration. A linear relationship should be observed when plotting ° /1 vs. [Q
from the equation below and the slope will be kg 7o Wthh is known as the Stern-

Volmer constant, with an intercept of 1.

IO.
—=1+kz;[0] | 123

I° = Initial peak intensity of the fluorescence without [a QUcncher

I = Intensity peak of fluorescence with a quencher

kq= Quenching Constant (1 mol'ls'l) .

To= Lifetime of the excited state in the absence of the quencher Q (s)

[Q]= Concentration of the quenchier (mol I'")

. . ) 1°
The Stern-Volmer equation predicts a linear dependence of a on quencher
concentration, at least if the quenching constant is a true constant. The existence
and magnitude of the quenchmg constant, however, can be understood in terms of

the competing processes of fluorescence and quenching, namely,

4

hv

A—— A

-1
A0 A

*+QHE—>a+Q 1.24

Using the notion that I is proportional to the steady state concentration of A, gives

: kq: kto
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Since the fluorescence lifetime is independent of the quencher concentration, a
linear relationship should be observed when using a Stern-Volmer equation, there
have been cases when deviati'on_s.l-e"14 from the Stern-Volmer linearity have been
observed and a non lineaﬁty was seen for both positive and negative curvature. Both .
positive curvature and negative curvature have been observed.’s17, Negative
curvature involves a decrease in kq and is associated with a change in the abéorption
and fluorescence spectrum of the fluorophore'®. Deviations from the Stcm-Vblmer
equétion in such reactions have been explained by the existence of multiple

® On the other hand, a

fluorescing states 15_ or by a compound formation.'
variety of quenching reactions have been reported which exhibit positive
curvature in Stern-Volmer plbts, yet which show no evidence of multiple excited
states or mblccular association. For example, the oxygen quenching-of
perylene in dodecane'® shows a large positive curvature, even though there " is no
detectable change in the absorption .spéctmm of 'perylene up to oxygen
concentrations of 1 M. Several explanations of positive derivation.s from Stern-
Volmer behaviour have been advanced. The one most commonly used is that a
’s;atic" quenchi.ng mechanism is important at higher quencher concentrations.
The static quenching mechanism is a slight variation on the theme of molecular
association. According to Frank and Wawilow'® it involves interactions with
quenchers that are within a sphere of action of the fluorophore at the moment of
excitation. However, the quenching of anthracene fluorescence by oxygen or
sulphur dioxide'” leads to a sphere of action with a radius of 30 A, which is at
odds with the fact that these quenching reactions are collisional rather than
resonant. Consequently, Bowen and Me:tcalfi"r gave another interpretation of
static quenching involving the quencher-fluorophore pairs that "are ih
juxtaposition at any instant". These pairs appear in the Bdwen- Metcalf scheme as if
they were molecularly. associated with an equilibrium constant K. This type of

association leads to the expression

§=(1+k[Q]) (A +k,z,Q) S L 1.25

A third kind of explanation of positive curvature is due to Noyes 2°2, Their work is
based on the assumption that the quenching reactions are rapid, and so are under
diffusion control. Using the Smoluchowski theory they calculate a dependence of k,

on quencher concentratibn arising from time-dependent effects. This theory depends
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-only on an encounter radius and a mutual diffusion constant, the same parameters

used to explain the low quencher concentration experiments.

1.7 Diffusion controlled reactions
- The lingering of one molecule near another on account of the hindering presence of

solvent molecules is often referred to as the cage effect. Such an encounter pair may
accumulate enough energy to react even though they do not have enough to do so

when first formed

Consider a bimolecular reaction between two different species, A and B in solution.

k.q [A---B] ——>» P : 1.26

The reaction can be considered in terms of the formation and dissociation of an -

A + B

encounter complex.

If the rate of formation of products is greater than the rate of dissociation of the

encounter complex, kpy>>k 4, the reaction is said to be fully diffusion controlled and
kobs = kg. Conversely, where the rate of dissociation of the encounter complex is

greater than the rate of formation, k 4>>k;, the reaction is said to be in the pre-
equilibrium region and kqps = Kk;. .

If a reaction is diffusion controlled the rate of reaction cannot exceed the rate the
molecules can diffuse together to react. Therefore the reaction rate is determined

solely by the rate of encounter and is limited by the rate of diffusion.

1.8 Laser Flash Photolysis

This is a powerful technique fbr qualitative and quantitative study of rapid
reactions, triplet states, and isomen'satién reactions to identify reactive intermediates
in photochemical systems; it was initially developed in the 50s b"y Norrish and
Porter®, Commonly, an intense excitation pulse of short duration from a laser or
less common by a flash lamp is used to produce a concentration of a transient
sp_cciés which can be monitored by measuring the changes in the amount of light
transmitted. At a short interval of time after the generatihg puls:e the system'’is
_ ahalysed by observing emission or absorption characteristics. The decay or

production of the transient absorption or emission at one particular wavelength is
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monitored or - the absorpt1on or emission spectrum of the transient is recorded at

glven times after the excmng pulse.

1.8.1 Lasers
Laser is an acronym for Light Amplification by the Stimulated. Emission of

Radiation. All lasers consists of a lasing material (sohd, liquid or gas), two mirrors
one of which is partially reflective to allow laser light through and the other one is
totally reflective, and also there has to be an excitation mechanism which pumps
energy into the active medium by one or more of three basw methods, optical,
electrical or chemical '
The maln properties of laser light which makes it unique from conventional light are
- the followmg |
e Coherence: All the emitted photons bear a constant phase relationship with
each other in both time and phase -
. Direcﬁonality: laser light is highly directional, yvith low divergence; easily
allowing the beam to be focused on a specific point.
¢ Monochromaticity: Laser light is concentrated in a very narrow range of
wavelengths |
For laser action to occur a lasing medium is “pumped” to get the atoms into an
excited state or iﬁolecules in the case of dye lasers. Typically, very intense flashes
of light or electrical discharges pump the lasing medium and create excited-state
-atoms. The atoms are excited to a level that is two or three levels above the ground
state. This increases the degree of population inversion: which is the number of
atoms in the excited state versus the number in ground state. Once-the lasing
medium is pumped, the laser cavity contains a collection of atoms with some
electrons in the excited levels. Just as the electron absorbed some arfiount of energy
to réach this excited level, it can also emit energy in the form of photons (light
energy). The photoh emitted has a very specific wavelength that depends on the
state of the electron's energy when the photon is released. The photon that any atom .
releases has a certain wavelength that is dependent on the energy difference
between the excited staie and the ground state. If this photon encounters another
atom that has an electron in the same excited state, stimulated emission can occur,
The first photon can stimulate or induce atomic emission such that the subsequent

emitted photon vibrates with the same frequency and direction as the incoming
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;
- photon. The other key to a laser is a pair of mirrors, one at each end of the lasing
medium. Phetons, with a vlery specific wavelength and phase, reflect off the mirrors
to travel back and forth through the lasing medium. In the process, they stimulate
other electrons to make the downward energy Jump and can cause the emission of

more photons of the same wavelength and phase.

1.8.2 Population Inversion
Since the atoms are excited to a level that is two or three levels above the ground ,.

state, normally for two energy levels, u (upper) and 1 (lower), with energ1es gu and
el and popﬁlation N,, and Ni. Normally the distribution of population of molecules
ar.non.g their various energy states will be biased towards the ground state according
to Boltzmann equation |

—+ = exp"—(g—";zsﬁ _ _ 127
N, _ kT t '

Where this equation gives the ratio of the number of particles in the upper (u) and
lower (1) energy levels and k denotes the Boltzmann constant which has a value of
1.38 x 102 J K A larger population in fhe upper level results in stimulated
emission dominating, whilst if there are more in the lower state, absorption
dominates. Population inversions are impossfble in two level systems because the
probability for absorption and for spontaneous emission is exactly the same, hence
it will not be able to achieve a situation where the higher energy state is more
populated than the lower energy state. Nonetheless three and four level systems can -
achieve inversions much more easily and consequently are used in laser systems.
The ruby laser (crystalline aluminium oxide doped with chromium) is an example of
a three Ievel system as shown in section 1.8.5. The absorption of 2 photon of energy
equal to the difference between &, and ¢ as shown in the equation ‘below will result
in the promotion of an electron from the lewer to the upper level,
g | ,

v=eu—7’_ _ - }-23
This excited electron will relax back to its ground state through a re13xation

pathway, either by spontaneous or stimulated emission.
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1.8.3 Stimulated Emission

A* + h\} -2 2hv + A ------ stimulated emission

A sample can emit energy spontanecusly or as a result of stimulus acting on the
molecule. For stimulated emission to occur the energy of the light directed into the
system must have a photon of energy that exactly matches the gap between the
excited state and the lower energy state. The light emitted will be of the same
frequency as the supplied radiation. The stimulated emission will occ.ur in the
direction of the stimulating beam, unlike spontaneous emission, which is random.

This is then amplified in intensity.

E>
Energy “Spontaneous Stimulated
Absorbance .
E

Figure 1.9: Representation of the three radiative processes that can occur in
a 2 level system

1.8.4 Spontaneous emission
This is a random process when an atom (or a laser ion in a gain medium) is excited

into a higher-lying energy level, e.g. by absorption of a photon, it may after some
time spontaneously return to its ground state, 01" to some intermediate energy level,
by releasing the energy in the form of a photon; and occurs without the involvement
of additional photons. As spontaneous emission is a random process, the product is
incohe_l:ent light waves, which are out of phase with each other in both time and

space.
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1.8.5 Types of excited state level system

1. Three level system: In a three level system the excitation source leads to a
populatioh of energy level 2, which then rapidly converts to energy level 1.
The transition from energy level 1 to level 0 occurs infrequently, and so
level 1 achieves a much higher population than level 0, and a population

inversion is achieved.

B, y
' Non-radiative
transition
y Metastable
E, . .
state
Lasing
transition
E, ‘ 3 Ground
state

Figure 1.10: Representation of a 3 level energy system

An example of a 3 level laser is the Ruby laser, and it is doped with Cr,0O3, The Crs*
ions are excited to an upper state E; by an intense flash of light. Rapid relaxation
occurs to the E; state, thé atom remains in the E; state for long periods, before
dropping" down to the ground state by sponténeous emission, hence the term
metastable state. In a three level laser the method of obtaining a population

inversion between the middle and the ground state is inefficient. This is because the

middle state is effectively empty at the start of the pumping as a result of the |

Boltzmann distribution, at least half the population of the ground state molecules
~ must be pumped into the middle level before a population inversion is achieved.

2. Four level systems: Four level lasers eliminate the problem associated with a

3-level system, since in three level lasers half of all the particles must be

- excited into level 1 before inversion is achieved, which leads to inefficient

energy transfer from the pump to the amplified beam.
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Non-radiative
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Figure 1.11; A schematic presentation of a four level laser system
In a four level laser atoms in the ground state Eq are pumped into the E; level. They

relax to the metastable state E; non-radiatively. The atoms then descend to the E;
state and then drop to the Ej state, since the lasing transition takes place between
these two states (E; and E;), a comparatively small population is required in E; to

sustain laser action

1.8.6 The optical cavity
. The laser pulse is allowed to build up between:two mirrors which are partially

reflecting, the beam is then suddenly diverted out of the cavity. In addition to
sustaining the laser the optical cavity must be resonant at the wavelength of
radiation, must sustain laser action and improve the spatial and temporai coherence
of any output beam. This techniqﬁe can generate high poWer pulses. The fixed
cavity length means maximum amplification is only achieved for light waves which
exhibit nodes at the mirrors satisfying the so called standing wave condition:
A= | | 1.29

n _ _ | '
Where d is the cavity length and n is the number of half wavelengths contained
within len gth d. This places quite severe restrictions on the form of the wave and the
frequencies of radiation, but a number of modes which will satisfy this are waves

called axial or longitudinal cavity modes as this places quite severe restrictions on

the form of the wave and the frequencies of radiation.




1.8.7 Axial/Longitudinal Modes

These are modes which oscillate along the length/axis of the cavity consist of a

large number of frequencies given by:

2d

- Where n is the number of half wavelengths contained in length d and c is the speed

of light. The quality of a laser can be defined by the mean frequency divided by the

distribution width. The occurrence of more than one axial mode results in an

increase in the output bandwidth.

1.8.8 Transverse modes

The laser cavity is considered to amplify light travelling down the optical axis of the

laser hence a photon travelling at right angles to this axis may cause stimulated
emission, but will not be amplified to form a laser beam because there will not be
enough gain fo‘ovcrcorne its losses. These reflect the intensity distribution across
the output mirror, and arise due to beams following off-axis paths between the fwo
cavity mirrors. If a photon is only slightly off axis the wave may be able to zigzag
between mirrors 'enough times producing sufficient gain to overcome its losses,
resulting in a complicated intensity distribution across the output mirror. Transverse
modes are normally described using the notation TEMpq where p and q describe the
number of intensity minima across the laser beam in perpendicular directions, as

shown below ‘

TEMgy 4 TEM;ip TEMyo TEM;,

Figure 1.12: Transverse modes in laser cavity
Where TEM stands for Transverse Electric and Magnetic fields. These are the
waves which propagate through the laser cavity oscillating along the axis of the
laser (axial or longitudinal cavity modes) and slightly off axis (transverse modes).

Ideally lasers are operated in TEMy which corresponds to a Gaussian intensity.

profile.
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1.8.9 Q-switching o :
" Q-switching is a technique by which a laser can be made to produce a pulsed output

beam by increasing the peak power of the laser and reduce pulse length. In Q-
switching a shutter is placed in the cavity (the distance between the two mirrors),
when the shutter is closed reflection between the mirrors is prevented. The quality

factor of the laser cavity can also be expressed as: 3

- Q =2mvg (energy stored in mode} _ | . 1.31

Energy lost per second from mode

vois the resonant frequency

The quality Q-factor of a laser can rapidly be improvcri after allowing the
populatio'n. inversion to keep building up to well over its normal level by preventing
laser action and then Q-switching to abruptly depopulate it. This results in a very
fast increase in photon density inside the cavity, leading to a rapid reduction in the
‘population inversibn through stimulated emission producing a short intense pﬁlse of
radiation. This action is called Q-switching as the system suddenly switches from a
high cavity loss (low Q) to low loss (high Q), all the energy accumulated in the
inversion is released as a short and giant pulse. Techniques of Q-switching can
either be chemical, mechanical or optical between the laser rod and the totally

reflecting mirror in the cavity.

1.8.9.1 Pockels cells _

Pockels cells are the basic components of electro-optic modulators, used for Q
switching lasers which is a device consisting of an electro-optic Cryéral (with some
electrodes attached to it) through which a light beam can propagate, thus acts as a
voltage-controlled waveplate. Absorption of laser radiation produces heating of the -
electrooptic crystal which degrades the laser performance and behaviour of an
electro-optic Q-switch in high-average- power laser is presented. This could form a
large increase in output energy stability achieved by employing a switching voltage
pulse of the speciﬂ temporal shape to the Pockels cell. The phase delay in the .
crystal (Pockels effect) can be modulated by applying a variable electric voltage.
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1.8.10 Xenon arc lamp
Xenon arc lamps used as analysing sources in photochemistry are managed at

pressures of approximately twenty atmospheres to give an output which is
continuum, If operated at lower pressures the lamps generate an output composed of
distihct wavelengths which coﬁespond to the emissive transitions in the excited
- atoms. Such lamps are operated with DC power supplies, and are mounted vertically
with the larger anode above Ithe smél]er cathode,. with typical anode-cathode
separations in the range 2 to 4mm. The output is a smooth continuum with some
weak lines superimposed in the visible region and some stronger lines in the near
infra-red region. Arc lamps with input powers ranging from 150 to 1000 watts are

typically used as analysihg sources in photochemical investigations.
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Chapter 2

“Supercritical Fluid Carbon
| Dioxide o



2.0 Supercritical fluids _
“Supercritical fluids (SCFs) are highly compressed gases which combine properties

of gases and liquids in an intriguing manner and are phases ci‘eatcd when substances
are at conditions of temperature and pressure above their critical point. The critical
point represents the highest t_empera;ufe and pressure at which the substance can
exist as a vapour and liquid in equilibrium. Every stable compound has a triple and
critical point1 and-any gaseous compound becomes supercritical when compressed

to a pressure higher than the critical pressure (P.) above its critical temperature (T).

Solid . Liquid

Gas

Temperature Te
Figure 2.1: Phase diagram of a typical material

'SCFs are of considerable interest as solvents due to their physical properties such as

density and viscosity can be influenced significantly by ch'anges in température and
pressure. This could be seen through the effects of fundamental solvent properties
on the rates of reactions without changing the chemical identity of the solvent®.
Properties of supercritical fluids are different from those of normal fluids and are
tuncable simply by changing properties such as temperature and pressure, without
changing the chemical nature of the solvent, in particular the density and viscosity
change drastically at conditions close to their critical point®*. The prdperties of

SCF’s are frequently described as being intermediate between those of a gas and a
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liquid, as the nature of SCF’s arises from the gaseous and liquid phases merging

together to become indistinguishable at the critical point. In addition, sUpercﬂtical
fluids mix perfectly with gases, giving them a huge advantage over conventional
. liquid solvents in gas-liquid reactions. Supercritical fluids have densities and
diffusivities similar to liquids but viscosities coniparable to gases as seen in table
2.1.

Mobile Phase | Density (kg m™) | Viscosity (poise) | Diffusivity (cm®sec™)

Liquid 800 — 1000 0.3 -24 (x107) 0.5-2.0 (x10°%)
SCF 100 - 900 02-1.0(x10% [ 0.1-3.3(x10%
Gas ~1.0 0.5 -3.5 (x10™% 0.01-1.0

Table 2.1: Comparison of fluids to gases and liquids®

Not all properties of supercritical fluids are intermediate between those of gases a;nd
liquids; compressibility and heat capacity for examﬁle are significantly higher near
the critical point than they are in normal liquids or gases or even in the supercritical
state further from the critical point’. Energy transfer studies have shown to proceed
at the expected diffusion controlled l'imit, and therefore not affected by increased
local densities and local compositions that exist in the SCF region®”.

Although the properties of a compound may change drastically with pressure near
the critical point, most of them show no discontinuity and the changes start
gradually rather than with a sudden onset, when the conditions approach the critical

~ point,

Many types of bimolecular reactions including fluorescence quenching have been

examined in SCF solvents®!!

‘as they are particularly attractive as reaction media
- due to: increased mass transfer, elimination of the need for multiphase reactions,
ease of Separation of products or unused reactants, slower deactivation of catalysts,
dramatic pressure effects on‘rate constants and changes in selectivities.

Increased diffusion rates are observed in the supercritical region, diffusivities are

greater than-they are in liquids since the SCF has a lower fluid density and is more
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Flgure 2.2: The solubility of naphthalene in superecritical fluid carbon dioxide

like a gas. Diffusion coefficients are sensmve functions of pressure and temperature

in the supercntlcal region, _
The possibility of using SCFs as tuneable solvents not only for extraction but for
chemical reactions is one of the many interesting features associated with their

application in modern synthesis.'* ',

2.1 Solubility of SCFs _
The solubility of naphthalene in supercritical carbon dioxide is shown below in

Figure 2.2.
o
6 -
Solubility
(wt %)
2|
0 | I i | |

0 50 100 150 200 250

Pressure (atm)
19-20.

As expected at low pressures the solubility is very low and as the pressure is
increased to above the critical pressure of carbon dioxide (72.9 atm), solubility
increases. _

The solubility behaviour shown here is the basis of almost all supercritical fluid

2B, soluble components are extracted from a

extraction/separation processes
substrate by a supercritical fluid, and the extracted components that have been

dissolved in the supercritical fluid are preapltated out when the pressure is reduced

The solubility of compounds in supercritical fluids has possibly been the most

extensively investigated area of SCF research 2%, The efficacy of a supercritical
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fluid as a solvent for a particular solute can be elucidated from solubility data.
Binary solubility data are useful in determining the selectivity of a supercritical
fluid for a particular solute, since the solubility of an individual solute in an SCF

may not be the same as the solubility in a multi-component system. |
The solubility of a component is predominantly inﬂu‘enced‘by the following factors,

nature of the SCF solvent, chemical functionality, the operating conditions.

2.4.1 Supercritical Fluids as Solvents

1t is common to express the solubility of a material in a supercritical fluid in terms
of the mole fraction of the solute and the ability of supercritical fluids to dissolve
subsfances' arises from the highly non-ideal behaviour of pure SCFs. Under
supercritical conditions solubility is enhanced by'several orders of magnitude above
that predicted by the ideal gas law’®. The solubility enhancement of a component
| particularly in the vicinity of the critical point is determined mainly by the

augmentation in density of the SCF.

The solubility of a given solute also depends on the type of supercritical fluid as .
shown in Table 2.2. Under the conditions shown, fluoroform has the highest mass

density; however it displays the lowest affinity for naphthalene.

: Solubility N
Solvent (SCF) Density (g ml™)
‘ (mole fraction) S
Ethane 4.70 x 10 0.39
Carbon dioxide 242x 10 0.81
- | Fluoroform 1.17 x 10° 0.92

Table 2.2: Variation of solubility with solvent’

This variation in solubility of naphthalene in different supéfcritibal fluids indicates
that there are varying degrees of intermolecular interaction between the solid and
SCF, which can bé explained in terms of solvent polarity. Th\c overall effect of
solvent.polarity on the solubility of n'aphthalene for example, follows the same

solubility rule as in liquids, of, “like dissolve like”. Naphthalene is a non-polar solid
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and hence is most soluble in non-polar supercritical ethane. Carbon dioxide is fairly
non-polar, but behaves less as a non-polar solvent than ethane, due to its quadrupole
moment®! and fluoroform is the most polar solvent due to the fluorine atoms which

are electron withdrawing.

Hence, it is preferable to employ non—polar solvents for aromatic hydrocarbons,

however for polar solids the effcct of solvent polanty is not as simple.

Generally non-polar SCFs exhibit lower affinities for polar solutes, but the
maximum solubility of a polar solute does not necessarily occur in the most polar
SCF, for example, carbon dioxide is a better solvent for benzoic acid _than

fluoroform2,

Polar SCFs may exhibit greater potential for polar molecules when
they contain functional groups, thereby increasing the level of intermolecular h
interaction with the solvent. For example, fluoroform can be considered a good a
solvent for amino containing compounds, as a result of hydrogen bonding between
the amino group and the acidic proton in fluoroform. |
The addition of co-solvents can have large effects on SOIUbIhtlBS in SCFs Addition
of a co-solvent usually increases the density of a supercritical fluid and since
solubility increases exponentially with density this can have a significant effect on
solubilities. It is common to add small amounts of co-solvents to supercritical fluids,
to increase. the solubilities’ of heavy organic solutes. In such cases the co-solvents
are chosen to have size and interaction energies (Lennard-Jones parameters)
intermediate between those of the SCF and the solute 33, Consequently, the solute
would be preferentially solvated By the co-solvent. At high densities the local
composition is similar to that of the bulk but at lower pressures, the density is lower
and hence there is more free volume, the local volume can be more than ten times .
that of the bulk value. The local density around a dissolved solute in compressed
gases and SCFs is expected to be greater than in the bulk. In the presence of an
attractive co-solvent, the local environment around the solute will be enriched with
the co-solvent, with this phenomenon being much more pronoong:ed at lower

pressures.

2.4.2 Chemical Functionality of the Solute
In a given SCF the difference between solid solubilities depends mainly on two

factors, the solid vapour pressure and intermolecular interactions between the

solvent and solute. Solubilities of individual solids can vary significantly but
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differences between enhancement factors are less significant, which indicates that
the solid vapour pressure' exerts the greatest influence on solubility. The types of
functional groups present in their chemical structures affect the degree of
intermolecular interactions between the solvent and solute, for example it is possible
to increase the solubility of organic compounds in supercritical carbon dioxide by
fluorinating the compound. Differences in solubilities of solids can be explained in
terms of structur-all features, which limit or enhance solubility. The addition of a

functional group to the parent compound generally reduces solubility.

The solubility of a number of organic cc}mpounds in dense carbon dioxide has been
examined **. They réport that among structural features which greatly influence the
solubilities in carbon dioxide, such as chain length and branching, the extent and
particular structural features which affect the solubility are specific to certain types

of compounds, for example;

a) Alcohols: Chain length, branching, and nature (primary secondary or
tertiary). | |

b) Hydrocarbons: Type and substituents on the rings.

C) Ethers: Chain length, aromaticify and nitrogeh containing functional groups.

d). Amidés and aromatic amines: Extent of N-alkyl substitution and type of
alkyl group. |

e) Amines: Nafure (primary, secondary and tertiary) and basicity. |

f) Nitro-compounds: Type and position of substituents, number of nitro groups

and aromatic nuclei.

