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                                                             Abstract

Molecular photochemistry is a well-established branch of science that owes its origins to the

pioneering  studies  of  Alexander  Schönberg  in  Egypt  during  the  1940’s  and  50’s.  The main

advantage of photochemistry relies on the use of sunlight to drive “difficult” reactions, the most

important  being  the  production  of  molecular  oxygen  and  chemical  fuel  by  way  of  natural

photosynthesis. While photovoltaic cells and systems based on inorganic semiconductors have

developed enormously during the past few decades, there have been few comparable advances in

molecular photochemistry. This is despite the ready availability of powerful spectroscopic and

computational tools. Indeed, the mantle of “artificial photosynthesis” has been transferred from

chlorophyll derivatives to silicon and its allies. In this thesis, we explore the concept of developing

simple photochemical means to drive oxidative processes that might be both practical and cost-

effective. Several systems are considered and subjected to experimental study.

Chapter 1 presents a general introduction to the field and illustrates both the potential and the

frustration offered by molecular photochemistry. Typical excited state reactions are described in

terms  of  simple  molecular  orbital  diagrams.  The  discussion  is  directed  towards  dye

photobleaching; a topic of considerable contemporary significance given the recent advances in

single-molecule fluorescence and super-resolution microscopy. Ways to protect dyes against the

deleterious effects of exposure to laser light are reviewed and common reactive intermediates are

identified. The introduction provides background information for the subsequent research work.

Experimental protocols for monitoring the course of dye photofading are introduced. This chapter

is followed by an account of the experimental practices followed during our work. Chapter 2

includes a description of the methods used for data analysis.

Chapter 3 recognises the need to generate a relatively stable intermediate oxidant if a viable

photobleaching strategy is to be devised. Most of the intermediates generated under illumination

survive for periods of a few microseconds or less and therefore require high concentrations of

substrate to ensure chemical trapping before deactivation. The approach suggested involves the

photochemical production of an  organic hydroperoxide that is sufficiently  stable  to  be

characterised by  NMR spectroscopy.  The bleaching capability  of  this  species  is  assessed by
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specific reference to the decolouration of indigo. The latter is a popular dye that  displays

exceptional stability towards sunlight.

Chapter 4 continues this theme by examining the photobleaching of methylene blue (MB) in water.

This cationic dye is known to bleach quickly on exposure to visible light and we have studied the

mechanism and efficacy of the bleaching reaction. The importance of light intensity and dissolved

oxygen are stressed. The key discovery made here relates to the ability of high concentrations of

urea to inhibit photochemical bleaching of MB. This is a surprising result that offers promise for

providing protection for oxidative damage of certain dyes. The mechanism by which urea operates

has been deduced by way of kinetic measurements.

Chapter 5 looks at the catalysed bleaching of a novel strapped boron dipyrromethene (BODIPY)

derivative.  This  dye represents  a  new type of  BODIPY  dye that  displays  circularly  polarised

luminescence. Direct and catalysed photobleaching processes are compared and the importance

of dissolved oxygen is assessed. The dye has a highly strained geometry imposed by the straps

attached to the boron atom. Oxidation can help relieve this steric strain.

Chapter 6 takes a different perspective and enquires if chlorine dioxide can be generated by

photochemical  protocols.  Chlorine dioxide is an important  bleach but  is  not  in common use

because it is difficult to manufacture in bulk and has limited stability on storage. In principle, it

should be possible to generate chlorine dioxide by photochemical means. This could provide

access to a powerful antiseptic reagent in remote locations using sunlight as the only energy

input. Several putative ways to produce chlorine dioxide are considered and an analytical protocol

is  devised  for  quantitative  determination. It  is  concluded  that  a practical set-up could  be

engineered for the in-situ production of chlorine dioxide in aqueous solution.

KEY WORDS: photochemistry: oxidative stress: organic dyes: decolouration: bleaching kinetics
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Chapter 1.

Introduction

                                                                                                                             
A fading    rose …
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1.1 Background

Photochemistry can be defined as the study of chemical processes that are initiated only by the

absorption of light energy delivered in the form of a photon. Although the subject is mature and

has witnessed many changes in direction, the main contemporary goal of photochemistry is the

capture and storage of sunlight as chemical potential. In this respect, it should be emphasized that

photochemistry is able to break and form chemical bonds, to re-arrange molecular structures and

to re-locate excitation energy. The first law of photochemistry, known as the Grotthuss- Draper

law,1-4  states that light must be absorbed by  a chromophore in order for a photochemical reaction

to