2.4.3 Temperature and Pféssure Effects

Increasing pressure generally leads td an increase in solubility' since the density of
the SCF increases. It is n'ecessary to consider both the density of the supercritical
fluid and the vapour pressure of the solute when evaluating the effect of
temperature. Although an increase in temperature causes a ldecr"ease in SCF dénsity
it also leads to an increase in solute vapour pressure, as a result solubility usually
increases with temperature, however retrograde vaporisation flas been known to

occur near the critical point of the SCF. Retrograde vaporisation is where a decrease
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in solute solubility is observed with isobaric increases in temperature, this trend and

.crossover phenomena have bée_n studied by several groups35'36. :

1.0x 10"

Retrograde 328K
Regilon
- o 318K
Solubility
{mole fraction) 1 308K
1.0x 107 } ]‘
Solute Vapour Pressure
Dominant

1.0x 107 L ! t

100 : 200 300

Pressure (bar)

Figure 2.5: Solubility of naphthalene in supereritical carbon dioxide

Solubility isotherms usually intersect within a narrow range of pressure, Figure 2.5.
~ For any two isotherms, the point of intersection, or crossover pressure, represents a

change in the temperature dependence of solubility

The solubilities of naphthalene, biphenyl and phenanthrene in supercritical cérbon

‘dioxide were reported to decrease with increasing temperature, between 308 and

328K, which was found to be in good agreement with previdus studies® %, In
contrast to their findings Miller and Hawthome reported a continuous increase in
the solubility of some organic molecules in supercritical carbon dioxide, with
increasing temperature at constant pressure’. They found that increasing pressure
resulted in an increase in solubility, particularly of anthracene. They found that

“while increasing density at a constant temperature generally increases solubility,
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increasing density at constant pressure, by lowering the temperature was found to

lower solubility. _

Phase behaviour is important since bringing reagents into the same phase allows
them to réact more effectively. Secondly phase behaviour can be important in
separation of a product in a reaction, terminating the reaction at an intermediate
'stagc or pushing' a reversible reaction to completion. -1t is also important to
determine the critical temperature, T, of the muiti-component reaction mixture in
order to know whether the system is a liquid, below T, or an SCF, above, T..
Although the difference in behaviour in passing below the critical femperature is not
dramatic, as the temperature moves below T, the medium becomes less

compressible and loses the characteristic of a supercritical fluid®,

2.5 Activation Volume
Chemical reactions in solution are generally accompanied by changes in volume,

known their reaction volumes*'. The activation volume is ihterpre;ted according to
the transition state theory, as the difference between the partial molar volumes of
the transition state and the sums of the partial volumes of the reactants at the same
temperature and pressure.

Changes in viscosity have been known to affect the activation volume; prominent
among them are those reactions that are diffusion limited*’. Activation volumes
have been studied in the liquid state for sometime but relatively little is known

about activation volumes in supercritical fluids.

Consider the following diagram,;

Transition state volume = 8.0

Volume = 12.0

Activation Volume =-40

Volhme =6.0

Activation'Volume =+ 2.0

Figure 2.6: Diagram to illustrate the theory of activation volume

39 .



In order to react, the molecules must get within certain proximity of each other,

- known as the transition state volume, Figure 2.6. To reach this volume work either
has to be done by the solvent to push the molecules together or by the molecules to

move further apart, thus domg work on the environment.

Partial molar volufncs in liquids are only a few cm’mol’, they can be very large and
negative in SCFs, and as a result the pressure effect on the reaction rate constant can
be \}ery significant. Partial molal volumes of solutes in supercritical fluids were
reported to be small and positive at high i)ressures, but large and negative at low
pressures in the highly compressible near-critical region. This was true for all the

solutes studied® in both supercritical carbon dioxide and supercritical ethylene.

2.1 Reasons for using supercritical fluids
-Supercritical fluids can act in a variety of ways to affect reaction rates.

A) Increased diffusion rates: Diffusion co-efficients are sensitive functions of
temperature in the supercritical region. The rate constant for a diffusion controlled
reaction can be modelled using the Stokes Einstein based Debye equation, which
states that bimolecular reaction rate constants are governed by 8RT/3 1, where 1 is
the solution viscosity. This equation predicts that a reaction in supercritical fluid
carbon dioxide for example should increase by a factor of approx 2.5 over a small
range at 308K. Diffusivities are greater than they are in liquids since supercritical

fluids have a lower fluid density and are more gas like®®,

B) Increased reactant solubilities: Formation of organo-metallic species in,

supercritical f1u1ds could take place in a smgle phase supercritical - solution
compared to its normal multi-phase system operation. Since the solubility of
nitrogen and hydrogen are so high in many SCFs, ‘synthcsis of a Variety of
previously unknown dinitrogen and dihydrogen organo-metallic species were
possible®’. Solubility of model compounds in supercritical fluids investigated by

measuring solubility of naphthalene in supercritical carbon dioxide ",

‘C) Facilitated separation: The solubility of solutes in SCF’s is strong functions of |

temperature and pressure in the compressible region near the critical point. In
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synthetic applications, there are no problems with separation of solvent; products |

may easify be separated downstream by simply reducing the pressure or adjusting

the temperature of the fluid

D) Pressure effect on the rate constant: In terms of the transition state theory,
the reactants afe in thermodjmamic equilibrium with a transition state. Once the
transition state complex is formed it proceeds directly to products. In supercritical
fluids the pressure effect on the reaction rate constant reflects the relative strengths
of the intermolecular interaction between the reactant and the transition state with

the SCF sq]vent.

E) Changes in Selectivities: In a situation where several parallel or competing
reactions can take place, the thermodynamic pressure effect on each of the
individual rate constants may be different i.e. the activatién volumes are not equal
for all the reactions. As a result increased pressure may favour one reaction over the
others. In this way one may be .ablc_ to control or enhance selectivities fbf the

desired product by operating at the required temperature and pressure

F) Effects of local densities: Theories which support the idea of local densities
greater than the bulk around a solute in a supercritical fluid solution have been
proved and, one of these is the molecular dynamics studiesa, which clearly
deinonstratcs that in an attr.active mixture the environment around a solute molecule
is continudusly enriched with solvent fclativc to bulk conditions. Very importantly
they point out the dynamic nature of the cluster, which loses its identity in a few

picoseconds.

G) Effects of local compositions: Another possible effect on the reaction rate in
an SCF is the changes in the local concentrations of reactants. Studies™ have shown
that in the compressible region near the critical point the local concentration of a co-

solvent around a solute molecule could be as high as seven times that of the bulk. .

2.2 Supercritical Fluid Carbon Dioxide
Supercritical carbon dioxide has a critical temperature of 31.3 °C and a critical

pressure of 7.4 MPa and is very attractive as it is: largely inert in many reactions,
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abundant, recyclable, inexpensive, non-flammable, easily scaleable, non-toxic and

environmentally benign.

1 2 3 4

Figure 2.2: Stages of the formation of supercritical carbon dioxide*

1: The separate phases of the carbon dioxide are easily observed.
2: Upon heating the phase boundary begins to diminish
3: Further heating causes the gas and liquid densities to become similar.

4: T, and P, have been exceeded and supercritical fluid is observed.
C 8

It has a high solubility for non-polar organic compounds, with a maximum solvent
strength comparable to that of hexane™; it can easily be modified by the addition of
modifiers / co-solvents such as methanol or acetonitrile. Additions of co-solvents
have been studied for a variety of supercritical fluid solvents*’ ™.

Its viscosity is very low near the critical density and increases steeply with
increasing pressure, hence is a suitable solvent for the study of the contribution of
diffusion to energy transfer by the collisional or exchange mechanism. Although the
solvation power of supercritical carbon dioxide is similar to that of hexane, it can
easily be modified by the addition of modifiers such as methanol or Acetonitrile.
Aside from carbon dioxide there are several other compounds that are commonly
considered for use as supercritical solvents, the most common of which are given in
Table 2.2. Supercritical xenon is also used because of a number of reasons:; its easily
accessible critical parameters (7. = 16.6 "C._ P. = 5.8 MPa), of all the elements,
xenon shows one of the highest spin orbit coupling constants (6080 cm™ )" makes it

. . .. 50
an ideal “heavy atom” containing solvent™".



Compound Critical | Critical - | Critical
Temperature ('C) | Pressure (MPa) | Density (kg m™)

co, 313 7.4 | 467.6
CH, é.z’ |51 214.2
C:H 32.2 49 207
CHy 1966 3.4 232
NH; 1323 113 225
CCIF; | 96.1 5.0 523.8
CHF; 25.9 | 48 525
H;0 {3739 22.1 322
Xe 166 58 1100

Table 2.2: Common compounds employed as supercritical fluids

2.3.1. Local Density Augmentation ‘
Supercritical fluids have density fluctuations near the critical point which is known

as local density augmentation (also termed ‘local density enhancement’), which

rises from the solute-solvent attraction. Evidence suggests that in supercritical

mixtures there is a difference in the local and bulk environment of a solute
molecule™. -

Conventionally this is thought to occur as a result of clustering of solvént molecules
- around the solute molecule through solvent solute interactions>> hence, giving

regions of higher and lower densities which are observed. However further research

has shown that it is not caused by the solute, but by the pre-existing near critical

fluctuations in the solvent. Therefore there would be higher solubility of the solute
in the more dense regions of the solvent. |
It is well known that density inhomogeneities exist, regions of higher density

surrounded by regions of lower density 33,
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olvcnt

molecules

Figure 2.3: Schematic illustration of enhanced densities observed in the near critical region

- The way in which the distribution of local densities found around an atom varies as
the critical point is'.approached has been examined ** and found that the mean local
density enhancements arises as a nécessary and direct consequence of the long-

- range density inhomogeneities present in such fluids. ,

Shifts of electronic spectra with density have been used to provide a simple means
of monitoring local densities in supercritical fluids. The extent of density
augmentation depends markedly on temperature, being most pronounced in the
region of high fluid compressibility, research shows angmentation is relatively
insensitive to solute-solvent interactions™. Although there seem to be a correlation
between the strength of solvent-solute interactions and the extent of augmentation,

unidentified characteristics contributed to the observed behaviour.

2.4 Applications of Supercritical Fluids

There are many different aréas supercritical fluid can be used, such as extraction,
photochemistry, chromatography, food and pharmaceutical chemistry and many
‘more. As supercritical fluids are being jnVestigated to replace organic solvents as

they are more environmentally friendly.

2.4.1 Supercritical Fluid Extractiori
Supercritical fluid extraction can be used in almost every area of chemical industry,

phannéccuticals, foods, natural products, bio molecules, pesticides, fuels and
polymer additives . Supercritical carbon dioxide is used regularly in extraction
processes as it is non toxic and non flammable which lead to it being appfoved by
the Food and Drug. Administration (FDA) for uses within thc. food and
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pharmaceutical industries. Some of the most common extraction pfocess using -

supercritical carbon dioxide in industry is the extraction of caffeine from coffee 61,
the extraction of hops for beer production and the extraction of nicotine from

. tobacco.

Extractor
Vessel

:;i ' - Separator

Pressure
Reduction
Valve

Compressor

Figure 2.4: Schematic diagram of a simplified supercritical fluid

extraction process 5,

The supercritical fluid extraction process involves placing the mixture into an
extraction vessel. Carbon dioxide is then heated and compressed passed its critical
point. Then a pressure reduction valve is opened to begin the carbon dioxide flow.
Part of the mixture will be dissolved into the carbon d%'oxide and carried off into a
separator. In the separator the temperature and pressure is réduced and therefore the
solvating power of the carbon dioxide is reduced. Everything dissolved in the
carbon dioxide begins to precipitate out and is collected. The carbon dioxide is then

recompressed and heated to be recycled back through the system °.,

As supercritical fluids require high pressures; novel high pressure systems havé
been designed and built, which has to allow a,continuous flow of a supercritical
fluid solution through high pressure spectroscopic cells”. The equipment enables
'i_ the production' of the supercritical fluid and then the mixing with the modifiers.
Supercritical fluids are hormally used in conjunction with a modifier and have been

found that modified supercritical carbon dioxide as a suitable reaction media for
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photocherhical reactions. This was investigated by looking at the triplet-triple

energy transfer between anthracene and azulene as well as between benzophenone
and naphthalene. The results showed that in modified supercritical carbon dioxide
energy transfer proceeds at a greater fraction of the diffusion-controlled rate
constant than in the pure modifier solution . ‘

Supercritical xenon has also been used in photochemistry, where it is being used is
" looking at the singlet state of oxygen. It has been found that the relative lifetime of
the singlet sate is shorter in supercritical xenon than in.othér solvents, this is due to

the heavy atom quenching of the singlet state by the xenon atom %%,

2.4.2 Dry Cleaning

Carbon dioxide can be used as substitute for the dry-cleaning solvents currently
used. These solvents are potentially toxic and environmentally harmful. The most
commonly used dry-cleaning solvent, perchloroethylene (PER), is suspected to be
carcinogenic. Carbon dioxide (CO;) is a viable alternative for these solvents.
Carbon dioxide is noh-toxic, non-flammable, ecologically sound, and available on a
large scale. Therefore, it can serve as a-permanent alternative for hydrocarbon
solvents. An additional advantage of using CO, ié that the fabrics will be dry after -
washing, because the carbon dioxide evaporates from the fabrics during
depressurization of the cleaning-vessel. Therefore, no additional drying step is
needed; in addition it is non-toxic, non-flammable, ecologically sound, and
available on a large scale. A disadvantage of COz. is its limited ability to dissolve
polar molcculcs. However, the characteristics of CO, can be modified by the
addition of miscible, polar compounds; these are caﬂed co solvents. In supercritical
fluid extraction, short chaiﬁ alcohols, for example methanol“ and ethanol®* are

often used as co-solvent.
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" Chapter 3

- Singlet Molecular Oxygen




3.0 Singlet Molecular Oxygen

3.1 Introduction

Oxygen is unique among homonuclear diatomic mb]ecules, in that its ground state
has two unpaired ‘p’ electrons, i.e. it is paramagnetic. In the ground state the lowest

energy configuration corresponds to the presence of the two electrons in degenerate
xg*, (antibonding) molecular orbitals. Since the electrons are of the same spin the
ground state has triplet mulﬁplicity denoted by the spectroscopic symbol 32‘.g or

(32g') and has zero angular momentum about thé internuclear axis. It exists as a
triplet in its ground state and quenching of excited states by molecular oxygen
produce the excited singlet states of dxygen, 12; and lAg, which lie 158 kJmol™! and
94 kJmol?, respectively, above the 3Zg' ground state; there are two possible

configurations of the electrons in the 5™,

e The electrons are spin paired in the same ofbital leading to a doubly
degenerate state, 1Ag.
o The electrons are spin paired in different orbitals leading to a singly

_ o +
degenerate state, ‘X, .

Whilst the IZg" is often formed initially, elcct}oﬂic to vibrational energy transfer
swiftly occurs to deac.t.ivate this state to the mctastable and highly reactive IAg state,
which is the vigbrous species in many important photo-processes and which is more
commonly known aé singlet oxygen. The lifetime of the ]Ag state is prolonged and
therefore reactivity of singlet oxygen is observed almost ‘ent‘ircly from this state.
Owing to the forbidden nature of intersystem crossing linked with absorption,
transitions are seldom seeﬁ by direct excitation, but are seen by energy transfer from
both triplet and singlet excited states of other molecules, With the exception of the
first fwo degenerate antibonding 7, and Ty orbitals, all molecular orbitals are doubly

occupied.
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Figure 3.1: Energy pattern for homonuclear diatomic molecular oxygen

From the eight electrons in the oxygen, it is only the six electrons found in 7t orbitals
that are of interest. Four of these electrons fill the degenerate bonding 7, and Ty

orbitals and two electrons half fill thé degenerate antibonding n*, and m*, orbitals.
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The two electrons in the ground state occupy different orbitals to yield a °Z, state’. It
is the arrangement of the two electrons in the antibonding 7 orbitals that determine

which of the three low lying states shown in Figure 3.3 is produced.

The electrons in the ground state occupy different orbitals to yield a 3Zg' state?.

R
D L

-

The two electrons in the 12g+ state are paired and also occupy different orbitals;

}

Iy o+ * s
Zg T - n ¥
Analysis of the orbital wave function indicates that both electrons are spin paired in

the same orbital for the 1Ag state, this component is responsible for the interesting

reactivity of singlet oxygen, represented by;

1}

1o + * *
Ag mw*, %y

The other component of the lAg state can be represented by;
- Ty

The electron occupancy of the ground state and lower excited singlet states are

A T

shown in Figure 3.2.
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a) %, tripletground state ~ b)'Z,"singlet excited

ERIETI T

Figure 3.2: Occupation of molecular orbitals in ground staté and the two lowest
" excited states of oxygen

The radiative lifetime of singlet oxygen 1Ag in the gas phase is ~ 64mins and the
lifetime of 'Z,* is ~ 10 sec, but in solution the lifetime of the 'A; is considerably
shorter, this is due to the interaction of the solvent® and also due to the energy
transfer to the ground state of the sensitiser as ‘t'he energy of the triplet state of the
sensitiser is lower than the excited state of singlet oxygen. As a result of high
energy laser excitation it is possible to produce lifetimes which are shorter than
expected, due to multiphoton processes producing species which can quench singlet
oxygen. Collisions with other molecules can shorten lifetime in two ways: '
e by inducing an electric dipole transition at the same wavelength

¢ byinducing a radiationless transition to the ground state
3.2 The Lifetime of Singlet Oxygen

Although the electronic transitions 'A; ¢—— °Z, and 'E,* +— 3%, are highly B
forbidden, but isolated molecules of oxygen in the lAg state spontaneously undergo

a transition to the ground state, principally through the transition:

0, (A9 —> 0;(Z) +hv 3.1
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3.3 Production of Singlet oxygen

a) Chemical Generation: Some of the chemical reactions used in the generation of
singlet oxygen (IAg) are:
1) Decomposition of hydrogen peroxide, caused by reaction of hydrogen

peroxide with the hyperchlorite anion or hyperbromite anion®

H;0; + CIO" — 0;(Ap) + CI' + H,O
ii) * Reaction of potassium superoxide with hypochlorite -

iii) ~ Thermal decomposition of the ozonide of triphenyl phosphite

b) Microwave Generation / Gas Phase Discharge |

Radiofrequency discharge tubes have been utilised as a convenient source of singlet
ox.ygen, for spectroscopic studies. When an electric discharge, most commonly
microwave radiation is passed through oxygen gas in a gaseous flow system, singlet
molecular ‘oxygen ('A; and 'Z,*), atoms and ozone are produced, which can be
removed via reaction with mercury vapour, when the merging gases are bubbled
through solutions containing oxidizable substrates, the singlet oxygen 12; state is

rapidly quenched to give the singlet oxygen lAg state®,

‘ ¢) Photosensitization
The production of singlet oxygen via photosensitisation in.volves the following
steps:

1) Absorption of light by the photosensitiser itself '

2) Formation of the sensitiser triplet state .

3) Trapping of the triplet state by molecular oxygen within its lifetime

4) Energy transfer from the sensitiser to molecular oxygen
Quenchmg of the excited singlet state S; by ground state oxygen may give rise to
the first triplet state Ty, which may then itself be quenched by ground state oxygen

and produce singlet oxygen
d) Sensitised Production by Pulsed Radiolysis

Passing a high energy electron beam through liquid benzene produces excited states

in high yield. Since the lifetimes of singlet and triplet states of benzene are only of
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the order of a few nanoseconds, quenching by dissolved oxygen produces little

singlet oxygen. However, in the presence of a triplet energy acceptor, e.g..
naphthalene, energy transfer occurs from triplet benzene to produce triplet

naphthalene, this is in turn quenched by oxygen, producing singlet oxygen.

¢) Direct Absorption by O, (IAg) '
This method is less frequently utilised to sensitise singlet oxygen also known as
dimol emission. -

20, (5, °5) —> 207" (Mg 'Ap. 33

Generation of s'inglet oxygen is achieved by irradiation with a Nd:YAG laser of
Freon solutions subjected to high pressures of oiygen using the simultaneous

transition of oxygen.

3.4 Singlet Molecular Oxygen Detection

3.4.1 Time Resolved Infra-Red Luminescence -

Thére are two possible approaches to utilising phosphorescence of singlet oxygen as
a detection method:

e Pulsed excitation of the solution of interest. |

. Steady-state illumination and detection.
IR luminescence can be measured and monitored at ~1270 nm to determine the
lifetime of singlet oxygen in most solvents. Following pulsed excitation the
logarithm of phosphorcscencé intensity is plotted as a function of time and the slope

gives the decay rate constant or data is fitted to a single exponeﬁtial. The measured

rate constant will be the sum of the intrinsic rate constant for deactivation in that
particular solvent, kg, and any bimolecular quenching rate constants, kg, multipliéd '

by quencher concentration, [Q]. _
Kots = Ka + kq [Q] | | . 34

Steady state phosphorescence measurements have also been employed to determine

quenching constants using the Stern-Volmer equation;
L _, kiol
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By_ measuring the steady state phosphorescence intensity I, as a function  of

quencher concentration.

3.4.1 Thermal Lensmg
Thermal lensmg is a techmque that determines the alteration in the refractive index
of a medium as a result of the temperature rise in the path of a laser beam absorbed |
by the medium which is ideal for probing the decay rates of excited states, which do |
not have favourable spectroscopie preperties for using conventional absorption.or
emission techniques. The absorption of energy in a laser pulse gives rise to Tocal
temperature changes in gases and liquids. This local heating effect leads to a change
in density and refractive index, which causes the system to act as a diverging lens.
an-radiative.tr'ansitidns from excited states release energy, which cause these local
heating effects. Time resolved thermal lensing due to this release of energy could be
used to measure lifetimes of singlet'ox.ygen in the range 0.1 to 100 us, by probing
with e another continuous laser source, which is deflected by the thermal lens. The
dynamic range of time resolved thermal lensing is determined by two factors; the
acoustic transit time of the heat across the laser beam, determined by the velocity of
sound in the medium, and the thermal recevefy time of the medium. Time resolved
thermal lensing could also be used to measure quantum yields of singlet okygen and
in addition the time profile of heat generation could be used to yield the lifetime of

- singlet oxygen13

3.5 Singlet Oxygen Applications

Ground state molecular oxygen is well known to be highly reactive and essential to
life. However, excited states of oxygen have been found to be involved in
photosensitised oxidations, photodynamic inactivation of viruses and cells®, photo-
carcinogenesis’ and in the photo- degradatlon of dyes and polymers The foIlowmg

" are some of the processes mediated by singlet oxygen

3.5.1 Photodynamic therapy
Photodynamic therapy (PDT) is a potential method used in the treatment of cancer®
7 through the use of drugs (photosensitisers) that are activated by light. It is used in

- conjunction with chemotherapy for treatment of malignant tumours and involves
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utilising the interaction of an inert dye, light and oxygen. The most widely used

drugs are a water soluble red powder consisting of a mixture of metal-free

porph'yrins"‘s.

3.5.2 Photohaemolysis

Photohaemolysis refers to the opening of red blood cell (RBC) membranes and

release of haemoglobin, induced by exposure to light”'®, Exposure of animals to

sunlight after ingestion of plants containing the natural pigment hypericin (HY)
leads to inflammation, ulceration, and infection, and in severe cases, convulsions
and death. Studies have shown that photohaemolysis by hypericin is indicated by

singlet oxygen.

3.5.3 Atmospheric pollution

Polycyclic aromatic hydrocarbons (PAHS) are a class of organic pollutants released
in the atmosphere by natural sources, {e.g. volcanoes) and mafny types of man-made
sources, (e.g. automobile exh'austs) and absorb sunlight in the UV-A region (320-
400 nm). Singlet. oxygén generated in the lower atmosphere by the action of
sunlight on PAHs may be involved in causing atmospheric pollution and smog'!.
Production of 'O, (lAg) by photosensitisation is favourable owing to the high triplet

yields and long lifetimes of the triplet states. In addition to the direct reactions of

singlet oxygen with biological substrates, PAHs react with' 'O, ('Ap) to form'

unstable dioxetanes and endoperoxides which are potential candidates for biological

_ damagel?'.

3.7 Deactivation of Singlet Oxygen

Deactivation of éing]et oxygen '0, (IAg) in solution may occur using radiative or

non-radiative transitions to the triplet ground state, or using quenching of the singlet

excited state,

i) Radiative Decay ,
Radiative decay of singlet oxygen involves emissidn from the excited state to the
triplet ground state. |

02(18) ——» 02(Z)+ hv 36
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The dcéay of singlet bxygcn is known to be significantly affected by the nature of

the sblvcﬁt in which it is dissolved

ii) Non-Radiative Decay

Isa pathway which is highly dependeﬂt upon the.molecular structure of the solvent,

the transition being forbidden due to the dielectric dipole. The radiative lifetime

may be as long as 64 minutes in the gas phase'®.

iii) Quenching _
Deactivation of singlet oxygen can be accomplished by either physical or chemical
quenching. In both cases similar intermediates may be involved in the reaction or

quenching paths.

3.8 Chemical quenching processes

Chemical quenching of singlet oxygen involves reaction of singlet oxygen with

- substrate molecules to form an oxidised chemical species; this can be through

autooxidation, or dye sensitised photooxidation of a substrate,

3.9 Physical quenching processes
There are a number of mechanisms for the physical quenching of singlet molecular
oﬁ(ygen which are as detailed below:

¢ Quenching by Solvent
The greater the solvent absorption at 7880cm’™ (1270nm), the shorter the singlet

- oxygen lifetime although it is known that the lifetime of singlet oxygen varies

considerably with solvent’, indicating that direct conversion of the singlet oxygen
electronic excitation energy into vibrational energy in the solvent, is a dominant

factor in determining the rate of decay. The lifetime of singlét oxygen varies

‘considerably with solvent, which indicates that direct conversion of the singlet

~ oxygen electronic excitation energy into vibrational energy, in the solvent, is a

dominant factor in determining the rate of decay. Consequently in solvents that

possess combination bands which have appreciable absorption in this region, such

as water, hydrocarbons and alcohols, the singlét oxygen lifetime is very short, being

approximately a few tens of microseconds.
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In solvents such as freons and perdeuterated solvents, the positions of the infra-red
: abs-c.ertion frequencies do not facilitate such energy transfer and therefore singlet'.
oxygen lifetimes are longer, ranging from hundreds of microseconds to
milliseconds. However, theories which only consider the inffa-fed properties of the
solvent are not very successful at predicfing the singlet oxygen lifetime in a given

solvent, Hence, other solvent properties must be considered.

¢ Charge Transfer Quenching
This reaction involves interaction between the electron, deficient singlet oxygen

molecules with electron donors to give a charge transfer complex.
'0;(8) == D*..0.°1' == D*.0,°F — D+’0, 37

There have been shown to be correlations between the rate constants for physical
quenching of singlet oxygen and the ionisation potential of a number of aliphatic
and aromatic amines, giving further support to the partial charge transfer proposal's .
- There are two factors which determine the rate constants for quenching by amines:
one is the ionisation energy, the quenching rate increasing with décreasing
ionisation potential supporting the charge transfer mcchaniém, the othér is steric
factors, and the quenching rate is seen to decrease with increasing steric hindrance

to the amino nitrogenl5 .

 Quenching by Energy Transfer o
The absorbed energy which is released by an excited molecule can be quenched
through transfer of the eXcitation energy to.another molecule. The quenching of
singlet'_ oxygen in fluid media via the energy transfer ‘mechanism has been
documented for a number of compounds, this mechanism of quenching is the
reverse of the reaction by which singlet oxygen is formed, which involves formation

of triplet quencher and ground state oxygen as shown below

A+10 == (Ao = %A*+%0, 3.8
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3.10 Electron Transfer Quenching Mechanisms
| Elecfron Transfer Quenching Mechanisms are divided in two: .~
o Quenching Via Encounter Complexes: Excitation of the sensitiser usually
takes place before formation of the encounter complex. In this case transfer
of the electron occurs during the lifetime of the collision complex, the
charge transfer species which is immediately formed is known as a “contact
ion pair” (CIP). The collision complex can separate slightly, undergo
electron transfér, 'and generate a “solvent separated ion pair” (SSIP),
subsequently solvent molecules rapidly stabilise contact ion pairs and
solvated jon pairs. Thus a contact fon pair may be separated by a solvent
molecule and be converted into a solvent separated ion pair and conversely a

solvent separated ion pair may convert to a contact ion pair'®.

* Quenching vie Exciplexes: The term exciplex refers to an excited state
complex formed by the combinatidn of tvs-zo non-identical moieties, atoms or
molecules in the excited state . Exciplexes are characterised by sfrong

| binding énergies, pattial charge transfer on each reactant rnolecﬁle, and large
dipole moments, which reflect the degree of charge transferlﬂ"."An encounter
‘complex can rapidly form an intermediate, if the interaction between the
reactants is strong before proceeding to products, which may have a
sufficiently long lifetime to undergo light emission. Such intermediates are

termed exciplexes.

3.11 Quenching by Ground State Oxygen |
Molecular oxygen is an efficiént quencher of electronically excited states and in
most cases quenching by oxygen is so efficient that the reaction rate is believed to
be diffusion limited. When quenching of an excited state takes place, excitation
energy may be transferred to oxygén, resulting in the formation of the first excited
singlét state of the oxygen molecule; the ‘second méy be generated initially
depending on the energy of the donor. The literature reported quenching rate
constants vary significantly from comp;)und to cornpoundw"23 .

Quenching of singlet states of molecules can occur if the excited singlet lifetime is

sufficiently long or a High concentration of oxygen is present. Quenchiﬁg occurs by
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collisional spin allowed energy transfer generating singlet oxygen, if the energy gap

between siﬁglet and triplet states in the donor is Iarge énoughls.
M* 430, (Zg) —> M*+'0* (ap) | 39

Which is followed by spin allowed catalysed intersystem crossing;

CIM* 420, (5 ——» M* +%0, () | 3.10

. In the case of 'quenching of triplets, quenching occurs either by collisional spin "

allowed energy transfer’;
M+ +20;, Cgg) —> M +'0%(ag) - 311
or by spin allowed catalysed intersystem crossing;

M*+°0,C5) — 'M+20,08)) 312

3.11.1 Diffusion Controlled Reactions

Encounters between reactants in solution occur in a different manner from

encounters in gases. Reactant molecules need to make their way through the solvent
and as a result their encounter frequency is considerably less than in a gas”.
~ Consider the following bimolecular reaction;

k diff kp
[A---B] =—— P 3.13

A + B

k _diff

The reaction can be considered in terms of the formation and dissociation of an -

encounter complex. If the rate of formation of products is greater than the

dissociation of the encounter complex, k, >> kg, the reaction is fully diffusion -

controlled and Kons = kaisr. Conversely, where rate of dissociation of the enqounier
complex is greater than the rate of formation of products, k& >> ko, the reaction is

| considered to be in the pre-equilibrium region. |

If a reaction is diffusion controlled the rate of reaction cannot exceed the rate the

molecules can diffuse togéther to react. Therefore the reaction is determined solely

by the rate of encounter and is limited by the rate of diffusion.
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It is often claimed that a quenching reaction is diffusion controlled if the rate
cohstant exceeds a value of approximately 10" 1 mol™ 57, or sometimes even a
value smaller than this. It is important that a clear distinction is made between fully
. diffusion-controlled feactidns and néarly diffusion controlled reactions, since in the |
latter case the quenching efficiency is less than unity. Quenching of excited states of
many organic molecules by oxygen is considered to be diffusion controlled, to
determine the fraction that is diffusion controlled it is necessary to con.sider the spin

statistics.

3.11.2 Singlet Excited States Interaction with Ground State Oxygen

The most extensive studies in conventional solvents have been carried out on
excited smglet state interactions of aromatic hydrocarbons with ground state
molecular oxygenzs 28, Experimental rate constants for a large number of molecules
have been obtained from Stern-Volmer plots of the effect of oxygen concentration
on the fluorescence intensity; and by measuring the fluorescence lifetimes in the
absence and presence of oxygen. Singlet excited state lifetime measurements have |
béen found to yield quenching rate constants, kqs, which are shown to be diffusion
controlled® %2, The quenching rate constants of the S; state in non-viscous
solvents have been reporte& to be of the order of 10" mol 17 57, close to the rate

constant for diffusion control, calculated by the Debye equation®

- However, this expression has often faild in experiments where a’ change in
temperature and solvent results in a change in viscosity. Furthermore fnay also be
inappropriate for oxygen since assumptions are made about the molecular radii.

High pressure studies have clearly demonstrated that fluorescence quenching by
oxygen of the S; state of a number of meso-substituted anthracene derivatives is
diffusion controlled in nature, from the pressure induced solvent viscosity

272 Okamoto studied the fluorescence .

dependence at constant temperature
quenching of 9, 10-dicyanoanthracene (DCNA) by oxygen, in liqnid and
supercritical carbon dioxide at 25°C and 35°C respectively as a function of

pressure®. The quenching rate was found to below diffusion contro! and increased
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with increasing pressure in both systems. The plots of Ink, against pressure were

approximately linear in liquid CO,, whereas in supércritical CO; quench'ing' rates -
‘increased rapidly in the lower pressure region and monotonically with further
increases in ‘pressure‘. In an eaflier study Okamoto énd co-workers®® investigated
- quenching of another derivative of anthracene, 9-dimethylanthracene (DMEA), and
found it to be nearly diffusion controlled and to possess a positive activation
' volume. The quenching rate constant for bCNA was repbrtcd to be significantly
smaller than that for DMEA. They expfained this in terms of the electronic nature of
the substituents, since DCNA has an electron withdrawing group and DMEA has an

electron donating group.

: Studies” on the effect of pressure on quenching of the S; state of pyrene in non- -
polar solvents found that the rate cénstant for quenching kqs, decreased significantly
with increasing pressure due to increasing viscosity. Hence it was thought that the
quenching by oxygen may involve an encounter complex pair 1MO0,)", with singlet -

spin multiplicity, Scheme 3.5.

. ; Kaiss \ 3 n 5
M +0, %) =—=>'MO0y" ke | M'+0:(Ep)
Kaife ' :

Ing* T * K 3t a (]
M +0:(E) == MO <t | "M +0;(4p)

: _ K qifr L |
Scheme 3.5: Formation of an encounter complex of singlet multiplicity during singlet
state quenching by oxygen :

3.11.3 Triplet Excited State Interaction with Ground State Oxygen .

- In what is widely regarded as the seminal work in this field, Porter and co-workers
reported on the mechanism of oxygen quenching of electronic excited states of
aromatic hydrocarbons®*?!. They demonstrated the importance of spin statistical

factors in the quenching of triplet states by oxygen.

Essentially the spin states of the donor and acceptor can be combined in any way to .

give those of products providéd there is no change in total spin”.

64




3033 initially investigated the quenching mechanism of aromatic

- Porter and Keamns
hydrocarbons, Algar and Stevens® proposed the spin statistics for triplet state
quenching by molecular oxygen, Scheme 3.6. '
1
ok,

et | 3 1 '
S + O —_—— _—— *
$0, <= N0z

ket

1 k '
% 3[S'“OZ]* — e 19y 3O2
—2 .

5
/91(3,_ 5[S""'O2]*
k_3 : k - '

" Scheme 3.6: Different pathways for triplet state quenching by oxygen

Where k. and kis. denote; the rate of formation of products via energy transfer and

intersystem crossing respectively, and k, k; and k3 are all the same.

According to the spin statistical factors, two interacting triplets give rise to nine
. possible encounter corhplexes; five quintet states, three triplet states and one singlet
state, all of equal probability. If all three steps were occurring then the quenching
constant would be equal to the diffusion constant. |
For triplet—tﬁplet encounters there are no spin allowed products for a quintet state,
therefore the maximum rate constant is 415 of the diffusion controlled value (route 1
and 2 respectively). Of the two possibilities energy transfer to oxygen (route 1) is
more favourable, because it is spin allowed and paramagnetically induced. The
| formation of products from the triplet state (route 2) is spin allowed but has poor

Franck-Condon factors; hence this route is rendered less favourable.

Aromatic hydrocarbons with low triplet energy, Er, between 30*and 42 keal mol”,
showed that the rate constant for triplet quenching (qu) was limited to -

3031 and the

approximately one ninth of the diffusion controlled rate constant
quenching of triplet states with high triplet energies, where Er > 42 kcal mol”, gave

rate constants which were less than Yokasr. Such observations led to the suggestion
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that qu reflected quenching solely via route one, Scheme 3.6, and was therefore
limite;d 1o a maximum value pf 1/9 kaise. '

Deviations to lower values were considered to' arise as a consequence of both
decreasing Frank-Condon factors ‘with increasing triplet energy'aﬁd hydrocarbon
dependent symmctry factors that effectively decreased the relative magnitude of k;

with respect to k_130 3

. Quenching via the triplet encounter complex was predicted
to be negligible due to the highly unfavourable Franck-Condon factors for the more
exothermic process, giving ground state products leading to k., >> ky**. The fact
that qu was experimentally limited to /o kgige confirmed the lack of involvement of
route 2 Scheme 3.6, at foom terhberature. M |

Studies have shown that rate constant§35' whic.h were 'greater than Yo kagr, and in
some cases which approached_% kaisr, could be explained ih terms of both singlet
and triplet encounter complexes decaying efficiently to form products. |
The encounter complex in this study involves high energy triplet states of carbonyl
and amine molecules with oxygen having a degree of charge-transfer character. The
charge transfer state lies at lower energies than the locally excited triplet states, in
which case processes one and two in Scheme 3.6 may involve transitions to these
states. The scheme prdposed in the study,'which includes inter-system crossing

‘between charge transfer states of singlet and triplet multiplicity is shown in Scheme
3.7. '

/9kd|ff
M + 0, (%, ) 'M*..0 )—»‘(M*O )_>‘(M 02)*—> M+ Oz* (°%,,'A,)
k—dm
Kisc l Kise
1/3kdlff J

M + 0, (Zy) == (M"...0) = —> (M O2) —p M+ 0: (%)
k-dlff

Scheme 3.7 Spin statistical mechanism involving inter-system crossing between charge
transfer states

Generally, bécalisejthe application of high pressure can sighificantly change solvent
viscosity without having to change temperature or solvent, studies performed at
high pressures provide information for quenching with nearly and fully diffusion
- controlled rate'constants. Systems with high®® qu at 0.1 MPa, reported the rate of
quenching ‘dec.fca'sed monotoﬁically with increasing pressure, whereas for those

with lower kq" at 0.IMPa, the pressure dependence of k4" showed a maximum.
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They found that the triplet energy dependence of qu decreases as pressure increases

and found qu to be almost independent of triplet energy at higher pressures > 400
MPa. |

3.12 Singlet Oxygen Quantum Yields
The quantum yield of sensitized production of singlet oxygen <I>A is given by the

sum of the contributions arising from oxygen quenching of the lowest excited

singlet stéte (S1) and the lowest excited triplet state (T} of the sensitiser;
@y = @y (S1) + Pa(Ty) o | 3.14

Singlet oxygen is thus produced with varying efficiency due to quenching of both
triplet and singlet states. The quantum yields of production of singlet oxygen (lAg)
have been reported for a number of compounds in a variety of solvents37'4°. |

* Rate constants for quenching of singlét, kqs, and triplet states qu; by oxygen and the
fraction of triplet states quenched which produce singlet oxygen, fAT,— have been
shown to depend on several factors including; excited state energy, nature of the
excited state, redox potential of the excited state and nature of the solvent3 %4144,
There has been considerable recent interest in the factors which determine oxygen
quenching of excited states and the efficiency of formation thereby of singlet
oxygen' ™, However, despite recent interest over the last few decades, the
- mechanism by which oxygen quenches the excited states of organic molecules
remains poorly understood*®®, 1t is well known that singlet oxygen ('Ag) is
frequently produced as a consequence of these quenching interactions. Howeyver, it
is abundantly clear that the yield of singlet oxygen and thé quenching r.;ite constants
vary considerably de;iending on the nature of the excited state being quenched and
on the solvent or micro-environment***,

Studies have shown that oxygen quenching of the lowest’® excited singlet state of
eight éromatiq hydrocarbons induces intersystem crossing with high yield in
~ toluene, they found that this yield drops when acetonitrile is used as a solvent. The
fraction of singlet states quenched by oxygen which yield triplet states, with or

without singlet oxygen production, %%, was found to be = 0.9 in all cases in
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toluehe, but decreased to give values in the range of 0.55 to 0.9 in the \polar solvent |
acetonitrile. | |

The fraction of excited triplet states arising due to oxygen quenching of the excited
singlet states of nine aromatic hydrocarbons were measured in acetonitrile and
values_ were reported to be between 0.36 and 1.047, whilst another study measured

ft°2 values for anthracene and eight of its derivatives, which were found to vary

from approximately 0.6 to 1.0 in acetonitrile”; however in cyclohexane these same
derivatives had £i°% values of unity*’. The quenching of various aromatic
hydrocarbons in a variety of solvents was investigated*® which reported mixed first
and second order decay kinetics of singlet oxygen, as a result of the oxygen
quenching of certain aromatic triplet ketones. The second order contribution was
thought to have been as a result of a bimolecular reaction between singlet oxygen
and a lbng lived species, formed due to oxygen quenching. Low values were
obtained for the efficiency of singlet oxygen generation which could be due to
competition between formétion of singlet oxygen and a biradical species (Figure

3.7), as a result of branching of the singlet encounter complex.

R 0

X

R o—0"

_ Figure 3.7: Diagram of biradical species

Such a biradical species, of unspecified multiplicity, was originally proposed by

Quinkert as an intermediate in the light induced oxidation of methanone®,

The factors affecting the efficiency of singlet oxygen production were elucidated by -
studying oxygen quenchingr of a range- of meso-substituted anthracenés in
cyclohexane®’, and Singlet oxygen production efficiency from the singlet state
ranged from zero to unity. However, singlet oxygen production from the triplet state
was found to be unity in all cases. This observation was explained in terms of
dependency of the efficiency of formation on the tﬁplet encounter cornpléx
3(T,...>%). They postulated that the complex dissociates to give ground state oxygen
and the T, state of the separated anthracéne derivative, which dissipates its excess

energy by internal conversion to the T stéte, the dissociation of the 3Ty...%%)
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complex subsequently produces singlet oxygen. They also reported values for a
range of substituted biphenyls?" 3!
cyclohexane. The f,_f values showed pronounced sensitivity to the oxidation
potential of the derivatives and to solvent polarity. An increase in polarity and in
~ oxidation potential of the derivative resulted in an increase in the quénchin g ‘ra'te.

Studies™ of the rate constants for formation of the 'A,, le; and °Z, states of
molecular oxygen for a series of nine benzophenones of varl'yin g oxidation potential,
showed almost constant triplet energy, Weaker charge transfer effects were
observed for T; (n, ®*) benzophenones compared to those obtained for T; (&, *)
biphenyls.k Qucnching of T1 (n, n”“) and T; (m, ©*) sensitisers were proposed to
proceed via two different channels, éach capable of producing the three lowest lying

states of molecular oxygen®>, Scheme 3.8.

T +°L &= 353 —> T %) — S 'D)

Kar \ \
' '(So ')

'So ') 'S0 'A) (S0 %) T °g)y —> (S0 %)
Scheme 3.8: Schematic to illustrate the different pathways for partial and non
charge transfer quenching

The effect of heavy atom-containing sensitisers on the singlet oxygen generation
efficiency was investigated and it was found that in the case of n,ﬁ' triplets
(tetrahalo-p-benzoquinones and haloanthracences), introduction of heavy atoms had
practically no influence on the singlet oxygen generation efficiency’*, However, for

n,m triplets (haloacetophenone), the Sa values decreased sharply with increasing

number of heavy atoms, due to the intersystem crossing between singlet and triplet

states in an encounter complex. This assumption was based due to the 7w triplet

sensitisers intersystem crossing from the triplet state to the singlet state of the"

encounter coinplex with oxygen, being faster than dissociation of the triplet

~ encounter complex to ground state sensitiser and oxygen, 3Zg'.
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A further study of the solvent effects on the Singlet oxygen quantum yield® reported
that for carbohyls, the quenching rate constant and singlet oxygen generation

efficiencies are independent of polarity and viscosity of the solvent, with few

- exceptions, and therefore the assumption that qu ~ /o kae for estimating quenching

by the energy transfer mechanism does not hold. -However, singlet oxygen .

efficiencies did increase in alcohols; they explained this trend in terms of speciﬁc
solvation of the triplet carbonyls by alcohols, which resulted in a decrease in the
deactivation rate constant of the triplet encounter complex to the ground state, and

an increase in the contribution of energy transfer to quenching’ 658,

Worrall and Abdel-Shafi® reported rate constants for quenching by molecular
oxygen of excited singlet and triplet states, ksq and k% , respectively, of some
aromatic hydrocatbons in acetonitrile. The fraction of excited singlet states
quenched by oxygen; which result in triplet states, f 51, are in the range of 0.25—
0.85. and the efficiencies of singlet oxygen production during oxygen quénching of
the excited singlet and triplet states, £ 54 and f T4, resPectively, were also measured.
Values of f 5, were shown to be 0.2820.05 for 1,2;5,6-dibenzanthracene, pyrene,
fluoranthene, 1,11- benzoperlyene and perlyene while values of f 'a cover the rahge
of 0.25-1.0. Additionally recent studies™ have shown that the photosensitized
generation and subsequent decay of singlet oxygen in supercritical fluid xenon; as a
~ function of pressure and temperature found that the rate constant for quenching of
singlet oxygen by ground state oxygen, kq0 , increases as the pfessure increases arlld
decreases as the température increases. At 298 K, the value of k,° increases from
(1.27 to 1.76)x10° dm® mol™ s™! as the pressure increases from 9.8 to 39.2 MPa; at
355 K the values of k,° drop to 6.2x10° and 1.54x10* dm® mol™* s at these same
pressures. It has also been found that the fractional contribution of the oxygen
quenching to the overall singlet oxygen decay rate increases with increasing
pressure, although showing greater variations at high temperaturcs,I and decreases

with increasing temperature.
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" Chapter 4

Experimental




4.0 Ekperimental |
- 4.1 Compounds and Solvents

3-Methy1-riboﬂavin-tetra acetate (3 TARF)‘, Iso-6,7-riboflavin (IR), 3-benzyl
- riboflavin (BR)! and Lumiflavin (Lf)!, 6,9 Mall (6,9-methyl alloxazines) are samples
donated by Prof, Marek Sikorski Adam Mickiewicz University in Poland. Anthracene
(Aldrich, <99%), 9-methy15nthracene (Aldrich <99%), 9,10-dichloroanthracene
(Aldrich <99%), cyanoanthracene (Aldrich <99%), Naphthalene (Aldrich <99%),
Benzophenope (Aldrich<99%), 5-hydroxy-1-4-naphthoquinone (Aldrich), 1,5-
.dihydroxynaphthalene (Aldrich 97%), Methylene Blue (Aldrich), Tris‘(2,2-bipyridyl)
rutheniom II chloride hexahydréte, Rose Bengal.(Aldrich<90%), .

Acetonitrile (Aldrich HPLC grade <99%), Methanol (Aldrich HPLC grade <99%),
Ethanol (A]drich grade ‘<99%), Distilleq Water, Cyclohexane (Aldrich grade <99%),
Bromobenzene (Aldrich grade <99%), 1-iodopropane (Aldrich grade <99%), Hexane
(Aldrich HPLC grade<99%), carbon dioxide (BOO), oxygen (BOC).

4.2 Ground State Absorption

;

Absorption spectra of all ground state samples were recorded using either an HP8453
UV-Visible spectrophotometer or a Perkin-Elmer Lambda Bio 40 UV-Vis
spectrophotometer. Samples were measured by using the solvent used to dissolve the

compound in as a blank as the spectrum for Anthracene shown in figure 4.1.
4.2.1 Ground State Absorption Spectra in SCF Cell

All Ground state absorption spectra in the cell were recorded using ocean ‘optics fibre
and a 250 W xenon arc lamp as a continuous source. Methanol is initially.introduced to
* the cell as the background measurement, pressurised to 50 MPa and the lamp intensity
recorded. The lamp intensity profile is then recorded with the sample in the cell and

absorbances were recorded.
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Figure 4.1: Ground state absorption spectrum of [Anthracene] = 3.5 x 10™* mol I

4.3 Fluorescence Measurements

Fluorescence measurements were made by using Spex Fluoromax Spectrofluorimeter.
Samples were measured in solution and the Spectrofluorimeter was set to monitor at the
required range of wavelength and all the values were recorded with the excitation

wavelength of 355 nm, as shown in figure 4.2,

1000000 -

:
;

600000 -

400000

Emission Intensityf AU .

200000 -

0 S T R A ——— 7
400 450 500 550 €600 650 700

Wavelenaht/ nm . .
‘Figure 4.2: Fluorescence spectrum of Lumiflavin in acetonitrile between the ranges of
330-700 nm
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4.4 Deoxygenation for laser flash photolysis

All the sainples were deoxygénated through nitrogen bubbling; this was done by
transferring the solution into a cuvette and sealing the top by fitting a rubBer septum. A
tube is fitted with a needle to the nitrogen gas cylinder which allows it to be bubbled
and another needle is placed on the rubber septum to allow displaced gases to escape.
The solution is concentrated with nitrogen for approximately 15 mins, prior to

measurements.

" 4.5 Laser Flash Photolysis

This is a powerful technique for studying qualitative and quantitative rapid reactions,
triplet - states, isomerisation reactions and to identify reactive intermediates in
photochemical systems. Commonly, an intense excitable pulse of short duration from a
laser or a flash lamp is vsed to produce a concentration of a transient species which can
be monitoredf by measuring the changes in the amount of light transmitted. At a short
intervals of time after the generating pulse the. system is analysed by observihg
emission or absorption characteristics. The decay or production of the transient
absorption or emission at one particular wavelength is monitored or the absorption or
emission spectrum of the transient is recorded at given times after the exciting pulse.
This is achieved using a Lumonics Hyper HY200 Q-switched Nd:YAG laser with a
pulse duration of 8 ns. The energy per pulse is approximately 7 mJ per pulse whilst the
wavelength used for the photochemical investigations is achieved using the third
harmonic at 355 nm of the fundamental laser Wavelength at 1064 nm. The excitation
ehergy was attenuated using solutions of sodium nitrite in water. The analysing beam
" was obtained from a 250 W xenon arc lamp (Optical Radiation Corporation).
Appropriate filters of were used to cut off any unwanted wavelengths and neutral

density filters were employed to reduce the intensity of the lamp beam.

4.5.1 Time Resolved Flash Photolysis Measurements
The Q-switched Lumonics HyperYAG HY200 (Lumeonics) was used as the excitation

source and the analysing light from the Xenon arc lamp was collected and focused into
a monochromatbl_' and photomultiplier tube (Hamamatsu R928).‘ An accelerating

- voltage was applied to the photomultiplier tube using a Fluke 415B high voltage power )

i’

76




supply, the signal Ifrorn the multiplier was then transferred to a digital oscilioscdpe
(Tektronics 2432A) and interfaced to the computer via .an AT-GPIB interface card
(National Instruments). The sequence and timing events of this system were c;Ontrolled
by a home built analogue delay generator which sends out a clock pulse every 1.65 ns,
which triggers the computer and sets up two delays; one to uigge'r'the opening of the
shutters and the other to ﬁre. the laser, The computer enables the relevant shutters, ready
to be triggered by the delay generator and arms the oscilloscope. The 1064 nm
wavelength from the laser is set to trigger the oscilloscope by leakage through the end
cavity mirror and is detected using a photodiode. On receipt of this Signal the
oscilloscope tn'ggérs, digitises and transfers the data from the photomultiplier to the
computer where it is first displayed on the screen and then saved. Thé whole cycle
takes less than 1.6 ns and is repeated on'receiiring the next clock pulse until the

baseline; transient absorption, emission and topline are recorded.

Topline: Neither of the shutters is open, this gives the signal with zero analysing light
Baseline: The arc lamp shutter is open and the solution is monitored in an unexcited
state without any scattered light

Enﬁssion: The laser shutter is open but the arc lamp shutter is closed; this gives a trace
of emission by the excited state and any scattered light.

Absorption: Both the arc lamp and laser shutters are open; the arc lamp monitors the
sample after the laser has excited it. This trace shows the absorption of the solution due
to the excited species present. This trace may be negative which could be due to loss of
ground state molecules that absorbs at this wavelength, or due to large emission by the

excited state.

4.6 Methods

4.6.1 Fluorescence Quenching Measurements

Lumiflavin (Lf) in acetonitrile was used as a standard, since the quantum yield of
fluorescence was given as 0.16'. Lf was dissolved in Acetonitrile to obtain an

absorbance of < 0.1 at 355 nm excitation wavelength and emission of around 365-600
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nm, the solution was then placed in a cuvette, sealed and degassed (see section 4.4) for |

approximately 15 mins. Fluorescence spectra of the compounds were then measured
and integration measurements were then calculated using MicroCal Origin.

3;Methyl-riboﬂavin-tetra acetate (3TARF), 3-benzyl riboflavin (BR) and iéo—6,7~
riboflavin (1R), were dissolved in methanol and an increasing amount of bromobenzene
(quencher) was added to maintain an absorbance of < 0.1 at the excitation wavelength
of 355 nm, the solutions were then placed in a cuvette, sealed and degassed for
approximately 15 minutes. UV ground state absorbances of the samples were then
measured at the excitation of 355 nm and the fluorescence spectra recorded for the
emission of 365 — 600 nm. Fluorescence ‘spectra measurements of the §amples were
recdrded in a similar way to the Lf in Acetonitrile and the areas under curve were
obtained and recorded and values of fluorescence quenching were obtained using the

Stern-Volmer equation as discussed in section 4.3.3

4.6.2 Fluorescence Quantum yield measurements

The samples were dissolved in different solvents to obtain an absorbance of < 0.1 at
355 nm, the solutioﬁs were then placed in a cuvette, sealed and degassed for
approximately 15 mins. The fluorescence spectrum using an excitation wavelength of
355 nm was then obtained and measurements of area under curve were then calculated

using MicroCal origin programme.

4.6.3 Determination of the Triplet-Triplet spectra

Triplet triplet absorption spectra were obtained using laser flash photolysis — see
section 45 In some cases (with the Flavins) varying amounts of bromobenzene (BrBz)
were added to the solutions in order to increase their triplet yield. The samples were
placed in a cuvette and degassed for 15 mins. The triplet state was produced using a
355 nm pulsed excitation from a frequency tripled Lumonics HY200 Nd:YAG laser.
Data was typically gathered over the wavelength range 350 nm - 600 nm.

4.6.4 Determination of Triplet Quantum yields using Bromobenzene (BrBz)

Anthracene and varying amounts of BrBz were placed in a cuvette and degassed. The

anthracene triplet state was produced using a 355 nm pulsed excitation from a

'
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sensitiser) was used as a standard and also used in the quantitative measurements of the

relative amounts of fluorescence and of the relative initial triplet state absorption using
flash excitation in the presence and absence of bromobenzene as a quencher.
Anthracene 'triplet-triplet absorption is around 420 nm which was chosen as the
analysing wavelength. Flash excitation of the anthracene ground state was achieved at
355 nm laser. excitation and the triplet-triplet absorption intensity measured, The

amount of anthracene stock solution used was constant with increasing amounts of

. bromobenzene and the values recorded using the equation below:;

o

F = Fluorescence intensity in the absence of a quencher

F = Fluorescence intensity in the presence of a quencher

Dr’= = Absorbance of the tfiplet state in the absence of a quencher
Dr= Absorbance of the triplet state in the presence of a quencher

&1 =Triplet quantum yield

4.6.5 Fluorescence Lifetime measured using singie Photon Counting

_ A single photon counting {echnique was used to measure fluorescence decays using a
Model .199 fluorescence decay time spectrometer (Edinburgh Instruments). Excitation
of the samples was with a n1trogen filled flash lamp at 337nm. A solution of anthracene
in methanol was placed in a cuvette as a reference, and the solution was then purged

with nitrogen for 10 mins and then placed on the holder of the photon counting and the

counting was started. After the count of the reference has been done then the sample of

.the flavins solution was purged with nitrogen and placed on the holder and then the
count was started. For oxygen quenching studies the samples were purged with the
nitrogen and oxygen ratlos The photon counts obtained which are the electric pulses
* from the monochromator were then fed into a discriminator and pulses with amplitudes
higher than a given threshold value are counted. Photon Counting is a technique which
is used to measure extremely low light ﬂuxes; a flash lamp which uses nitrogen Was
used. Two photomultipliers Were used to convert light into an electrical signal and the

photon which passes through the window of the (photo rﬁultiplier tube) PMT,
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4.6.6 Sample Preparation for the SCF set up/system

The apparatus used to prepare the supercritical fluid solutions has been described in

detail elsewhere 2°. CO, (BOC, 58 MPa) is liquefied by chilling to =5 °C and the

resulting liquid CO; is then pumped using an HPLC pump (Jasco model PU—980)

through stainless steel tubing into a home-built pressure cell. The tubing is heated to the |
desired temperature in a gas chrbmatograph oven (Pye Unicam), and the cell is

electrically heated using a home-built temperature controller. The cell temperature,
typically controlled in these experiments to 1 K, is monitored using a K series

thermocouple and the pressure monitored using the pressure transducer in the HPLC

pump head. Samples were introduced into the cell as Acetonitrile or methanol solution

of the desired concentration. The solution was placed in the cell, and the solvent

removed with a slow flow of oxygen gas whilst heating the cell.

ﬁessurés ranged from 100 - 300 MPa, and were monitored using the pressure

transducer in the HPLC pump head. Temperatures ranged between 300 K and 330 K

and the fubing is heated using a gas chromatograph oven. The solution of the desired

compound concentration in methanol or acetonitrile was pumped into the cell from thé '
reservoir using a HPLC pump (JASCO model PU 980) and absorption measurements

were taken as detailed in section 4.2.1. The set up which was home built is shown in

figure 4. 3 using scCO; as baseline for measuring absorptlon using supercritical carbon

dioxide was done. Once the solution i is in the cell the, solvent was removed by purging

it with a steady flow of oxygen at 200 cm® min™ for approximately 10 mins whilst

heating the cell electronically using a home built temperature controller. The tubing is

heated using a gas chromatograph oven, Figure 4.4.

80




@)

Filter

Solution  Mimok .ol
Reservoir .

e

| : filter
(Chromatograph: i
HPLC { | HPLC o‘,e,,gr Py -
Pump?2 Pump]
Cell
i
e i
Chiller & !
Circulator : )
i
i
3§ H
Gas .
Mixer ptic
ibre

© Shutter

b -

Arc
Lamp .
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4.6.7 Singlet Oxygen Detection in SCF

Utilising near-IR detection techniques it was possible to measure the phosphorescence
of singlet oxygen at 1270 nm. Quantum yield values were measured in supercritical
carbon dioxide for anthracene relative to perinaphthenone as a standard .sensitiser_,
known to be insensitive to changing solvent, for which quantum yield is 0.95 = 0.05°.
The quantum yield can be obtained from a plot of luminescence by fitting a plot of
singlet decay versus time, with a single exponential affording the Iuminescence
intensity and the decay rate constant. Experiments were performed as a function of
laser energy and fitting a plot of singlet oxygen‘luminescence intcnsify versus 'la_ser
‘ energy with a straighf line. The experimental setup was designed such thﬁt it was
possible to measure. the absorbance in the cell for each sensitiser allowing the
mismatched ground state absorbances to be accounted for and corrected using the

following equation.
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my = Gradient of unknown (Anthracene)

m; = Gradient of sensitiser (Perinapthenone)

A = Absorbance |

@, = Singlet oxygen Quantum yield

Where the subscript u and s represents unknown and sensitiser: Anthrécene and

Perinapthenone respectively.

The absorbance of the solution was initially determined using the USB 2000 optic fibre
as shown in figure 4,3 and then after the absorbance measurements were taken then the
detector is placed at the same position and th_en the singlét oxygen detector was placed
as shown in figure 4.5, Excitation of the sensitizer was with the third harmonic of a
Lumonics hyperYAG HY200 Nd:YAG laser (355 nm, 8 mJ per pulse, 8 ns FWHM).
The excitation energy was attenuated using aqueous sodium nitrite solution. Detection
of 102(1/_\3) was with an EQ-980P liquid nitrogen cooled germanium photodiode
détector (North Coast Séientiﬁc), with a 1270 nm interference filter interposed between
sample and photodiode to isolate the singlet oxygen phosphorescence a;ld to reduce
. detection of laser scatter and sensitizer emission. Data capture was with a 250 MS/s
digitising oscilloscope (Tektronix 2432A) and data analysis were done using MicroCal
Origin 61 After taking the singlet oxygen measurements, the USB 2000 optic fibre is

‘placed back again and a further absorbance measurement was taken to ensure that the _

solution was consistent with the measurement taken immediately before the singlet

oxygen measurements.
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Figure 4.5: Geometry of apparatus used for singlet oxygen detector

4.7 Juglone production

The synthesis of Juglone using different types of sensitiser and different conventional
solvents as well as scCO; solvents was studied. Photooxygenation of 1,5-
dihydroxynaphthalene (dhdn) was studied  with light to form 5-hydroxy-1,4-'
naphthoquinone  (juglone). The reaction of singlet _oxjgen with 1,5-‘
dihydroxynaphthalene is an cxamble of a photo-Diels Alder reaction ([4+2]-

cycloadditidﬁ), in which dhdn functions as diene and singlet oxygen as a dienophile.

The phdtooxidation of 1,5-dihydroxynaphtha1ene in both conventional solvents and
supercritical carbon dioxide was carried out using the set-up shown in Figure 4.3. A
- xenon lamp (150W, Light Support) was used for the irradiation. The measurcment of
 the absorption spectra and production of scCO; are described in sections 42 6.6 and

4.6.7. The sensitisers used in the production of Juglone included Methylene Blue (MB), .
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Rose Bengal (RB) and anthracene (Anth) whilst the various solvents used were
acetonitrile, methanol and scCO,. The lamp 'intensity of the blank (Methanol) was
recorded initially; the methanol .was then flushed out of the cell using oxygen gas. Once
the methanol was removed, the soluti_on of interest was introduced into the cell, as
described in Section 4.6.6, and the solvent was removed by flushing a steady stream of

oxygen gas through the cell. Liquid carbon dioxide was then pumped into the cell to the

.initial pressure (typica]ly 100 MPa) and the system heated to the desired temperature, |

the absorbance of the lamp through the cell was then recorded.

The set up is similar to the Section_ 4.65 and 4.6.7 with a few adjustments from the

filter being moved to reduce radiation from light. To prevent irradiation of compounds -

(around 400-450 nm) a coloured light filter (filter A) was used (orange, > 490 nm)
positioned as shown in figure 5.6. For monitoring purposes, an optical fibre (Ocean

Optics USB 2000, with Ocean Optics Spectrasuite software} was used to measure

absorbance. Neutral density light filters (filter B) was used after the cell to decrease the.

light intensity at the spectrometer; this was optimised for the region of interest, i.e. 400-
450 nm which was monitored at the 420nm wavelength for every minute, for the first
five minute and then for every five minutes for the remaining half an hour. Add in
monitoring times and wavelength '

Methyléne blue is one of the sensitisers which has shown great success to use in the
production of Juglone, it has shown to work tremendously well in various studies®® by
using different solvents, although it is insoluble in hexane, it was found that it was

soluble in scCO,.

The absorbance measurements of anthraceme in supercritical carbon dioxide were

performed by removing the solvent from the cell by flowing oxygen at a flow rate of

200 ¢m® min” for 5 mins whilst heating the cell at a temperature of 318 K and then

. pressurising the cell with carbon dioxide to 200 MPa.
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- Chapter 5

- Equipment Validation



5.0 Validation of the relationship between the Absorption set ups: In-situ Ocean
Optic USB 2000 vs HP8453 Spectrophotometer

The purpose of this chapter is to charﬁctcrise the equipment through absbrbaﬁce

measurements in order to obtain correct values of singlet oxygen quantuni yields. It was |
from validating this equipment that correct values were obtained for singlet oxygen
quantum yiélds for anthracene as compared to the previous study’ which reported very

high values in super critical carbon dioxide fluid.
51 Experlmental Set up

All experiments were camed out in the set-up as shown in section 4.6.6- for both -
conventional solvent and scCO,. A comparison between the absorption determined
using the HP8453 UV-Visible or a Perkin—Elmér Lambda Bio 40 UV-Vis

spectrophotometers and the scCO, cell were done as shown in figure 5.1.

1.2 -

-
L

y =1.0467x - 0.0194

©
@
4

Abs measurements using
Spectrophotometer/Au
=] o
-3 (=2}

0 — — . r . .
0 0.2 0.4 06 0.8 1 1.2
Abs measurement using ocean optic USB 2000/Au

Figure 5.1: A graph showmg the solution of anthracene in Methanol monitored at 355 nm, using the

HP8453 spectrometer and using the ocean optics USB 2000 in the SCF Cell

Both set ups gave very similar results at 355nm, this was very necessary to establish, as
all measurements need to be of the same value in order to obtain consistency of results.
Figure 5.1 showed anthracene but also Naphthalene gave the same results and the slope

~ of 1 indicates the desired 1:1 correspondence.
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5.2 Anthracene in Supercritical Carbon Dioxide

Since some experiments would be carried but in super critical carbon dioxide, it was
necessary to carry out experiments to show how the absorption measurements would

relate with the conventional solvents.

* The lamp intensitjr of the blank (methanol) was recorde:d initially which was then
flushed out of the cell using oxygen gas. Once the ﬂlethaﬁol was reihoved, scCO; was
then pumped into the system and a blank measurement was taken after that the solution
of interest was introduced into the cell, as described in Section 4.6.6, and the solvent
" was removed by flushing a stéady stream of oxygen gas through the cell. Liquid carbon
dioxide was then pumped into the cell to the initial pressure and the system heated to

the desired temperature, the absorbance of the lamp through the cell was then recorded.

When using anthracene it was observed that for every 1 mole of solution injected in the
cell only a third of it was observed in the super critical carbon dioxide, this can be.

shown in figure 52
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Figure 5.2: Relationship between anthracene in methanol and in scCO, in the horhe_
built set up

* This phenomenon was only observed for anthracene, which is thought to be due to

relatively large vapour pressure of anthracene, hence it is flushed out of the cell with |
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solvent. The other compounds showed consistency in both the conventional solvent

and in super critical carbon didxide, as shown in figure 5.3 with Methylene Blue

:J 1.2 -
2 1 .
-1
,.E 0.8 - y = 1.0014x
£
g 0.6
é 0.4 |
0-2 T ¥ ) . 1 1
0.2 0.4 0.6 0.8 1 1.2
Als [MBlin scCOz/AU

Figure 5.3: Relationship between MB in methanol and in scCO; in the set up

It has also been established that all these experiments required to be carried out within a.
window time frame of around 15 minutes, and this became clear that the stability of the
compound could be seen within that time when we carried out the singlet oxygen
quantum yields experiments, where the concentration of the compound was stable for

the first 15 mins and then it slightly drops down as shown in figure 5.4
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Figure 5.4: Stability of Anthracene shown over a pe_ridd of time
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This étudy has been seen to be reproducible on all other compounds, this is thought to ‘
be the main reason why previous studies were not in a position to obtain the required
value of the singlet oxygen quantum yield, as they were not working within the

required time frame where the compound exhibited some stabili.tyl.

5.3 Validation of the photochemical method for Juglone production’

Validation éxperiments were carried out to demonstrate the conditions necessary for the
photochemical oxidation of 1, S-dihydroxynaphthalene to‘ Juglone; that is light and
oxygen. The set up in figure 5.5 is similar to the section 4.6.6 with a few adjustments
from the .ﬁlter being moved to reduce radiation from light. To prevent irradiatioh of
compounds (around 400-450 nm) a coloured light filter (filter A) was used (orange,
>490 nm) as shown in figure 5.5. For monitoting purposes, an dptical fibre (Ocean
Optics USB 2000, with Ocean Optics Spectrasuite software) was used to meaéure '
absorbance. Neutral density light filters (filter B) were used after the cell to decrease
the light intensity at the spectrometer; this was optimised for the region of interest, i.e.
400-450 nm,
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. Figure 5.5: Schematic representation of reaction set-up for Juglone formation
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5.3 Effects of Dihydroxnaphthalene in scCO,

Dihydroxnaphthalene has been shown to be stable in supercritical carbon dioxide and
this indicates that the reaction does proceed as expected and similar to the conventional
solvent. This absorbance study was necessary and carried out with the experimental set
up: detailed in section 4.2.1. For this measurement a different type of spectrometer was
used to measure the DHDN peak, as with the USB 2000 ocean optics they were not
able to follow at the 340 nm peak as this could be clearly seen later in figure 5.8 where
the cut off point is seen after 350 nm in comparison to the figure 5.6; which shows the

study of DHDN as a function of time.
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Figure 5.6: Dihydroxnaphthalene (DHDN) in supercritical carbon dioxide for 3 hours

5.4 Methylene Blue as a sensitiser

Methylene blue is one of the sensitisers which has shown great success to use in the
production of Juglone, it has shown to work tremendously well in various studies®” by
using different solvents, although it is insoluble in hexane, it was found that it was
soluble in scCO,. Methylene blue (MB) was used as a sensitiser in the production of
Juglone; it was observed to produce a higher yield in conventional solvent in various
studies’. The relationship between dhdn in methanol and in supercritical carbon dioxide

is nearly of the ratio of 1:1 and so is the relationship of the concentration of MB in
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solvent and in super critical carbon dioxide with an approximately 5% decrease in 30

mins.
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Figure 5.7: Shows Abs measurements of MB in s¢CO; for 30 mins at 100 Mpa
and 35°C

5.5 Stability of anthracene in scCO;

A study of Anthracene in scCO, was carried out and it was observed that the
concentration of Anthracene was unstable in scCO, as shown in figure 5.8 and 5.9. The
absorbance was observed to decrease with time and this suggested that it could be due
to the fact that it sublimes, and that the reaction needs to be done within the time frame
of an half an hour, as after the half hour time frame a rapid reduction in absorbance was

seen as shown in figure 5.7
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Figure 5.8: Anthracene in super critical carbon dioxide for 3 hours

On using Anthracene as a sensitiser, it was observed that the absorbance decreases this
could be due to sublimation reaction in the first hour, therefore the production of
Juglone should only be followed in the first hour only at the maximum, this will then
avoid any errors but ideally all reactions should be monitored only within the half an
hour time frame.

Detection of solutions using an optical fibre coupled to an Ocean Optics USB2000
photodiode array spectrophotometer at an integration time which was set at 100 ms to
reduce noise level, provided a similar correlation to that observed with the
spectrophotometer when measuring absorbance.

Absorption measurements were performed using the home built set up as detailed in
section 4.2.1 as this set up was made so as to be able to measure the absorption
measurements in super critical carbon dioxide which otherwise were not possible on the
spectrophotometer, in which measurements were done directly from the supercritical
fluids cell and not from the cuvette.

The absorbance measurements of anthracene in supercritical carbon dioxide were
performed by removing the solvent from the cell by flowing oxygen at a flow rate of
200 cm® min”' for 5 minutes whilst heating the cell at a temperature of 318 K and then

pressurising the cell with carbon dioxide to 200 MPa. On addition of the super critical
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carbon dioxide, it was seen that the absorption intensity reduces from 1 to 0.4 as shown
on figure 5.9 and the wavelength has decreased from around 373 nm in methanol to
around 370 nm in the supercritical carbon dioxide, this is found to be due to the fact
that carbon dioxide is less polar than most solvents. This difference in absorption
measurements of solvents and supercritical carbon dioxide could be used as a

benchmark in calculating the final absorption required when using supercritical carbon
dioxide as a solvent in a compound.
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Figure 5.9: Absorption measurements of Anth in methanol and in s¢CO; in the cell

The absorbance measurements were found to be stable within the time window of 30
mins. This stability was observed for both the Anthracene and the Perinapthenone as
shown in figure 5.9. This result could also contribute to why the previous studies' have
obtained values of greater than one of singlet oxygen quantum yield in super critical
carbon dioxide. A normalised graph shown in figure 5.10 was done just to ensure that
the peaks are the same for both the conventional solvent and for the scCO, solvents, a

very slight shift was seen and this was thought to be due to instrumentation.
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Figure 5.10: Normalised Absorption measurements of anthracene in MeOH and scCO,

Absorbance measurements of Perinapthenone (PrN) and anthracene (Anth) were
measured in supercritical carbon dioxide cell and the results were plotted as shown in

figure 5.12. It is clear that both PrN and Anth are both stable over the 30 min timescale.

50 4
) 45 . —
PrN Absorbances/Au
) 40 01 |
- = 02
2 ] ad
S 430 -
g
25
» . . - - - -
) 4
)15
T T T T
0 y 5 20 25 0
Time/Min
050
0.45
040 -1 Anth Absorbances/Au
035 - o
m 02
2 ox us
El
2.
025 -
- L] - ” b .
0204
0104

Time/Min

Figure 5.12: Absorbance measurements of Perinapthenone and Anthracene in ScCO,
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5.6 Conclusions |

It was possible to characterise the equipments enabling the fluorescence of quantum
yields to be obtained, it was from validating these equipments that it was possible to
obtain the correct values compére_,d to the previous study’ which when the same study -
was conducted a very high value of singlet oxygen quantum yield in super critical
carbon dioxide fluid was achieved. The discrepancies between the absorption
measurements of solution introduced and in cell and that which was carried out using
" the either an HP8453 UV-Visible spectrophotometer or a Perkin-Elmer Lambda Bio 40
UV-Vis spectrophotometer was the same but with anthracene it was noticed that there
was a drop 1n absorptlon measurements of almost a third in the scCO; in comparison to
the convent1ona1 solvent this was attributed to be due to the sublimation of anthracene.
'However thls was Tiot seen for other compounds like MB and Perinapthenone. Dhdn

was shown to be stable too.
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Chapter 6

Flavins




6.0 Introduction

This chapter will be looking at the study of a few types of flavins in different solvents
and measure their fluorescence quénc}ﬁng, fluorescence lifetimes and triplet-triplet
spectra. Additionally an investigéti_on will be carried out to see if there will be any
effect of adding bromobenzene to the triplet-triplet spectra of 6,9 Mall in both water

and methanol

6.1 Photophysics of Flavins ,
Flavin photophysics has been the subject of intense research recentlyl"s, as they play an

important role in living organisms and are involved ina very wide range of biological
processes. A number of important photobiologiéal and photochemical processes, such

~ as phototropism, phototaxis, and photodynamic have prompted the study®°

of flavin
excited states, especially with respect to singlet oxygen quantum yields with different
flavins as photosensitisers. Flavins possess the yellow chromophore characteristic of
flavoproteins éﬂzymes occurring widely in animals and plants, making observation of
“their spectral and photophysical properties the best tool to evaluate the thsical
properties of binding sites of ﬂavopr‘oteins. The parent molecule from which all other
variants, e.g.vitamin B2 (riboflavin), ﬂaviﬁ mononucleotide (FMN) and flavin adenine
dinucleotide (FAD) derive, is Lumiflavin (7, 8, 10-trimethyl-10H-benzo[g]pteridine-2,
4-dione). F‘lavoenzymes are among the most structurally and functionally diverse ’
families of redox proteins"'lz, since they catalyse an enormous range of
biotransformations and electron transfer processes using a single redox unit, the flavin.
These redox events can have either one- or twc} electron mechanisms, and one of the
best known members of tHis family is riboflavin ‘ (vi_tamin B2, 10-(2,34,5-
tetrahydroxypentyl).ﬂ,8-dirnethylbenzo[g]pjceridine—2,4 (3H,10H)—di0ne), which plays

an important role as part of a healthy diet.
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Spectral and photophysiéal propei‘ties of riboflavin in methanol, DMSO, and water (pH
of 4-8), mcluding fluorescence quantum yields, fluorescence lifetimes, and quantum
| yield of triplet formation, have been determined >,

Polymerization of 2-hydroxyethyl methacrylate photoinitiated by riboflavin in presence
7-10

of triethanolamine has also been examined *™° and studies of the electron transfer
reactions of riboflavin in methanol. It has also been pfoposed that riboﬂayin can be
induced in the process of photosensitized degradation of ethylene glycol !!, The Singlet
oxygen producing capacity of riboflavin in water was examined under UVA 2,

- It has been recognised that riboflavin is an efficient photosensitiser that can act via
radical species (Type I mechanism) or via the generation of singlet oxygeﬁ (Type IT .
mechaﬁism), 1416 Several reviews have given data regarding quantum yields of singlet
oxygen formation photosensitized by flavins including riboflavin 171 In this study the
follbwihg properties have been determined for the first time which include;

Fluorescence Quenching and Fluorescence Quantum yields including various Flavins

triplet-triplet spectra.

6.2 Fluorescence Quenching of Flavins _
Fluorescence Quenching of Flavins was done using bromobenzene and the ground state

absorbance spectrum of Lf (standard, I°) in acetonitrile was measured as detailed in
~ section 4.6.1. Its absorbance at 355 nm was 0,098 and the fluorescence spectrum of this
solution excited at 355 nm produced an area under the curve of 6.907x10’ calculated
using the micro Cal origin programme version 6.1. The fluorescence quenching
constants of 3TARF, BR and IR in methanol are 2.38 x 10°, 2.69 x 10° and 8.13 x 10°1
mol? s respectively, which were calculated in this study using equation 6.1. These
values were obtained using a Stern-Volmer relation as shown below, given that the
lifetimes (1p) of the compoimds were measured to be: 5.4 + 0.1 x 10”% for 3TARF,: 4.8
+0.1 x 10%s for BR and 6.3 + 0.1 x 10% for IR £0.1 |

I’ |
7=1+kq‘ro[Q]

I° = Initial peak intensity of the fluorescence without a quencher
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[ = Intensity peak of fluorescence with a quencher
k= Quenching constant (1 mol's™) B
7= Lifetime of the excited state in the absence of the quencher Q (s)

[Q]= Concentration of the quencher (mol I'")

Compound Fluorescence ky/l moI's™ | Lifetimes/ns
BR - 2.69+0.01 x107 4.8
3TARF 2.38+0.01 x10° 5.4
IR 8.13+0.01x10° 6.3

Table 6.1: Fluorescence quenching constants and lifetime values of different Flavins

Although there is no theoretical data to compare theéé values with, the values obtained
seem to obey the Stern-Volmer relation and geive a linear plot of Stern-Volmer with an
intercept at approximately to ‘one. BR was observed to have the highest fluorescence
quenching constant followed by 3TARF and the IR, whilst the reverse is seen in their
lifetimes W1th IR having the longest lifetime followed by 3TARF and then BR.

6.3 Fluorescence Quantum yield measurements of different Flavins in
different solvents

- The quantum yields of different Flavins in different solvents were measured as detailed
in section 4.6.2 and the results tabulated as shown in tables 6.2-6.5, which were used.
together with the equation 6.2 to calculate the values of Quantum yields of fluorescence
(®2) of 3TARF, IR and BR. | |

3TARF in Abs at 355 nm | Area Under Curve/Au
Methanol 0.085 - 4.413 x10’
Ethanol 0.099 2.739 X107
Acctonitrile | 0.082 4.019x10"
Distilled Water | 0.099 3.806x107

Table 6.2: Absorbance and areé. under curve measurements of 3TARF
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BR in Abs at 355 nm | Area Under Curve/Au
Methanol 0.109 4.296 x10’
Ethanol 0.095 3.096 x107
Acetonitrile 0.105 4.857 x10’
Distilled Water | 0.079 9.277 x10°

Table 6.3: Absorbance and area under curve measurements of BR

IR in Abs at 355 nm | Area Under Curve/Au
Methanol 0.099 2.454 x107
Ethanol 0.105 2229 x107
Acetonitile | 0.108 2381x107
Distilled Water | 0.085 7.978x10°

Table 6.4: Absorbance and area under curve measurements of [R
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Figure 6.2: Area under the curve measurement of different Flavins in different solvents
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& " 11u.f‘\ ]:ubs 6-2

3

O, o I

I',5s= Area under Curve of Lf=6.901 x 10’

1.5 = Area under Curve of Compound

I'aps = Abs at 355nm of Lf=0.100

I*5s= Abs at 355nm of Compound

'gbs = 1-10

@, = Quantum yields of fluorescence

®, =0.16 (Reference Quantum yield of fluorescence Lf)"

The following are the Quantum yields of fluorescence of the compounds (d,) which

were obtained from using the Equation 6.2.

[ [3TARF  [BR R
Methanol 0.09 +0.01 0.09+ 0.01 0.06+ 0.01 i
Ethanol 0.07 +£0.01 0.07+0.01 0.05+0.01 ;
Acetonitrile 0.11 +0.01 0.13+£0.01 0.05+0.01 '
Distilled Water | 0.09 £0.01 0.03+0.01 0.02+ 0.01

Table 6.5: Quantum yields of fluorescence of 3 TARF, BR and 1R

Experimental studies of 3TARF have shown two intense absorption bands which
correspond to the two calculated lowest-energy absorptions®. In our study the quantum
yields of fluorescence of BR and IR in water obtained were very low and there are also
additional recent reports on flavin chemistry in water” . Acetonitrile has shown to be
the solvent which produces the highest quantum yield of fluorescence in the different
Flavins in different solvents as shown in table 5. This could be explained on the basis
of the proximity effect theory''"* . which interprets the properties of such molecules as
a result of vibronic interaction between the lowest n—n* and n—n* singlet states and also
since most Flavins compounds are known to have closely spaced low-lying n—n* and
n—nt* excited states. The values in water are very low: this is attributed due to the fact

that Flavins are partially soluble in water.
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6.3.1 Measurements of fluorescence quantum yield of RR (Roseoflavin) in
different solvents

Fluorescence quantum yield of RR was measured using the following formula
qa -. ([- 2
(I)tz i J.b(‘),\ X ]]_\ (D\ 6.3
' A,\ J L’ ('\.).! dx ,?S ‘

® =Fluorescence quantum yield

a

Jl(.r)‘ dx= Area under corrected emission curve
l‘J

A = absorbance

N = Refractive index of solvent used

Subscripts s and x refer to the standard and unknown samples respectively.

The standards used were of known fluorescence quantum yield and emission spectrum
which covered the whole spectrum ranging from 250 nm — 700 nm so as to avoid as
much errors as possible.

The standards used were Rhodamine 6g (Rh6G) and Acridine orange (AO) in different
solvents at an absorbance of 0.1, which were then measured and recorded in different

solvents as shown in the table 6:

Standards Solvent Peak/nm
Rh6G Methanol 559
Rh6G2 Ethanol 558
Rh6G3 Acetonitrile | 558
Rh6G4 Dioxane 556
Rh6G5 Water 555
AOl Methanol 525
AO2 Ethanol 522
AO3 Acetonitrile | 523
AO4 Dioxane 522
AO5 Water 555

Table 6.6: A List of standards used in different solvents at an absorbance = (.1
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Figure 6.7: Standardised fluorescence graphs of RR solutions in different solvents and
corresponding standard

Since the RR peaks were smaller and not very visible compared to their corresponding

standards, the spectra were therefore normalised to one to show the peaks as shown in

figure 6.
m water
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Figure 6.8: Normalised fluorescence graphs of RR in their solvents and

corresponding standard
Since the fluorescence quantum yields of the standards were known and by using the
fluorescence quantum yield equation above the quantum yield of RR in methanol,
ethanol, and Acetonitrile are as follows: RR in ethanol is shown to have a higher

quantum yield compared to other solvents whilst the lowest was observed in water.
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RR in M/sec Peak/nm
Ethanol 0.591 +0.05 492
Methanol 0.539 = 0.05 495
Dioxane 0.381 = 0.05 478
1,2-DCE 0.361 +=0.05 502
Acetonitrile | 0.267 = 0.05 477
Water 0.149 +0.05 503

Table 6.7: Fluorescence quantum yield of RR in methanol, ethanol, and

Acetonitrile

Fluorescence quantum yield measurements of RR in the different solvents were
measured in different solvents; the results were then tabulated as shown in table 6.7, not
all the above solutions were able to be measured for lifetimes as the solutions in water,
1.2-DCE and dioxane have shown to have degraded with time therefore this can be
concluded that the stability of RR in those solvents were unstable, this could be due to
photodegradation which then influences the yield and the lifetimes’. Therefore the
remaining solutions of RR were measured twice a few weeks later so as to confirm the
quantum yield values obtained were consistent and an average (avg) was taken as

shown in the table 6.8.

RR
SOLVENT D1 o2 d/avg
Methanol 0.015+0.002 [0.018+0.002 | 0.017 +£0.002
Ethanol 0.021 £0.002 | 0.027 £0.002 | 0.024 +0.002
Acetonitrile | 0.093 +£0.002 | 0.183 £0.002 | 0.138 +0.002

Table 6.8: Fluorescence quantum yields of RR in different solvents

This clearly illustrates the fluorescence quantum yield values of RR are not consistent
in solutions and is unstable over a longer period of time. No fluorescence was observed
for RR in dioxane, 1, 2DCE and water after storage for a few weeks as shown in table

6.8 in comparison to table to the values shown in table 6.7.

6.4 Fluorescence Lifetime measured using single Photon Counting

Fluorescence lifetime measurements of RR in different solvents were measured using
the photon counting technique as detailed in section 4.6.5 and the results shown in table

6.9. Lifetime measurements of Roseoflavin (RR) in ethanol have shown to produce two
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lifetime measurements, which suggest that RR is not stable in ethanol solvents which

could be due to photodegradradation.

Absorbance | Absorbance | Fluorescence
Solvent 7 /ns 420nm 337nm peak/nm
Methanol 531+0.01 0.0985 0.1945 532
Acetonitrile | 2.89 + 0.01 0.1033 0.2566 512
Ethanol 78%=5.2 +0.01 0.0899 0.1498 534
22%=25.8+0.01

Table 6.9: Fluorescence lifetime measurements of RR in different solvents

by photon counting

Roseoflavin absorbs light in the UV-Vis region and the absorption spectrum in
methanol consists of several bands, on with the maximum at 258 nm (38.7><103 cm")
with a peak at 308 nm (32.6><103 cm'l). and another at 493 nm (20.3><103 cm"). The
fluorescence emission in methanol appears as a single weak band with maximum at
540 nm (18.5x10% cm™). The fluorescence lifetime for roseoflavin is in the nanosecond
time range and was estimated theoretically as T¢ = 4.8 ns in methanol and T = 2.1 ns in
water. The transient absorption was excited using Nd:YAG third harmonics at 355 nm
(5 mJ/pulse). Unfortunately, the transient absorption spectrum obtained was very weak,
suggesting low triplet quantum yields or small T-T absorption coefficients.

The measurement of singlet oxygen quantum yields of Flavins and their derivatives as
photosensitisers, based on measuring the emission at 1270 nm, which is highly specific
to the Oy('Ay) — 02(323') transition, under laser excitation at 355 nm, of an air-
equilibrated methanolic solution of the investigated compound. Supporting the results
obtained in transient absorption, it was not possible to detect any signals attributable to
singlet oxygen of RR. In contrast, most of previously examined isoalloxazines are
efficient photosensitizers of singlet oxygen. Based on the experimental results, it was
concluded that roseoflavin does not generate any singlet oxygen, in contrast to
riboflavin, which reveals high quantum yields of singlet oxygen production (¢, = 0.51).
The difference between the two is the substituent in position C(8) of the isoalloxazine
ring, thus, the NN-dimethyl substituent present in position 8 is probably the reason of

such a drastic change in properties. Both the low triplet yields, as evidenced by the
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flash photolysis results and undetectable singlet oxygen yields, and the low fluorescent
yields, as compared to other flavin derivatives, point to the existence of other excited
state deactivation channels acting in this substance due to the presence of the NN-

dimethyl substituent in position 8.

6.5 Triplet-triplet spectra of different Flavins in different solvents
The triplet-triplet spectrum of 6.9 mall in water showed a peak which was in the range

of 500 - 550 nm where it absorbs as shown in figure 6.9, this was achieved using the
laser flash photolysis method as detailed in section 4.5. On addition of bromobenzene
to 6.9 mall in water showed a more smooth spectrum which gave a peak of 500 nm as
shown in figure 6.10. When methanol was added to 6,9 Mall for measurement of the
spectrum it was seen to peak at around 475 nm and this stayed the same even after

addition of bromobenzene as shown in figure 6.11 and 6.12 respectively.
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Figure 6.9: Triplet-triplet spectrum of 6,9 Mall in Methanol
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Figure 6.11: Triplet-triplet spectrum of 6,9 Mall in Water
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Figure 6.12: Triplet-triplet spectrum of 6,9 Mall in MeOH with Bromobenzene

Figures 6.9 - 6.12 have shown that there is a significant amount of triplet-triplet state in
the different 6,9 Mall in water and in methanol but there was no significant increase on
the addition of bromobenzene. The addition of bromobenzene to the Flavins was to
increase the number of triplets formed due to the heavy atom effect enhancing the

intersystem crossing.

6.6 Conclusions

The fluorescence quenching constants of 3TARF, BR and IR in methanol are 2.38 x
10°,2.69 x 10°and 8.13 x 10° I mol”' s respectively, The fluorescence lifetimes (15) of
the compounds are 5.4 x 10”s for 3TARF, 4.8 x 10”s for BR and 6.3 x 10”s for 1R.
Although there is no theoretical data to compare these values with, the values obtained
seem to obey the Stern-Volmer relation and gave a linear plot of Stern-Volmer with an
intercept at approximately one. BR was observed to have the highest fluorescence
quenching constant followed by 3TARF and the IR, whilst the reverse is seen in their
lifetimes with IR having the longest lifetime followed by 3TARF and then BR.

The fluorescence quantum yield for RR in different solvents were of the value between
0.59 — 0.149 with the highest value in ethanol compared to other solvents whilst the
least was observed in water. It must be noted that these RR are not very stable in the

solvents studied and measurements must be carried out promptly (within a day or so).
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Fluorescence lifetime measurements of RR in different solvents were measured using
the photon counting technique and the results were in methanol 5.3 ns and 2.89 ns in
Acetonitrile and 5.2 ns in ethanol. There is a significant amount of triplet-triplet state in
the 6,9 Mall in water and in methanol but there was no significant increase on the

addition of bromo benzene.
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' ~ Chapter7

'Results and Discussions
of Singlet Oxygen
- Quantum Yield




7.0 Introduction |
The aim of this chapter is to examine the research which was done by a previous

- research student ! who managed to obtain the value of the singlet oxygen quantum
- yield of more than one for anthracene in’ supercritical fluids carbon dioxide,
although it's known that this is not possible. A mechanism was put forward,
although this was less than satisfacfory.- Through the correct way of characterising
the system and the set up as discussed in detail in section 4.6.6, in addition to
working within the required time frame; values of less than one were achieved
successfully. Hence, in this work the abnormality of the thesis of the previous
student were corrected and successfully managed to measure vah;es which can be
regarded as correct. It is now possible, for the first time to examine in detail the

effects of temperature and pressure on singlet oxygen quantum yield.

7.1 Anthracene
Anthracene is a solid polycyclic aromatic hydrocarbon consisting of three fused

benzene rings derived from coal-tar or other residues of thermal pyrolysis, which is
used in the artificial production of the red dye alizarin. It is also used in wood
preservatives, insecticides, and coating materials. When pure it is colourless and has
a violet fluorescence; it darkens .when exposed to sunlight. It is obtained by the
distillation of crude oils and the main use is in the manufacture of dyes.

Anthracene, also referred to as paranaphthalene or green oil, is the simplest tricyclic
aromatic hydrocarbon colourless crystalline compouﬁd which exhibits blue (400-
500 nm peak)'ﬂuorescence under UV iight, which is insoluble in water but is quite
' solﬁble in carbon disulfide and somewhat soluble in ethanol, methanol, benzene,.
chloroform, and other organic solvents. It is readily oxidized to form anthraquinone,
the parent compound of the alizarin series - of dyes. A classic method for the
preparation of anthracene in the laboratory is by cyclodehydration of d—methyl- or

o-methylene-substituted diarylketones in the so-called Elbs reaction

el OO O]
———— T
-H,0,Zn
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Anthracene has the ability to photodimerize with irradiation by UV light. This

results in considerable changes in the physical properties of the material.

The dimer is connected by two covalent bonds resulting from the [4+44]
cycloadditioﬁ. The dimer reverts to anthracene thermally‘ or with UV irradiation
below 300 nm. The reversible bonding and photochromic properties of anthracenes
are the basis of many potential applicaﬁons using poly and monosubstituted

anthracene derivatives,

The reaction is sensitive to oxygen, in most other reactions of anthracene; the
central ring is also targeted, as it is the most highly reactive. Electrophilic
~ substitution occurs at the "9" and "10" positions of the centre ring, and oxidation of

anthracene occurs readily, giving apthraquinone, C14HO; (below).

The reversible bonding and photochromic properties of anthracene is the basis of
many potential applications using poly and monosubstituted anthracene derivatives,
which are mostly used as intermediaries in pharmaceuticals?, agricultural products?,
photographic products4, thermosetting. plastics, [ubricating materials®, and in other
chemical industries®.The reaction is sensitive to oxygen and light irradiation is
known to induce photochemical transformations within it, Since anthracene is a
. polycycelic aromatic hydrocarbon (PAH), it cxhibits‘high' melting- and boiling-
points, low vapour pressure, and very low water solubility, decreasing with
increasing molecular weight whereas resistance to oxiciation, reduction, and
vaporisation increases. Vapour pressures tend to decrease with increasing molecular
weight and these compounds are highly lipoj)hilic and readily soluble in organic
solvents. These properties have allowed the iﬁvestigation of the various anthracene

photophysics.
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7.2 Determination of the Quantum yield of Triplet state production of
Anthracene.

~The quantum yield of Triplet formation (®r) for anthracene was measured
according to section 4.6.4 and‘ was found to be 0,78 +0.01. This value is a bit high
.compared to the expected value of 0.70-0.75, although it is within the expected
experimental error. This value was obtaiﬂed_by using figure 7.1 and the equation

below* from which the graph was plotted.

F _(D,' F

i -11®, +1
D,°F J r

F
F = Fluorescence intensity in the absence of a quencher
F = Fluorescence intensity in the presence of a quencher
Dr°= Initial absorbance of the triplet state in the absence of a quencher
Dr = Initial absorbance of the triplet state in the presence of a quencher

@7 =Triplet quantum yield

y = 0.782x + 1.0183

1.5 : . ; .
1 2 3 4 5

(DF/DrF) - 1

Figure 7.1: Quantum yield of triplet state production of Anthracene

7.3 Oxygen Quenching Constants (k;) Measurements

Oxygen quenching constants (ky) of the anthracene triplet in acetonitrile were
measured using laser flash photolysis as detailed in section 4.5. The oxygen

concentration was varied using gas ratios of nitrogen and oxygen, the results in table
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7.1 clearly indicates that oxygen is a good quencher, and as the oxygen

concentration is decreased, a decrease in decay rate constant is observed.

N, flow rate/| O; flow ratel | kp10's | [0,/10° /M
emPmin™ em’min? ' o

10 T90. 11852001 |82

30 70 1612001 |64

50 50 1412001 |46

70 30 1152001 |27

Kepe = kg + kq[O2]
Kows= + 57)
t

t = decay life time (s)
kg = decay constant

-kq = quenching constant

and then to the ground state,

[0,] = oxygen concentration (mol 1)

Table 7.1: Anthracene gas proportion ratios and calculated values of Kois and [O4]

The values of the rate constant in table 7 are calculated using the equation below:

The excited anthracene molecule loses its cnérgy in the form of light rather than
“heat, In this nonradiative process, the anthracene either gets converted back to

ground state (internal conversion) or to the lowest triplet state (intersystem crossing)




1.8 4

1.7 4

1.6 A
y = 0.1075x + 0.7782
154

1.4 4

Kobsl8'!

1.3 4

1.2

1.1 4

1

—

2.9 39 49 598 6.9 7.9 88 9.9
Oxygen Conc/10°M

Figure 7.2: Fluorescence Quenching of anthracene via Oxygen

7.4 Singlet Oxygen Quenching Constants (i(q) Measuremex_lts
Anthracene singlet state quenching constant was measured as outlined in 4.6.7 and

calculated using the Stern-Volmer equation as it was shown below. The flow rate of
nitrogen was kept constant at 600 cm® min™" this ensured that most of the errors
. were minimised, as this was compared to the theoretical values calculated using the

following equation4.

I’ .
== 1+k,7,[QO]

1° = Initial peak intensity of the fluorescence without a quencher

I = Intensity peak 6f fluorescence with a quenéher

k= Quenching Constant |

1= Lifetime of the excited state in the absence of the quencher Q = 5.1ns

- [Q]= Concentration of the quencher
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O; flow ratel | /I [021/10° /™M
cm’min’

55 134 - | 966

50 125 3.85

75 122|802

X [1D 7.19

30 17 634

20 15 546

10 13 371

_Table 7.2: Anthracene gas propoftion ratios and calculated values of 11 and [0;)

Therefore as observed above the higher the increase of oxygen flow the higher the
values 1%, which corresponds to the Stern-Volmer equation where the oxygen

concentration is proportional to the I°/1 values

14

1.35 -

131 y=250.71x + 1.0413

1.25 -
*

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014
[0, 1M
Figure 7.3: Shows a Stern-Volmer plot for fluorescence quenching of anthracene in

acetonitrile by [O:] :
The experimental k, value obtained was 4.8 £0.01 x10'® 1 mol s, since this value
is higher than the theoretical value which is 2 0.1 x10'® 1 mol 5", it was therefore
decided to perform an alternative measurement based on fluorescence lifetimes to

check this value. These were measured using single photon counting.
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7.5 Oxygen Quenching of anthracene fluorescence studied by Photon Counﬁng .

The quenching of the anthracene singlet state by oxygen was measured using single
photon counting as detailed in section 4.6.5. The results obtained of the quenching
constant through photon counting as shown in figure 7.4 were similar to the
intensity and the theoretical values. Since there was a positive correlation in the two
different methods used in obtaining a similar kg it is therefore approved this to be a
- dynamic/collisional quenching as it depopulates the excited state without allowing
‘fluorescence emission. The decrease in fluorescence intensity equafes to the

decrease in fluorescence lifetime as given on the Stern-Volmer equation.

8E+08 -
7E+08 1 y = 4x10'% + 3x108
6E+08
5E+08 A
4E+08 1
ks 13E+08 ;
2E+08 -
1E+08 1

OE+00 - - - , . [ 1
0.00E+2.00E- 4.00E- 6.00E- 8.00E- 1.00E- 1.20E- 1.40E-
00 03 03 03 03 02 02 02
| - [OM |

Figure 7.4: Fluorescence quenching of anthracene in acetonitrile by oxygen

measured using single photon counting

The value of 4x10'® 1 mol” s obtained using photon counting seems to correlate to
the experimental value obtained using the Stern-Volmer equation, it is therefore

assumed to be the correct one.
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7.6 Singlet oxygen Quantum Yields at different temperatures and pressure in
scCO,

The quahtum yield of singlet oxygen formation is determined by the detailcd

procedure shown in section 4.6.7 and the following equation:

D= Concentration of singlet oxygen produced

Number of photons absorbed

Once singlet oxygen ('A,) is formed it decays back to the triplet ground state, via

pho'sphoreécence and intersystem crossing, as shown in figure 7.5

1291-
~ Internal Conversion
A
Back Intersystem Phosphorescence
(luminescence)
Crossing
- 3%y

Figure 7.5: Decay processes from the singlet excited states of oxygen

The quantum yield can be obtained from a plot of luminescence intensity, I, versus

the laser intensity, L,, according to the following equation;
Ia=L,(1-10%) @4

Singlet oxygen luminescence intensity can be obtained by monitoring singlet
oxygen decay at 1270 nm, by fitting a plot of singlet oxygen intensities versus time,
with a single exponential affords by extrapolating the initial luminescence intensity

and the decay rate constant. Experiments were performed as a function of laser

energy and fitting a plot of singlet oxygen luminescence intensity versus laser .

energy with a straight line, through the origin, affords a gradient, m, corresponding

to;

m- (1-10°%) @,




Constructing a similar plot for a compound with known single oxygen quantum

yield, gives:

[§ =]

nlu (D Au ( 1 =5 1 0'*‘\)11

m, D (1-10°%

Where s and u represent the sensitiser and the unknown respectively.
Since it is not possible to measure the singlet oxygen luminescence intensity in an
absolute sense, the gradient m, is only proportional to (1-10™") multiplied by the

quantum yield. ®,. and not actually equal to it.

5000+

T I
0 Iw ahilia s o MlLL “‘I.J T U T 1 Y, (e didd, b, gl
1 T R L e i FT T AT T4

-5000
15000

12000

1
9000

-

6000

3000
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0 4

-3000

0.000 0.005 0.010 0.015  0.020
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Figure 7.6: Typical Singlet Oxygen Decay trace at 1270 nm, sensitised with
Perinaphthenone at 355nm

The singlet oxygen quantum yield, ¢,, was measured relative to perinaphthenone as
a standard sensitiser, for which ¢, is reported to be 0.95 £ 0.05°.

Singlet oxygen quantum yields were also obtained for anthracene in supercritical

fluid carbon dioxide. Solubility experiments revealed that the concentrations of



anthracene altered in the supercritical cell with temperature and pressure, as
discussed in detail in section 4.6.6. Therefore the absorbance of each sensitiser,
including the reference sensitiser (perinaphthenone) was measured at each
temperature and pressure during the experiment. It was seen that as the
concentration of the solution was increased there is a decrease in singlet oxygen
quantum yield which is thought could be due to aggregation, as shown in figure 7.7

and 7.8 respectively.

0.85 -

080
1 —m— 100Mpa

0.75

O 150Mpa

070 . 200Mpa

065
0.60]
0.55]
0.50 W
0.45
040:
0.35
0.30
0.25 ] s
0.20 et ,
0.1 0.2 03 04 05
Absorbances/AU

Singlet oxygen quantum yield

Figure 7.7: A plot to show the relationship between the concentrations of the
anthracene with the singlet oxygen quantum yield in supercritical carbon dioxide at
various pressures at 318K
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Figure 7.8: A plot to show the relationship between the concentrations of the anthracene with
the singlet oxygen quantum yield in supercritical carbon dioxide at various pressures at 308K

The values obtained for the singlet oxygen quantum yield of Anthracene in

supercritical carbon dioxide range between 0.2-0.8, but they are within the range of
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the quantum yield ® = 0.78 for the formation of either the triplet state or the
singlet molecular oxygen of anthracene’, Increase in pres‘sure increases the singlet
oxyggn quantum yield of anthracene as seen in table 7.3, but .increase in
concentration decreases the singlet oxygen quantum yield of anthracene. The value
for the singlet oxygen quantum yield was previously obtained td be more than one
but it is known that this is not possible. Through the .correCt way of characterising
the system set up has been discussed in detail in section 4.6.6 aﬂd to work within the
" required time values of less than one were achieved successfully with errors of 0.05.

Hence, the abnormality of the thesis of the previous student has been corrected.

Pressure = IOOMPa, Temperature = 318.5K

Absorbance in Superecritical CO2 dAu

" | Perinaphthenone | Anthracene
0.525 0.497 0.249
0.321 0.292 0.535
0.133 0.127 0.685

“Pressure = 150MPa, Temperature = 318.5K

Absorbance in Supercritical CO2 $Au
Perinaphthenone | Anthracene ‘
0.545 0.501 0.379
0.247 0.231 0.533
0.143 0.136 0.683
Pressure = 200MPa, Temperature = 318.5K
Absorbance in Supercritical CO2 ®Au
Perinaphthenone | Anthracene
0421 0.451 -1 0.415
0.231 0.270 0.507
0.123 0.130 0.795

Pressure = 200MPa, Temperature = 308.5K
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Absorbance in Supercritical CO2 DAu

Perinaphthenone | Anthracene ‘

1 0.495 0.463 0.385
0.298" 0.253 0.491
0.139 0.132 0.866

Pressure = 100MPa,  Temperature = 308.5 K

Absorbance in Supercritical CO2 DAu
Perinaphthenone | Anthracene

0.563 0.576 0.371
0.312 0.295 ' 0.467
0.143 0.137 0.708

Table 7.3: Anthracene singlet oxygen quantum yield in supercritical carbon dioxide
using Perinaphthenone as a reference sensitiser at different pressures and
temperatures

" In general, an increase in pressure appears to result in a small increase in the
quantum yield, which becomes less apparent at the higher temperatures and

therefore can be explained in terms of an increase in solvent density. Chemical

reactions in solution are generally accompanied by changes in activation volume, - -

known as their reaction volumes®.

The activation volume is interpreted according to the transition state theory, as the

~ difference between the partial molar volumes of the transition state and the sums of

the partial volumes of the reactants at the same temperature and pressure’. The
activation volume is not equal for all reactions, as a result increased pressure may
favour one reaction over the others and therefore it is possible to control/enhance
selectivities for the desired product by working ét the desired temperature and
pressure. In order to react, the molecules must get within certain proximity of each
other; known as the transition state volume. To reach this volume work has to be
done by the solvent to push the molecules together, if the molecules occupy a larger
combined volume tha'n‘ the transition volume. If the molecule occupies a smaller
combined volume than required to react, work hés to be done by the molecules to
move further apart. Therefore in terms of rates of reaction, if the transition state
volume of the encounter complex, was Iarger than the volume o_ccupi_éd by the

molecules an increase in pressure would cause the solvent to push the molecules
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4

together,'resulting in a reduced rate of reaction. Conversely if the transition state

volume was smaller than the volume occupied by the molecules an increase in

pressure would result in an increased rate of reaction.

bl

Smglet oxygen quantum yield values for anthracene reported in normal solutlon _

range from to 0.57 to 1.12 given in Table 7.4.

! . ) |

(I’)A | [0.] | Solvent
057 1.2x10° | - Benzonitrile "2 :
058 13 x 10* CH,CN" 1
0.68 0 G
070 | 0 cs,"
074 | | air CeHs"
’0.75 0, cc14”7_
0.88 1.9x 107 CsHg'!
1.00 o  CeHCH
_ |
1.12 . - 9.0x107 . CeHg'! o

Table 7.4: Reported literature values for smglet oxygen quantum yields for
anthracene in solution

Previous studies ! obtained a value of 1.12 + 0.09 by assuming that quenching of
the anthracene singlet state leads to the production of singlet oxygen, and quote a-

valte of 0.46 for the fraction of excited states quenched that produce singlet oxygen,

ﬁs. However, recent publications suggest that this is not possible since the T, state
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of anthracene lies below the S, state and thus quenchiné, of S1 leads to production of
the T state via intersystem crossing, vide infra.
For quenching of the first excited singlet state by oxygen, it is necessary to consider

the following five spin allowed and two spin forbidden processes as shown in

- scheme 1.

81 +0:(%) —— T; + 0, ('Z5) 16
S+0:05) TL+0:(5) G
Si + o; L) —— Ti+0.('A) (i)
S1+0: (%) —_— To+ 0, CZy) (iv)
S, +0, (32,;) - | So+0; CZ) )

S + 02 ) ——-—p So + 0, (%) (vi)
$1+0,(C%) ———» So+ 0, ('Ap) (vii)

Scheme 1: Possible pathways for singlet state quenching by molecular oxygen "’

The four enhanced ISC pathways (i-iv) lead to the formation of the first or the
second excitéd sensitiser triplet state and either the ground state (SZg'), or two lowest
lying excited singlet states of oxygen (IE;, _-1Ag). The three enhanced internal
conversion processes (v-vii) generate the sensitiser ground state (So) and etther O,
CZ), 02 (2" ), or 02 ('Ay).
Quenching by oxygen is more complex than simply quenching of T, since other
excited states exist that may be quenched by oxygen,
~ One study '® found that in the absence of strong charge transfer 1nteract10ns
- enhanced IC cannot compete efficiently with spin allowed ISC, either due to a large
“energy gap (process v), or due to the spin forbidden nature of such transitions
(processes vi and vii). Process i has not been previously observed since the S,-T;
gap must exceed 158 kJmol™! .‘ |
Hence, the four enhanced intersystem crossing processes ii-v, have been idéntiﬁed

to be the routes by which oxygen quenches the S state as shown in scheme 1. The
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different routes of intersystem crossing lead from the initially formed excited:
complex *(S;%%) to the product complexes *(T°T), ¥(T1'4), YT L) and *(S5%%),

"which can then further dissociate, as shown in figure 7.9.

F 3
AT,.5T)
35:.°5) | Eisc ' 35,..°%)
3, 3
: . v (T2 L)
3”1"-IA) s iv —
. N
N — fii
Energy Ea
s ' v
i
‘,_:(_s:.,...’m
Y .

Figure 7.9: Most Probable routes for quenching of single states by
Oxygen '

In order to observe quenching of the singlet state, which results in the I;roduction of
singlet oxygen, certain criteria must be satisfied. Firstly t'h.e S1-T1 gap must be
greater than 94 kJmol™. The singlet state of anthracene lies 318 kJmol™ above the
ground state and the triplet state correspond to energy of 178 kJmol!, which results
in an energy gap of 140 kJmol™, and therefore theoretically under these conditions
singlet oxygen could be formed. However, the energy of the charge transfer state
and of the second excited triplet state T» need to be considered. When the sensitiser -
is an easily oxidisable molecule charge transfer interactions with oxygen strongly
influence the rate and efficiency of singlet oxygen formation. The oxidation
- potential of anthracene is 1.20 V2 and the free energy change for complete energy
' tfansfer AGcgr is =128 kJmol™! for the singlet state 2 when AGcer is high and
positive very little quenching proceeds via the charge transfer state. In this case the
AGcgr value is negative which means that energy transfer proceeds predominantly
| ~ through a charge transfer state as shown in figure 7.10. The energy of the charge
transfer state of anthracene is 191 kJmol, which is much lower than the anthracene
singlet state. An energy gap of 11 kJmol™ is not large enough to produce si'nglé't

oxygen. However, the energy of the second excited triplet state also requires
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consideration. The T; state of anthracene lies 312 kJmol™ above the ground state

which is enei‘getically lower than the singIe_t state (318 kimol™), siﬁce the charge
transfer state lies below the T, state, quenching simply produces the T state.
Therefore quenching of the anthracene singlet state results in production of the T»
state via intersystem crossing; and not via energy transfer to the .oxygen molecule as

shown previously for a range of meso-substituted anthracenes '°

5 _ — —)—— (5,...09)

T, v — __ 5T, D)
300 - ‘ :

200—

100 —

0 - S, -— (T ’2) —»
M M...0)) . 0,

Figure 7.10; Energy Ievel diagram to show energy transfer between anthracene '
excited states and molecular oxygen -
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"Conclusions

The detection of the decay constant for singlet oxygen in super critical carbon dioxide
~was made possible after constructing the set up shown in the section 4.6.7 and obtained
a range of values of the singlet oxygen quantum yield of anthracene which are within

the expected value of less than one which have not been reported before.

The values obtained for the sihglet oxygen QUantum yield of anthracene in ‘supercritical .

carbon dioxide range between 0.2-0.8, which are reasonable values in the context of
known anthracene photophysics. Increase in pressure increases the singlet oxygen

quantum yield of anthracene, but increase in concentration decreases the singlet oxygen

quantum yield of anthracene, and it is this explanation which explains the observed

depéndencies. . ‘
In general, an increase in pressuré appears to result in a small increase in the quantum
yield, which becomes less apparent at the higher temperatures and therefore can be

- explained in terms of an increase in solvent density. Chemical reactions in solution are

generally accompanied by changes in activation volume, known as their reaction

volumes®
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~ Chapter 8

Juglone




8.0 Photooxygenation and green Chemistry

Juglone (S-hydroxy-1,4-naphthoquinone) is a natural ‘product' which is formed in
nature by air oxidation of related hydroquinones found in the bl-ack walnut treel.
Dertvatives of Juglone have been isolated froml blue spirea and Chinese catalpaz.
Juglone is of interest due to its allgopathic f:ffectsl-3 (inhibits growth of plants) as well

‘ : 4 . :
as its use as a preservative in non-alcoholic drinks . However, the main chemical

interest in Juglone is its use as a synthon, as it acts as a building block for many

1, 3, 59
valuable compounds . and are also key intermediate in the pharmaceutlcal and

agrochemical industry. Some Juglone-derived biologically active compounds include
10 11-12 ;13 14-15
frenolicin B , (+)-nocardione A, Juglomycin A , Urdamycinone B and the

anti-inflammatory (AP-1 inhibitor) K1115-A 1617 Conventionally Juglone is prepared
by oxidation with strong and often hazardous oxidizing agents, but a greener and safer
" convenient alternative is the use of dye-sensitized photooxygenation as shown in

scheme 8.1.

0
Light, O2
solveni
sensitiser

OH ©
Scheme 8.1: Light photooxygenation of 1, 5S-dihydroxynaphthaline

Juglone is considered a fine chemical (is a precursor to many processes and is not
pref)ared in industrial quantities) and as a result is quite expensive. Its price in Sigma-
Aldrich is £96 per 5 g, while the cost of the common startlng materlal 1,5-
dihydroxynaphthalene is £34.30 per 500 g (based on prices in September 2008).

~ Assuming 100% conversion of 1, 5-dihydroxynaphthalene to Juglone, this indicates
that Juélone is 155 times more valuable than its precursor and its for this reason that a

simple and high-yielding conversion of 1, 5-dihydroxynaphthalene to Juglone is highly
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| desirable; from the cheap and commerciélly available 1,5-dihydroxynaphthalene by
oxidation. The reaction proceeds via a [4+2] cycloaddition followed by a breakdown of

the endoperoxide intermediate as shown in scheme 8.2.

= —C
\ Yo ~

Scheme 8.2: Mechanism of the [4+2]-cycloaddition of singlet oxygen

In Type I photooxygenations a substrate in the excited state reacts with triplet state
oxygen, which is then incorporated into the produ'ct, Type 1I photooxygenations
involve the light initiated formation of singlet oxygen and subsequent reactions of this
reactive species. There are three main Type II photooxygenation reactions: ene-
reactions, [2+2]-cycloadditions and [4+2]-cycloadditions as shown in scheme 8.3

3

hy 0
lgengx A5Gy 3enex —2p  sens* + !0,

sens e

Scheme 8.3: Dye-sensitised generation of singlet oxygen

- In light induced dye-sensitisation a photon of the correct wavelength causes excitation
of the sensitiser to the singlet state, which then undergoes inter-system crossing to form -
the longer lived triplet state sensitiser as discussed in detailed 'in the singlet oxygen
chapter 7. Upon interaction with molecular oxygen energy transfer occurs to yield
singlet oxygen. This highly reactive spécies can then undergo a range of photochemical
reactions, using sensitisers such as Methylene Blue (MB) and Rose Bengal (RB), their
relatively high quantum yields may be obtained for éinglet oxygeﬁ formation
((D(CH3OH)§B = 0.8 and (I)(CH30H)MB = 0.51). Production of singlet oxygen has been

shown to be efficient in supercritical carbon dioxide, and the lifetime has been
demonstrated to be long in comparison with conventional solvents ** being 5.1 ms at
150 kg cm? and 41°C 1. In this study, dye sensitised singlet oxygen has been utilised to
effect the transformation of 1, 5-dihydroxynaphthalene to Juglone in supercritical fluid

carbon dioxide, monitoring the production of Juglone in situ using UV-visible
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spectrophotometer. A number of sensitisers soluble in supercritical fluid carbon
dioxide are investigated which include;' Anthracene (Ahth), Alloxazine (All), Rose
~ Bengal (RB) and Methylene Blue (MB). ’
The maximum absorbance of Rose Bengal is in the region 500 — 600 nm, ‘which
corresponds to approximately 170 kJmol? of energy. This enables excitation of the
sensitiser to its singlet state, from which it unde;gocs intersystem crossirig to its triplet

state (94 kJmol™), which can then selectively transfer energy to molecular oxygen.
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Figure 8.1: Absorbance spectrum of Methylene Blue in methahol

Whilst the maximum absorbance of Methylene Blue; is in the region 600 - 700 nm. In a
similar procesé to that of rose Bengal, the dye is excited to its singlet state before
intersystem crossing to the triplet state (140 kJmol™). Once in the triplet state, thel‘dye

can readily transfer energy to molecular oxygen.

8.1 Photochemical Synthesis -
In general synthetic photochemistry has had little impact in industry, although some

‘ 1820
examples of photochemical process exist . This low impact is attributed to the high

running costs of the commonly used .light sources (energy demands and cooling), such

as mercury or halogen lamps. The typical energy demand of a medium pressure -
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" mercury lamp (400 W) is 1343 kJ h'. Of the electrical energy supplied, less than half is
converted to light energy, resulting in a large quantity of wasted energy. Over time the
Jamps degenerate and although they draw the same energy the quality of the light
produced decreases significantly, The limited lifetime of such lamps is a contdbutor‘to
the high cost of photochemical processes (installation, maintenance and particularly
operational costs). In addition, while uv light may cause desirable photochemical
treinsformations, in many cases filtering of the light soufce is needed to prevent
unwanted side reactions. Therefore, the percentage of the light generated that

contributes to the desired chemical reaction may be very low making such

photochemical processes very inefficient. Recent interest in light emitting diodes

_ 21 :
(LEDs) has offered an alternative to these costly and inefficient light sources . These

- are small, versatile and available in a large number of wavelengths, allowing for
- selectivity of the light source. In addition, there is minimal heat generation so little or
no cooling is needed. | |

The efficiency of a photochemical process may be expressed using the quantum yield
(®), which is the amount of reactant consumed or product formed divided by the
amount of photons absorbed. In an ideal system all photons lead to a photochemical
transformation ﬁnd so the quantum yield is one. However, for practical applications a
quantum yield of greater than 0.3 is considered very efficient. Exceptions to this are
photo-initiated free radical chain reactions, where quantum yields of far greéter_than
one may be obtained. _ '
Another factor that limits the perceived greenness of photochemical processes is the
typical reaction conditions, in particular the solvents used and the concentration of the
solutions, Many photochemical transformations are carried out in benzene or

acetonitrile, as these solvents are less reactive towards free radicals. However, these are

less favourable solvents due to their toxicityzz. Photochemical reactions, in particular
on the large-scale, tend to use rather dilute reaction mixtures. The amount of photons
absorbed by a reaction mixture is diréctly related to the concentration of the reaction
-mixture and is expressed by the Beer-Lambert Law |

A=ecl
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Where A is absorbance, ¢ is concentration, ! is path length (through the reaction
mixture) and ¢ is the molar ‘absorptiOn coefficient (wavelength dependent constant). In
scale-up; this is a particulér disadvantage as the light must irradiate a far lafger quantity
of reaction mixture and it is difficult to réproduce the same / value as the smaller scale
synthesis. Consequently, the concentration of the reaction mixture is usually quite low,
to enable light penetration of the entire reaction mixture. .

Despite the disadvantages, there are several examples in the literature of ‘green’

photochemical transformations. The potential of photocheniistry as. a “clean”

' 23
technology has been discussed previously , with outlines that perceives disadvantages
of photochemistry and some approaches to avoid these issues and various research’**®
have demonstrated the application of photochemistry as a green technology. In

particular, use of solar light in photooxygenation and photoacylation reactions provides

2729
an effective green route to fine chemicals . In addition, elimination of halogenated
solvents and use of catalytlc amounts of sensmser give a process that adheres to the -

twelve principles of green chenustry.

8.2 Synthesis of Juglone

Due to the favourable absorption of most dyes within the visible speétrum,
photooxygenation reactions have been subjected to concentrated sunlight and served as
model systems for environmentally friendly and benign ‘Green Photochemistry’. The
photoloxygenation of 1, 5-dihydroxynaphthalene was studied with = moderately
Eoncentrated light and S—hydroxy—l,4—naphth0q1.1_iﬁone (Tuglone) was obtained in good
yields. Since Juglone is a valuable product, as a result it is desirable to develop an
efficient method for its synthesis and its rate of formation, mostly Iooking at the
oxidation of 1, 5-dihydroxynaphthalene using a variety of oxidising agents. '1,5-.

dihydroxynaphthalene is a desired starting material as it is cheap and commercially
available. Other syntheses involve the use of 1, 8 dihydro:lcynaphthalene30 or 1,8-
amidonaphthol 5- acetoxy-l—naphthol also yields Juglone under photooxygenatlon
conditions The earliest reported synthesis of Juglone was in 1887 by Bernthsen and

33
Semper , where 1,5-dihydroxynaphthalene was converted to Juglone using chromic
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acid (aqueous solution of potassium dichromate and sulphuric acid) at room

temperature for 24 hours. In this study it was reported that Juglone was isolated in '

yields of 26-37%.
The first reported photochemical synthesis of "Juglone was reported by Griffith in

34 - -
1976 , using methylene blue as a sensitiser and irradiation using a tungsten lamp, to -

get Juglone in 70% yield. An investigation by Duchstein and Wurm looked at the effect
of different sensitisers (sensitiser-free, methylene blue, rose Bengal and 9,10-

dicyanoanthracene), solvents (methanol and acetonitrile) and wavelengths (> 360 nm

: : 3536
and < 360 nm) on the yield of this reaction . The optimised conditions were found to

be the use light > 360 nm for a solution of methylene blue in acetonjnji]e. This was

: : ‘ 37
found to give Juglone in yields of 70-75% following 8 hours of irradiation . Recent

26-30 : :
studies  has reported the synthesis of Juglone under artificial and solar conditions,

. _ 28, : ;
reporting yields of up to 88% . Other studies of Juglone in the literature have looked at

3840
the kinetics of the reaction-of 1, 5 dihydroxynaphthalene with singlet oxygen . The

: 26-28 34-35
mostly used sensitisers are: Rose Bengal , Methylene blue = and

28, 43
Tetraphenylporphyrin (TPP) . Although TPP is the most effective singlet oxygen

21 :
generator , it is less commonly used than rose bengal due to solubility difficulties. TPP

is primarily soluble in halogenated or nonpolar solvents and virtually insoluble in
27 ‘

alcohols . Methylene blue gave a good Juglone production, which is in line with the
-singlet oxygen quantum yields of the three sensitisers (@ (CH,OH),, = 0.80,

(D(C6H G)TPP= 0.66 and @(CHBOH)MB = 0.5. Since it was possible to obtain. a good yield

of Juglone from these sensitisers, the aim of this research is to try and perform this

project using supercritfcal carbon dioxide as a solvent, which will provide even greener

photochemistry, and to follow its rate of formation spectroscopically.

8.3 Mechanism of the Photooxygenation of 1,5-dihydroxynaphthalene

The reaction of singlet oxygen with 1,5-dihydroxynaphthalene is an example of a |

photo-Diels Alder reaction ([4+2]-cycloaddition), in which 1,5-dihydroxynaphthalene

functions as a diene and singlet oxygen as a dienophile. The photo—Diels Alder reaction
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produces an endoperoxide, which suBsequcntly undefgoes the loss of water to yield the
1,4-naphthoquinoné.‘ The general mechanism suggests that the conversion of the
endoperoxide to the naphthoquinone is spontaneous. Croux attributes this to the
instability of the endoperoxide, but does not speculate further on the mechanism.

However, Murtinho proposes that intramolecular acid catalysis occurs (supported by

40 : ~ ,
deuterium isotope studies ), causing conversion of the endoperoxide to the

hydroperoxide. -

240 260 280 300 320 340 360 380 - 400
wavelength/nm

Figure 8.2: Spectrlim of 1,5 -Dihydroxnaphthalene

8.4 Characterisation of Juglone

The use of different sensitisers will be investigated, usiﬁg Rose Bengal, Methylene

blue, Anthracene and Allbxazine, to identify the most suitable sensitiser for this system.

Methanol will be used as the solvents for intrOduction into the set up, which will then

be pumped out using oxygen for reactions using scCOj. The product formed in these
 reactions was further analysed by NMR and IR and it was found to be very similar to
the pure Juglone as shown in the appendix section, much appreciation goes to Will

Simpson; for performing the two analysis detailed in section 8.4.1 and 8.4.1.2.




8.4.1 NMR Analysis :
The 'H NMR has been assigned as Juglone (scheme 8.1) which confirms that the
Juglone has been formed as shown in the Appendix section (page vi) which is similar to
the standard pure Juglone (page vii). Standard, 8H (CDCls), 7.58 (1H, m, Ar-H), 7.22'
(1H, m, Ar-H), 6.90 (1H, s, Ar-H), 1.50 (2H,s, R-CH-CH-R). Sample, 6H (CDCl3),
7.19 (3H, s, Ar-H), 1.51 (2H, s, R-CH-CH-R). Note, small peaks in the sample NMR i _
indicate small levels of impurity, possibly a small quantity of methylene blue

remaining.

8.4.1.2 IR Analysis

The standard IR and sample IR spectrums show four largé, similar peaks suggesting the
same compound is present as shown in the appendix section (page vii). These are 400-

800 cm! (C-H, aromatic 750-900 cm), 1000-1100 crm™® (C-O, alcohol 1040-1060 crm
1, 1400-1500 cm™ (C=0, ketone, 1665-1725 cm™) (influenced by conjugatlon/rmg

size) and 2800-3600 cm {O-H, alcohol 3200-3400 cm b, '

8.4.2 Dark room studies
The conditions required for the production of Juglone are sensitiser, air bubbling as
well as light. A reaction was carried out without light and no Juglone was formed. This

unambiguously proves that only under light irradiation is this oxidation possible, hence

3
Juglone formation. However, it has been reported that under very basic conditions
(phosphate buffer of Na HPO/NaOH at pH 12) the Juglone anion has known to

spontaneously synthesis in the dark (Scheme 5.2).

)

Scheme 8.1: Spontaneous dark synthesis of Juglone




8.4.2.1 Sensitiser-free studies and pure Juglone comparisons

Using a range of light sources has shown that a small amount of self-sensitisation

occurs. This self sensitisation is greater when ultraviolet light (UV) is used (Mercury

lamp and Rayonet (300 nm) than when visible light is used (halogen lamps). This is
41

consistent with observations by Duchstein , who noted that yields of Juglone of up to

20% were obtained using light =360 nm (halogen lamp). with yields of 12-15% for

light <360 nm (high pressure mercury lamp).
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Figure 8.3: A graph showing the rate of formation of Juglone in the absence of
sensitiser in both methanol and scCO; with a UV lamp

38
|.5-dihydroxynaphthalenes are known to be good self-sensitisers at 337 nm and

Murtinho reports yields of up to 28% using Tungsten Iampsu. The UV-vis spectrum of
I.5-dihydroxynaphthalene (technical grade) shows that the starting material does not
absorb at wavelengths greater than 350 nm. An absorbance band with a maximum at
300 nm may enable excitation of the molecule under UV irradiation, leading to self-
sensitisation. Little self-sensitisation is observed when a halogen lamp is used. Solar
irradiation provides light of 300 nm to greater than 700 nm, thus the diol may be
excited under solar conditions.

A study of solvents for Juglone synthesis was carried out previousl}'ﬂ. This showed
that photooxygenation in f-amyl alcohol produces more oxidation product than in /-

propyl alcohol or acetone, in a shorter length of time. As r-amyl alcohol is a longer
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chain alcohol. with physical properties similar to those of ¢-butyl alcohol, it is expected
that the singlet oxygen lifetime is about 31 ps or even longer (Table 8. 1). It is greater
than that in the shorter chain alcohols (methanol, ethanol and i-propyl alcohol) and so

greater yields may be achieved for photooxygenation in f-amyl.

Solvent l02 lifetime (ps)
Acetone 34-65

Ethyl acetate 45-50

Methanol 9.5-10.4

Ethanol 9.7-15.3
i-Propyl alcohol 22

-Butyl alcohol 31
Dichloromethane 59-100

18,
Table 8.1: Singlet oxygen lifetimes in selected solvents alcohols

[t has been observed that when reaction solutions of the same concentration in
conventional solvents and in supercritical carbon dioxide are compared, higher

absorbance values are noted for the supercritical carbon dioxide as shown in figure 8. 4.

0.5+
® MB+DHDN MeOH
O PURE JUGLONE MeOH
S PURE JUGLONE SCCO,
v MB+DHDN SCCO,

Abs/AU

"'|'|'|'|'|'|'|

360 380 400 420 440 460 480

520

S(IJG 540
Wavelength/nm
Figure 8.4: Comparison of pure Juglone with Juglone formed from DHDN in both

s¢CO; and methanol
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This has been attributed to the formation of ‘clusters’ of additional density. These are

short lived formations but may cause an increase in absorbance of localised sample.

8.5 Effects of Oxygen on the formation of Juglone

Singlet oxygen is known to have a longer lifetime in gaseous state; therefore a study in
using the mixture of gases was investigated instead of pure oxygen only as detailed in
section 4.7. This was necessary to follow the reaction of the production of Juglone
using a mixture of various concentrations of gases in comparison to the pure oxygen at
different pressures. Figure 8.5 shows the production of Juglone using Anthracene and
dhdn in supercritical carbon dioxide with the ratio of 60% nitrogen and 40% oxygen
and a correlation was observed with the various pressures; as the pressure increases the

production of Juglone decreases.
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Figure 8.5: Production of Juglone in s¢CQO; with a mixture of 60% N, and
40%0O; at various pressures

Figure 8.6 shows two similar solutions of the same concentration but one has been
oxygen bubbled through it and the other one is only air equilibrated. The plot indicates
not much difference has been observed. therefore proves the fact that the limiting factor
is not the amount of oxygen in solution but the concentration of Methylene Blue and
the rate at which it can produce the singlet oxygen state. This is not surprising as the
Methylene Blue concentration is a factor of 3 lower than the oxygen concentration in
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the air equilibrated solution and therefore making the Methylene Blue the limiting
reagent. It was observed that there was no correlation in the production of Juglone with
pure oxygen and also with a mixture of gases at different pressures. Since pure oxygen

is known to have a longer fluorescence lifetime

® Oxygen
& Standard

0 5 10 15 20 25 20 a5
Tirne (min)

Figure 8.6: Comparison between the air equilibrated solution vs. pure oxygen.

8.6. Solvent and sensitiser study

Different solutions mixtures of 1,5-dihydroxynaphthalene (dhdn) were illuminated in
the presence of different sensitizers and different solvents as detailed in section 4.7. The
results were tabulated for which were in favour to produce Juglone and which were not
as shown in Table 8.2. Mostly the ones which did not manage to produce Juglone was
due to the fact that the sensitiser would not dissolve in the solvent and the ones which

managed to dissolve did not produce the expected peak as the pure Juglone.
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Solvents Sensitiser Juglone
MeOH MB yes
MeOH Tris pp Ru No
MeOH RB yes
MeQH Hematotrophyn | yes
MeOH Anthracene yes
Acetone MB yes
Acetonitrile MB ves
DCM MB yes
Chloroform MB Yes
Dichloro ethane MB NO
Iso propanol MB yes
propanol MB yes
Dioxane MB NO
Ethanol MB yes
Ethyl Acetate MB Yes
Hexane MB NO
scCO, MB and RB Yes

Table 8.2: A table showing the production of Juglone using different
sensitisers and different solvents

The formation of Juglone using conventional solvents was investigated and the results
in Table 8.2 can be used for comparison of the reaction rate and evaluation of the
effectiveness of supercritical carbon dioxide as a suitable reaction solvent in
comparison to other solvents investigated. Figure 8.7 provides information with
regarding the use of MB as a sensitiser in methanol for the synthesis Juglone, whereby

figure 8.8 follows the synthesis of Juglone using different solvents and different

sensitisers.
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Figure 8.7: Juglone synthesis from Methylene blue and 1,5-dihydroxynaphthalene

The synthesis of Juglone from 1,5-dihydroxynaphthalene has shown to increase in yield
with time and a correct amount of sensitiser. On using Methylene blue as a sensitiser
the colour of the reaction mixture was observed to turn from dark green/blue during the

experimental period to brown which is due to the result of the production of Juglone.
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The formation of Juglone in different solvents and different sensitisers has been shown

to produce Juglone in various rates as shown in figure 8.8, with RB in i-propanol
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having produced more Juglone, this is in line with other studies as well which showed
the same trend and then followed by scCO> which produced more Juglone The higher
production of Juglone in scCO; is thought to be due to the fact that scCO; has a longer

singlet oxygen lifetime than the other solvents.
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Figure 8.9: A graph showing the formation of Juglone in chloroform, using MB as a

sensitiser and various concentration of dhdn

On using chloroform as a solvent, a peak was observed at the 300 nm wavelength,
further investigation found out that it was the leuco form of MB which was being made,
reflecting the detailed spectrum shown on the study in figure 8.9%

Whilst investigating the rate of Juglone production with different solvents an
interesting additional reaction was noted when using initially chloroform, and
subsequently isopropanol as a solvent. This was observed when the absorbance of
methylene blue at 650 nm in the cell solution began to drop with time, whilst an

additional peak at around 240 nm arose. The spectrum for MB in chloroform is shown,
figure 8.9.
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Figure 8.9.1: The absorbance peaks of methylene blue (650 nm, 290 nm) and
leucomethylene blue (240 nm)'®,

A simple plot of the two absorbance peaks over time showed them to be rising and
falling in proportion with one another, suggesting that the methylene blue was forming
a new compound which absorbed in the near ultra-violet region. Initially this was
thought to be a secondary singlet oxygen reaction, given that the singlet state is known
to react with many organic compounds including aromatics and hetero-aromatics.
However, why this should occur in some solvents and not others was not clear. With
some additional research it became apparent that the new peak at 240 nm matched that
of the leuco form of methylene blue, suggesting that the sensitiser was being reduced in
the cell'®. An illustration of the peaks associated with methylene blue and

leucomethylene blue is shown in Figure 8.9.1.

8.7 Super critical Carbon Dioxide studies

Studies to evaluate the use of scCO; as a solvent for the Photooxygenation of 1,5-
dihydroxynaphthalene to synthesise Juglone are done using different sensitisers like
MB, RB, Anthracene and Alloxazine as detailed in section 4.6.6 and section 5.2. The
synthesis of Juglone may be followed spectroscopically and their kinetics followed as a

fraction of temperature and pressure.




Pure Juglone was initially used and pumped into the system in order to assess its

solubility and validate it against methanol, and additional Juglone was pumped again in

the set up at a higher pressure and the results could be seen in figure 8.10.
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Figure 8.10: A graph of pure Juglone in 150 and 200 Mpa pressures in s¢CO; in
comparison to methanol

The absorbance was measured over the range 350 nm- 600 nm. but the main area of
interest was 400 nm — 450 nm (415 nm). Neutral density filters were used to decrease
the intensity of the light reaching the optical fibre (after irradiation of the cell). Before
commencing any monitoring study light and dark reference spectra were obtained. Pure
Juglone spectra were also obtained at different pressure, it was noted that with the pure
Juglone there was a decrease in absorbance as pressure was decreased. due to

presumably to a decrease in solubility.

8.8. Anthracene as a sensitiser for Juglone production

Since Anthracene was studied and detailed in chapter 7 and known to be good
sensitiser, was therefore used in the photooxygenation of dhdn. However, it was
necessary to ensure that there was some comparison between the production of Juglone
in the scCO; and in conventional solvents in order to follow the reaction successfully. It
was possible to follow and monitor the production of Juglone using Anthracene as a
sensitiser in different solvents and also in scCO; at 150 MPa and 313 K. Figure 8.10

shows the comparison of pure Juglone in both organic solvent and in scCO; in addition
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to the Juglone produced through 1, 4 -dihdroxy naphthalene (dhdn) and Anthracene in
both organic solvent and in scCO..

The irradiation of the mixture for a longer period at different pressure was studied. in
order to observe if more of the product will be produced and investigate the relationship
with pressure as shown in figure 8.11, although no apparent trend with the increase in

pressure to the formation of Juglone using Anthracene as a sensitiser was observed.
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Figure 8.11: A graph showing the Juglone production in scCO; after 1hr of light irradiation with

different pressures at a constant temperature of 35°C using Anthracene as a sensitiser

A study of Anthracene in scCO; was carried out, as expected the absorbance was noted
to decrease with time: this is discussed in detail in section 5.2. On using Anthracene as
a sensitiser, it was observed that a lot of it gets used up in the first half an hour,
therefore the production of Juglone should only be followed in that time frame, this will
then avoid any errors but ideally all reactions should be kept within the half an hour

time frame.
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Figure 8.12: Production of Juglone in scCO, at various pressures at a constant temp of 313
K using Anthracene as a sensitiser.

8.9 Dihydroxnaphthalene in scCO;

The stability of Dihydroxnaphthalene (DHDN) in scCO; was measured according to the
method described in section 5.3. The DHDN stability over 30 mins is shown in figure
8.13, however a slight drop in the absorbance was observed over 30 mins period, hence
the reactions were monitored over this time frame or less. The ocean optics USB 2000
used in the set up in figure 5.5 was only able to show the regions of above 350 nm and
the kinetics were measured using the Juglone peak around 420 nm as shown in figure
8.11. Since the DHDN peak was around 330 nm a different spectrometer was used to

validate the absorbance (stability), the values obtained are shown in figure 8.13.
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Figure 8.13: Dhdn in scCO, for 30mins at 100Mpa and 35°C

8.9.1 Rate of formation of Juglone as a function of initial [DHDN]

The formation of juglone from DHDN concentration increases with increasing DHDN
concentration as shown in 8.14. The effect of solvent on Juglone formation is studied in
detail later in section 8.9.2 but clearly figure 8.14 shows there is an increased rate of
production of juglone when acetonitrile is used as a solvent. This is due to the fact the
longer singlet oxygen lifetime in acetonitrile compared with scCO; and methanol.

This is attributable to the faster singlet oxygen lifetime in the scCO; which means that
increase in the singlet oxygen is intercepted by DHDN in the acetonitrile. A detailed
kinetic analysis is given later in Table 8.7, since the value of ks is lower in scCO; by as

much as five times the value of singlet oxygen in Acetonitrile.




0.06 <
L] SC:CO2
Acetonitrile
0.05 <
Methanol
£
£0.04 4
@B
Ke]
<
2003 4
(]
18
e "
£0.02 1 .
c .
-
0.01 4
-
0.00

T by T b L 5 T T T
000005 000010 000015 000020 000025  0.00030
Conc of DHDN (moldm™)

Figure 8.14: A graph showing the rate of production of juglone in various [DHDN] using MB as
the sensitiser

8.9.2 Comparisons of the Effects of Dihydroxnaphthalene in MeOH and scCO,

For Juglone formation to be understood, it was necessary to obtain the initial rates at

which the dhdn is being consumed as the starting material in scCO., table 8.3 shows the

different concentrations, absorbances and initial rates used as detailed in section 5.0 and

3.1.

y = 0.8253x - 0.1235

15 2 25 3 as 4 45 5 55
[DHDN] in MeOH

Figure 8.15: various [Dhdn x10] in s¢CO, vs various [dhdn x 10 in methanol

A plot of known concentration i1s shown in graph 8.15 and from this it could be seen

that within the time frame of half an hour, only 10% of dhdn was consumed which
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clearly shows that there is no much variation of dhdn concentration in methanol and in
the super critical carbon dioxide.
From Table 8.3 it is clear that the higher the concentration the faster the initial rate

hence more dhdn is being consumed.

Initial Abs/AU | Conc./M Initial Rates/min”"
0.31 0.000021 -0.0029 +0.0001
0.42 0.000032 -0.0027 =0.0001
0.53 0.000039 -0.0021 =0.0001
0.61 0.000044 -0.0021 +0.0001
0.69 0.000049 -0.0017 0.0001

Table 8.3: Various [Dhdn] in scco; with the initial rates within 30mins

8.10 Effects of increasing dhdn concentration on the initial rate of formation of
Juglone

The higher the concentration of dhdn the higher and faster was on the formation of
Juglone. Although the rates were higher in Acetonitrile as expected due to its higher

singlet oxygen lifetime compared to methanol and scCO,.

Initial Rate in

scCO2

Initial Rate in
Acetonitrile

Initial Rate in

Conc of dhdn | Methanol

(moldm"ﬁ’)

(mo]dm'3 min '])

.3 e
(moldm™ min™)

Y .
(moldm™ min I)

6.0x 107
1.2 x 10*
1.5x 10
1.9 x 107
2.1x 10
3.1x 10™

3.51 20.02 x 107
4.78 +0.02 x 107
6.65 +0.02 x 107
9.03 +0.02 x 107
1.05 +0.02 x 10°
1.23 +0.02 x 10°

1.16 +0.03 x 10°
1.63 +0.03 x 10°
2.61 +0.03 x 10°°
2.66 +0.03 x 10°°
3.12 +0.03 x 10°
3.98 +0.03 x 10°°

2.72 +0.01 x 10”7
3.21 +0.01 x 107
4.33+0.01 x 107
9.18 +0.01 x 107
1.22 +0.01 x 10
1.67 0.01 x 107
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Table 8.4: Effects of [DHDN] on the initial rates of formation of Juglone in

different solvents, MB conc. was 1.2 x 10°* M
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Figure 8.16: Effects of [DHDN] on the initial rates of formation of Juglone in different
solvents, [MB] 1.2 x 10°* M

8.11 Methylene Blue as a sensitiser

Methylene blue is one of the sensitisers which has shown great success to use in the
production of Juglone, it has shown to work tremendously well in various studies” "
by using different solvents, although it is insoluble in hexane, it was found that it was
soluble in scCO;. Methylene blue was used as a sensitiser in the production of Juglone.

. . . . . . . . 2
it was observed to produce a higher yield in conventional solvent in various studies”’.

8.11.1 Effects on the rates of production of Juglone using MB as a sensitiser in
both s¢CO; and MeOH

The production of Juglone using MB and Dhdn in super critical carbon dioxide was
compared to that of the conventional solvent in methanol and was seen that a higher
production of Juglone was obtained in scCO,, this is thought to be due to the fact that
there is less viscosity in scco; than in methanol and also the lifetime of singlet oxygen
in scCO; is longer than in conventional solvent. The initial rates of reaction are double

in scCO; compared to methanol (MeOH) as shown in Table 8.5
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MeOH rates/min” | scCO, rates/min” | MB conc/M | Dhdn conc./M
0.0055 0.0102 0.000023 0.00026
0.0048 0.0106 0.000023 0.00054
0.0052 0.095 0.000046 0.00054
0.0007 0.0022 0.000023 000013

Table 8.5: A table showing how the rates of reaction compare with the [MB] and [dhdn]

8.11.2 Comparison of MB in scCO; and in MeOH

Since an increase of MB concentration has not got that much effect in the production of
Juglone, it was necessary to compare MB in a conventional solvent like methanol to the
supercritical solvent like scCO,. It was then observed as shown in figure 8.17 that there

was not much difference.

35

2.54

y = 0.9767x - 0.004

[MB] in ScCO;

05 1 15 2 25 3 35
[MB] in MeOH

Figure 8.17: Various [MB] in scCO; vs. various [MB] in MeOH

The relationship between dhdn in methanol and in supercritical carbon dioxide is nearly
of the ratio of 1:1. Similar to the relationship of the concentration of MB in solvent and
in super critical carbon dioxide as discussed in section 5.1. The initial rates of the
Juglone production in scCO, were higher that of the methanol even after varying the
concentration of the sensitiser and dhdn, this also increases the production of Juglone in

scCOs.
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8.11.3 Effects of MB on the initial rate of formation of Juglone

It is clear from the results that the higher the concentration of dhdn the faster the
formation of Juglone. But for Juglone formation to be complete, it was necessary to
determine what the effects of the concentration of the sensitiser are has to the product.
As shown in table 8.6 the effects of increasing MB on the formation of Juglone was

slight compared to the effect of increasing dhdn.

Concentration | Initial Initial Rate in | Initial Rate in | Initial Rate in
of M.B. | Absorbance | Methanol Acetonitrile | scCO;
(moldm-3) of M.B. (AU) | (Conc/min) (Con¢/min) (Conc/min)
2.30x 10° 0.18 4.19x 107 1.0x10° 2.54 x 107
4.60x 10° 0.36 45x 107 1.2x10° 470 x 107
6.00 x 10° 0.47 494 x 107 1.4x10° 5.51x 107
1.20 x 107 0.95 6.04 x 107 20x10° 7.99x 107

Table 8.6: Effects of [MB] on the initial rates of formation of Juglone in different solvents,
[DHDN] 1.3X 107 M

Initial Absorbance of Methylene Blue Versus Initial Rate for the Various Solvents Used

2.50E-06
2.00E-08 L]
y = 1E06x « 7TE-07
5
E 1.50E-08
2
8 + Methanol
1 B Acetonitrile
E Supercritical CO2
B 1.00E-08 .
e y = 7E-07x + 2E-07
R’ = 09258
5 00E-07 /
y = 2E-07x+ 4E-07
R? = 09937
0.00E+00
0 01 02 03 04 05 06 07 08 08 1

Initial Absorbance (AU)

Figure 8.18: Effects of [MB] on the initial rates of formation of Juglone in different solvents,
[DHDN] was 1.3 X 10°*M
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Table 8.5 and 8.6 also shows that the rate was slightly higher in Acetonitrile compared

to MeOH and scCO; this is due to the fact Acetonitrile has a relatively long singlet
oxygen lifetime. The singlet oxygen lifetime is 7.7x107 s in Acetonitrile where as in
methanol it is only 9.0x10® s whilst the singlet oxygen lifetime of scCO; is 5.1 ms at
14.7 MPa and 314 K. The singlet oxygen lifetime is the longest in scCO, but its
bimolecular rate constant (k, in table 8.7) is much lower than both acetonitrile and
methanol hence the acetonitrile reacts with the 1,5-dihydroxynaphthalene to produce
Juglone faster.

The reaction rates in Table 8.7 follows equation 1, therefore:

kd K
[DHDN] + 102 ——————— [DHDN ...... 02] —_— [J]
k-d

1
If ke >> kd, the rate would be diffusion controlled and therefore Debye-Huckels
equation would apply:

Rate = kd = SRT 2
37

[f k-d >> kg, the rate of the reaction would be reaction controlled and therefore:
kd

Rate = K kg Where: K =
k—d

3

The rate of reaction will depend on the fraction of the singlet oxygen that reacts ('A) as
follows
__ kIDHDN|] 4
k. +k|DHDN|
ks 1s the reciprocal of the singlet oxygen lifetime. This means the rate of Juglone
production would be:

([ DHD. 5
ad) _ k,[DHDNIIMB}(ﬁA—EI—M
dt g k, +k[DHDN |
As figure 8.18 is a straight line graph, and a plot of rate of production of Juglone

against concentration of 1,5-dihydroxynaphthalene, then the gradient would equal:

k| DHDN ] 6
k. + k| DHDN
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For each of the three solvents, the fraction of singlet oxygen which would react at the
lowest and highest concentration of 1,5-dihydroxynaphthalene have been calculated
using equation 4. The fraction of singlet intercepted is determined from the rate
constant k, which is calculated from the observed singlet oxygen lifetime in the

presence of a sensitiser and the calculated values are shown in the table 8.7.

Fraction of 'A OjfFraction of 'A Ojks  (highestfks  (lowesfAverage ks
that reacts (atjthat reacts (atDHDN]) [DHDN]) (1no]dn1""s")
Solvent highest [DHDN] [lowest [DHDN]) (moldm™s™) |(moldm™s™)

Methanol  [0.017 0.0033 2.47 x 10° 1.26 x 107 [7.56 x 10°
Acetonitrile |0.13 0.027 1.10x 10°  [5.09x 10°  [3.09 x 10°
scCO, 0.91 0.65 5.62x 100 [.80x 10* 6.72 x 10*

Table 8.7: Fraction of singlet oxygen that reacts and k; values for the three solvents

If the rate of reaction was diffusion controlled, then the average ks values would be
similar to that of the diffusion coefficient. The diffusion coefficients for all three
solvents are in the region of 1x10" mol'dm’s™. This shows that the rate of reaction is
not diffusion controlled and therefore is reaction controlled (i.e. k-d >> kg).

Chemical reactions in solution are generally accompanied by changes in volume,
known their reaction volumes®', which is interpreted according to the transition state
theory, as the difference between the partial molar volumes of the transition state and
the sums of the partial volumes of the reactants at the same temperature and pressure.
Changes in viscosity have been known to affect the activation volume; prominent
among them are those reactions that are diffusion limited*. In order to react, the
molecules must get within certain proximity of each other, known as the transition state
volume. To reach this volume work either has to be done by the solvent to push the
molecules together, or by the molecules to move further apart, thus doing work on the

environment.

; o im o ; 3 g
Partial molar volumes in liquids are only a few cm”mol ™, they can be very large and

negative in SCFs, and as a result the pressure effect on the reaction rate constant can be
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very significant. Partial molal volumes of solutes in supercritical fluids were reported to

be small and positive at high pressures, but large and negative at low pressures in the
. . ‘g . . ~ . i
highly compressible near-critical region. This was true for all the solutes studied™* in

both supercritical carbon dioxide and supercritical ethylene

8.11.4 Effect of the initial rate of formation of Juglone with the change in pressure
and temperature using MB as a sensitiser in scCO;

Further work to investigate the increase in pressure and temperature to the initial rates
were done and although there seems to be an increase between the lower temperatures

of 308 and 313k respectively, a slight decrease appeared at 318K and 323K as shown in

figure 8.19. But this trend requires further thorough investigation with varieties of

temperature and pressures. as the decrease in rate may be due to removing too much
solvent from the cell hence removing the solution of MB and DHDN.

The concentration of the sensitiser only affects the rate of the reaction slightly, however
adding more oxygen into the reaction does not affect the rate. This is because the
concentration of Methylene Blue is much lower than that of the oxygen concentration.
It has been found that the rate of Juglone production is reaction controlled and not
diffusion controlled as the experimental rate constants (k;) values are 1.26x10° in

methanol which is a lot lower than the theoretical value of 1.10x10" mol'dm’s™.

0.00036

0.00034 -| [—m— 328K
0.00032 [ © gfgi - /
;| o

000030 e /.»

0.00028 7 308K
0.00026 -
0.00024 -}
0.00022 -
0.00020 -
0.00018
0.00016
0.00014 4
0.00012
0.00010

Rate/moldm”s”

)

100 150 ZEI)D ' 2;0 i 300
Pressure/KPa
Figure 8.19: Effect of changing temperature and pressure on the initial kinetics rates of
formation of Juglone using MB as a sensitser
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An increase in the pressure has shown to increase the initial rates of reactions as shown
in figure 8.19. The rate of production of Juglone in scCO, increases with increasing
pressure and temperature, irrespective of sensitiser used at lower temperature and
pressure, such a variation may be explained on the basis of the thermodynamics of

encounter complex formation.

8.12 Effects of Rose Bengal as a sensitiser

The maximum absorbance of Rose Bengal is in the region 500 — 600 nm, which
corresponds to absorbance of 170 kJ mol” of energy. This enables excitation of the
sensitiser to its singlet state, from which it undergoes intersystem crossing to its triplet
state (94 kJ mol"). which can then selectively transfer energy to molecular oxygen. The
maximum absorbance of Methylene blue is in the region 600 - 700 nm. In a similar
process to that of Rose Bengal, the dye is excited to its singlet state before intersystem
crossing to the triplet state (140 kJ mol™), which can then produce Juglone at a more
similar rate in comparison to MB, this study was also successful and could also be seen

in a study *,

0.8
] ® RBScCO,
& RB MeOH
30.4{
<
(7] .
a &
<
0.2 b
L“.:I;’i“ I3

Wt T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time/mins

Figure 8.20: A graph showing the rate of formation of Juglone using RB as a sensitiser

Since it was seen that there was not much difference in the production of Juglone in

both methanol and scCO,, it was thought to investigate and see if there will be any
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Since it was seen that there was not much difference in the production of Juglone in
both methanol and scCO,, it was thought to investigate and see if there will be any
greater production when a combined study of both sensitisers were used to find the
effects of the formation of Juglone, this did not have any impact on the formation as it

stayed very much similar to if the sensitisers were used individually.
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Figure 8.21: A graph showing the formation of Juglone with different sensitisers
including a double sensitiser study

8.13 Effects of Alloxazine as a sensitiser

Flavins are derivatives of the dimethylisoalloxazine (7,8-dimethylbenzo|[g]pteridine-
2,4(3 H,10H)-dione) skeleton, with a substituent on the 10 position. Riboflavin
(vitamin B2 being one of the best known members of this group), has a 10-D-ribityl
group. There are also some most prominent members which are crucial coenzymes like:
riboflavin, FMN and FAD, whilst Lumiflavin and Lumichromes are other
representatives of Flavins. Iso- and alloxazines (alloxazines are well known as
photochemical decomposition products of Flavins) are closely related compounds as
shown in figure 6.1 in detail in section 6.1, yet their spectroscopic and photophysical
properties are quite different. Alloxazine will be used as a sensitiser to follow the rates
of formation of Juglone in both conventional solvents and in super critical carbon

dioxide.
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8.14 Effect of the initial rate of formation of Juglone with the change in pressure

and temperature using Alloxazine as a sensitiser in scCO,

1
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1 0 313K
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J v— 318K o
/
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= "
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Figure 8.22: A graph showing the effects of rate of formation of Juglone using Alloxazine as a sensitiser at
different temperature and pressures

Alloxazine was used as a sensitiser in both methanol and in scCOs. the rates of
formation of Juglone increases with an increase in pressure but there was no overall
trend with the increase in temperature. The lifetimes of the three sensitisers used were
measured and recorded in Table 8.8 and 8.9 respectively, with Alloxazine showing the

longest lifetime.

Singlet Oxygen Lifetimes in Acetonitrile/ps
T/K MB Anthracene | Alloxazine
313 453 59.2 63.7
318 44.7 64.1 | 55.9
323 42.7 58.7 | 37.3
328 49.3 385 : 449

Table 8.8: Singlet Oxygen Lifetimes in Acetonitrile/ps
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sensitiser |Pressure/Mpa| Temp/K |Av. Lifetime/us
MB 100 313 376
MB 150 318 41.1
MB 200 323 40.2
MB 250 328 431
Anthracene 100 313 65.4
Anthracene 150 318 492
Anthracene 200 323 53.7
Anthracene 250 328 63.5
Alloxazine 100 313 404
Alloxazine 150 318 52.7
Alloxazine 200 323 64.7

Table 8.9: Singlet Oxygen Lifetimes in scco2 at different temperatures and pressures

Since light and sensitiser are the major factor in the production of Juglone a copy of the
xenon arc lamp output spectrum, in figure 8.23 was analysed and it showed that where

light absorption for flavins as a sensitiser is lower than for MB and RB hence the better

production of Juglone with the latter than the former.
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Figure 8.23: Showing a Standard Xenon arc lamp output showing constant output throughout
the absorbance area of the sensitisers
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9.0 Conclusions : _
Comparison of the [MB] and [DHDN] 1n methanol and in s.cCOZ were similar, which
implies that the stability of the Juglone production is good in the cell.

Acetonitrile was the best solvent to carry out the reaction with as the initial rate is faster

than in methanol and in scCOz, this is due to its long singlet oxygen lifetime and the -

high rate constant. Likewise scCO, has a longer singlet oxygen lifetime than

Acetonitrile but the rate is limited by its low rate constant. It is believed that the reason

the rate constant is higher in both methanol and Acetonitrile is due to the polar -

behaviour of the solvents compared to scCO;, in which.the polar solvent helps in
stabilizing the intermediate that forms. o
The concentration of the sensitiser only affects the rate of the reaction slightly as it’s
used up in the catalytic form, however adding more oxygen into the reaction does not
affect the rate. This is bécauée the concentration of Methylene Blue is much lower than
that of the oxygen qéncentration. It has been found that the rate of Juglone production
is reaction controlled and not diffusion controlled as the experimental rate constants
(kz) values are 1.26x10° in methanol which is a lot lower than the theoretical value of
1.10x10" mol'dm’®. Furthermore it has also been found out that Rose Bengal,
Anthracene and Alloxazine can also be used in the formation of Juglone as sensitisers
in both scCOz and in conventional solvents. Comparison of the [MB] and [DHDN] in
methanol and in scCO, were similar, which implies that the stability of the Juglone
production is good in the cell. -
The rate of production of Juglone in scCO; increases with increasing pressure a_nd
t_emperéture, irrespective of sensitiser used at lower temperature and pressure, such a
variation may be explqined on the basis of the thermodynamics of encounter complex
formation, ' _ '
The effect of 1, S-dihydroxynaphthalene concentration on the initial rate in the solvents;
“methanol, Acetonitrile and Supercritical carbon dioxide are similar, Acetonitrile shows
a faster initial rate than methanol, which may be explained in part on the basis of the
longer singlet oxygenﬁlifetimeﬁ, although the enhancement is less than may be expected

on the basis of a simple dependence on lifetime. In supercritical fluid carbon dioxide,
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the rate is significantly lower than may be expected on the basis of the Acetonitrile

data, suggesting a perturbation of second order rate constant.

The concentration of the sensitiser only affects the rate of the reaction slightly; however
adding more-oxygen into the reaction does not affect the rate. This is because the
concentration of sensitiser is much lower than that of the oxygen concentration, It ilas
been found that the rate of Juglohe production is reaction controlled and not diffusion
controlled as the experimentﬁl rate constants (k;) values are 1.26x10° in methanol

which is qlot lower than the theoretical value of 1.10x10'®moldm? s,
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- 9. Conlusions

The fluorescence quenching constants of 3TARF, BR and 1R in methanol are 2.38 x
10°,2.69 x 10° and 8.13 x 10* 1 mol!'s! respectively. The ertimes (10) of the |
‘_ compbunds are 5.4 x 107 s for 3TARF, 4.8 x 107 s for BRand 6.3 x 10_'9 s for 1R.
Although there is no theoretical data to compare these values with, the values
obtained seem to obey the Stern-Volmer relaﬁon and gave a linear plot of Stern-
Volmer with an intercept at approximately to one, BR was observed to have the
highest fluorescence quenching constant followed by 3TARF and the 1R, whilst the
reverse is seen in their lifetimes with IR having the longest lifetime followed by
3TARF and then BR. |
The fluorescence quantum yield for RR in different solvents were of the value
between 0.59 — 0.149 with the highest value in ethanol compared to other solvents
whilst the least was observed in water. , _
Lifetime measurements of RR in different solvents were measured usin g the photon
coﬁnting technique and the results were in methanol 5.3 ns and 2.89 ns in Acetonitrile
and 5.2 ns in ethanol. There is a sigﬁiﬁcant amount of triplet-triplet state in the
different 6,9 Mall in water and in methanol but there was no significant increase on

the addition of bromobenzene.

The detection of the decay constant for singlet oxygen in super critical carbon dioxide
was made possible after constructing the‘ set up shown in section 6.6 and obtained a
range of values of the singlet oxygen quantuin yield of anthraéene which are within
the expected value of less than one which have not been reported before.

The values obtained for the singlet oxygen quantum yield of anthracene in
supercritical carbon dioxide raﬁge between 0.2-0.8, which are reasonable values in the
context of known anthracene Photophysics. Increase in pressure increases the singlet
oxygen quantum yield of anthracene, but increase in concentration decreases the
singlet oxygen quantum yield of anthracene. And it is this explanation which explains
the observed dépend_encies.

In general, an increase in pressure appears to result in a small increase in the quantum
yield, which becomes less apparent at the higher temperatures and therefore can be

explained in terms of an increase in solvent density. An increase in concentration was
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also observed with increasing pressure, since solvent density increases with pressure

and the_refore more anthracene dissolved..

Comparison of the [MB] and [DHDN] in methanol and in scCQO, were similar, which
implies that the stability of the Juglone production is good in the cell. _
Acetonitrile was the best solvent to carry out the reaction with as the initial rate is
faster than in methanol and in scCO,, this is due to its long singlet oxygen lifetime
and the hlgh rate constant. Likewise scCO; has a longer singlet oxygen lifetime than
Acetonitrile but the rate is limited by its low rate constant. It is bcheved that the
reason the rate constant is higher in both methanol and Acetonitrile is due to the polar
behaviour of the solvents compared to scCO;, in which the polar solvent helps in

stabilizing the intermediate that forms.

Acetonitrile shows a faster initial rate than methanol, which may be explained in part
on the basis of the longer singlet oxygen lifetimé, although the enhancement is less

than may be expected on the basis of a simple dependence on lifetime. In

supercritical fluid carbon dioxide, the rate is significantly lower than may be expected -

on the basis of the Acetonitrile data, suggesting a perturbation of second order rate

constant.

The concentration of the sensitiser only affects the rate of the reaction slightly as it’s
used up in the catalytic form, however adding more oxygen into the reaction does not
affect the rate. This is because the concentration of sensitiser is much lower than that
of the oxygen concentration. It has been found that the rate of Juglone producﬁon is
reaction controlled and not diffusion controlled as the experimental rate constants (ko)
values are 1.26x10° in methanol which 1s a lot lower than the theoretical value of
1.10x10" mol'dm?s. Furthermore it has also been found out that Rose Bengai
Anthracene and Alloxazine can also be used in the formation of Juglone as scnsmsers

in both s¢CO; and in conventlonal solvents.

The rate of production of Juglone in scCO; increases with increasing pressure and-
temperature, irrespective of sensitiser used at lower temperature and pressure, such a
variation may be explained on the basis of the thermodynamics of encounter complex

formation. Nonetheless there was no apparent trend with the effects of varying temp
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and pressure overall, whilst at higher temperature there seem to reduce it and at a

temperatureﬂof 323K which is the highcst there seem to reach the peak as all the rates
were constant. This could be due to the fact that the initial rates of formation of
Juglone have reached its optimum temperature and no more can be formed.

The effect of 1, 5-dihydroxynaphthalene concentration on the initial rate in the
solvents; methanol, and Supercritical carbon dioxide are similar whilst for acetonitrile

was longer due to its singlet oxygen lifetime.
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10. Further Work

o Although singlet oxygen quantum yields have been measured for anthracene
relative to Perinapthenone, it would be of use to measure a wider range of
sensitisers to obtain relative yields, and to evaluate whether temperature and

pressure dependences are specific or generic.

¢ It would be of interest if more work could be done for the other types flavins
and using different solvent. It would also be of interest to obtain more
triplet-triplet spectra for more flavins and to further investigate the effect of

bromobenzene on the triplet yields.

¢ Anin depth investigation could seek to discover the effect of conducting the
juglone synthesis at different temperatures, pH or with more solvents. The
sfudy of pH could interesting when considering the theorised mechanism for
the reaction as an excess of H' ions may scavenge the hydroXyl group when

. eliminated from the ring structure, slowing the rate of forrnation whilst a
high pH may act conversely to speed the reaction up. There is also clearly
more work to be done in invesﬁgating the effects of temp'crature and
pressure on rates and yields, and more data on this would allow evaluation

of activation volumes for the reaction in scCO;.
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DYE SENSITISED PHOTOOXIDATION OF 1,5-DIHYDROXYNAPHTHALENE TO

JUGLONE IN SUPERCRITICAL FLUID CARBON DIOXIDE

Nadya Muhammed and David R. Worrall
Department of Chemistry, Loughborough University, Loughborough, UK, LEIl 3TU

uction
inetics of photo oxygenation of 1.5-dihydroxynaphthalene (DHDN) has been
ved using a home built set up as shown in figure |. The investigation was carried out
if it is a suitable method to produce the much more expensive product Juglone. 5-
xy | -4-naphthquinone (Juglone, 2) which is an important intermediate in the

utical and agrochemical industry’. Juglone is produced naturally in walnut trees,
er in industry it is conventionally produced using strong hazardous oxidizing
. A ‘greener” and safer method of production of Juglone is dye-sensitized photo
nation of cheap and commercially available .5-dihyrdoxnaphthalene (DHDN) 1 as

o=y

Scheme 1: Photo oxygenation of 1,S5-dibydroxynaphihalene

hv, O,

Sannhur

action was carried out in conventional organic solvents such as methanol and
nitrile in addition to supercritical carbon dioxide (scCO,), to investigate weather the
r* approach to chemistry can be applied and its rate of kinetics of formation was
wed for this reaction. The progress of the reaction was monitored using the optic
hrough the absorbance spectroscopy in the home built setup as shown in figure | |

Ll
Sotam 5
e ¥ [
' :
1] .
1
Oven
Chiller & ;
| Circutator i
Oux Ae
Wiem Lamp
L s ]
o
() (o) i
e 1 A schematic diagram of the set up used for the supercritical carbon dioxide
pensitiser when irradiated with light produces and excites the oxygen into a singlet
which in wrn reacts with the |.5-dihydroxynaphthalene to form Juglone. This is a

cleaner and cheaper way to produce Juglone than the industrial production of using
2 hazardous oxidizing agents. Many studies of this reaction have been carried out
various sensitisers such as Methylene Blue (MB), Rose Bengal and other complex
. Production of singlet oxygen in supercritical carbon dioxide, and the lifetime has
demonstrated to be long in comparison with conventional solvents* being 5.1 ms at
cm? and 41°C 1. In this study, we have utilised dye sensitised singlet oxygen to
t the transformation of 1.5-dihydroxynaphthalene to juglone in supercritical fluid
n dioxide. monitoring the production of juglone in situ using UV-visible
rophotometry. A number of sensitisers soluble in supercritical fluid carbon dioxide
vailable including anthracene and methylene blue. The effects of temperature and
ure on the observed reaction rates have been studied and are discussed. Comparison
de with the equivalent reaction in conventional solvents,

ults and Discussion
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12 Juglone production in scCO2 using MI3 as a sensitiser and DHDN in sceo2 at 100KPa and 308K
h 1 clearly shows the Juglone production increases with time, the reaction seem o be independent on the
fiser and oxygen concentration, but does depend on the increase of DHDN. On ihe inset of graph | &
sarison of pure Juglone (Aldrich) is similar to the produced from the dye sensitized photo oxygenation.
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Graph 2: Effect of changing temperature and pressure on the imtial kinetics rates of formation of

Juglone in scCO2 using MB as a sensitiser
The rate of Kinetics of the production of Juglone in scCO2 seem to increase with increasing
pressure and temperature as shown in graph 2.
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Gruph 3: Increasing (DHIDN] verses Initial rate for the solvents Methanol, Acetonitrile and scCO2

The efffect of 1. S-dihydroxynaphthaline concentration on the initial rate in the solvents:
methanol, Acetonitrile and Supercritical carbon dioxide is shown in graph 3. Which shows
that using Acetonitrile as the solvent produced a much faster initial rates of formation of
Juglone. Supercritical carbon dioxide was faster than methanol, this is due to the fact
Acetonitrile has a higher singlet oxygen lifetime. The singlet oxygen lifetime is 7.7x10*
seconds in Acetonitrile where as in methanol it is only 9.0x10* seconds, hence singlet
oxygen last longer in Acetonitrile whereby there is more chance of it reacting with the
DHDN to produce Juglone faster.
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Graph 4: The rate of formation of Juglone using different sensitisers at 38K with different pressure in scco2
The rate of Juglone formation in scco2 is much slower when Anthracene is used as a
sensitiser compared to Alloxazine and Methylene blue. This could be due to the fact that
Anthracene

Conclusion

Juglone can be produced using the method shown in scheme | very effectively as [10],
however we believe we are the first to study the kinetics of the reaction. The rate of
production of Juglone increases as an increase in temperature and pressure increases. It has
been found that the rate of Juglone production is reaction controlled and not diffusion
controlled as the experimental K, values are 7.56x10° moldm*s* in methanol which is
lower than the theoretical value of 1.10x10 ' moldms™* [9].

ces: [1] MOclgemoller. Clung. Green Chews, 2008, 7, 38 (1) DR Woerall. A A Abdel-Shafi aod F Wilkinson. J. Phvs. Chen A X001, 105, 1270 (21IA. A Absdel-Shafl and D). R. WoeralL. J. Photochene. Photobiol. A:-Chem, 2007, 186, 263 [1] D R Woersll. F. Wilkinson, /. Chem Sox
Trans. 1996, 92, 1467 [2] D R [} AA. Abddel-Shafi, F. Wilkineon, D.R. Worrall, Chem. Pirys. Lerr. 2001, 333, 273, [7) . Wilkinson, /. Pirvs, Chem. Referemce Dita. 1993, 22, 113, [9] . L Muros, L Carmichiel. G. 1. Hug. Humibeook of Phosochemsistry, Marcel Dekker, 1993, 208




1 INTRODUCTION

inglet Oxygen has been implic

intersystem crossing.

singlet oxygen quantum yield

Shutter

Figure 1: A picture of the home built apparatus used for measuring

Singlet Oxygen Quantum Yields of Anthracene in Supercritical

Carbon Dioxide

David R. Worrall, & N. Muhammed

ed in various photodynamic oxidation
eactions of industrial, biological and atmospheric importance, of which the
few examples are photochemotherapy, photobleaching etc. Molecular
yXygen exists as a triplet, *Zg, in its ground state. Quenching of aromatic
molecules by oxygen forms the lowest lying excited singlet states of
xygen, 'Eg+ (158 kJmol-1) and 'Ag (94 kmol™'). Although the 'Zg+ state
may be formed initially, electronic to vibrational energy transfer rapidly
seeurs to deactivate it to the metastable and highly reactive 'Ag state. The
'Ag state is the active species in many important photo-processes and is
more commonly known as singlet oxygen . Once singlet oxygen ('A,) is
formed it decays back to the triplet ground state, via phosphorescence and

he aim of this project is to measure Singlet oxygen quantum yields,®A, at
arying temperatures and pressures, as a function of oxygen concentration,

n supercritical fluid carbon dioxide using the home built set up as shown in
pictorially in figure | and geometrically in figure2,
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[Figure 2: Geometry of home built apparatus used for measuring

Singlet oxygen Quantum yield

L. SINGLET OXYGEN DETECTION

n EO-817P liquid nitrogen cooled germanium photodiode detector
Worth Coast Scientific), was employed to detect singlet oxygen. ®A
ralues were measured in supercritical carbon dioxide for anthracene
elative to perinaphthenone as a standard sensitiser, known to be
nsensitive to changing solvent, for which @A is 0.95 0.5 [1].

Department of Chemistry, Loughborough University, Loughborough, Leicestershire, LE11 3TU, UK.

Utilising near-IR detection techniques it was possible to measure the
phosphorescence of singlet oxygen at 1270nm, generated via energy transfer from
perinapthenone and anthracene in supercritical carbon dioxide. An interference filter
was interposed between sample and detector, to reduce detection of light scatter.

The quantum yield can be obtained from a plot of luminescence by

fitting a plot of singlet decay versus time, with a single exponential affords the
luminescence intensity and the decay rate constant. Experiments were performed as
a function of laser energy and fitting a plot of singlet oxygen luminescence intensity
versus laser energy with a straight line. The experimental setup was designed such
that it was possible to measure the absorbance in the cell for each sensitiser allowing
the mismatched ground state absorbances to be accounted for and corrected using
the following equation.

m, @, (1-10",

) = o
m, @, \1-107",
whaesaduepestthe sssiteead theuknown

respectively.
3. RESULTS AND DISCUSSIONS
The absorbance measurements were found to only be stable within the
range of 10-15mins as shown in Fig 3. with the values being lower than
in normal solvents.

®  Anth01

TimaMin

Figure 3: Absorbance measurements of Perinapthenone and anthracene
In supercritical Carbon Dioxide at 355nm.

Absorbance in Supercritical CO, | ®,u

A

Anthracene Perinapthenone
0.10 0.12 0.63
0.21 0.23 0.57

0.41 0.45 0.49

Table 1: Anthracene singlet oxygen quantum yield in supercritical carbon dioxide
Using Perinapthenone as a reference sensitiser at 44.5°C and 200Kg/cm?

4 CONCLUSIONS AND FURTHER WORK

The values obtained for the singlet oxygen quantum yield in supercritical carbon
dioxide shows some variations which needs further investigation, but they are within
the range of the quantum yield ®=0.69 for the formation of either the triplet state or
the singlet molecular oxygen of anthracene [2]. Further investigations with
temperature and pressure change are also required as the values shown in Table |
were obtained on a constant temperature and pressure of 44.50C and 200Kg/cm?
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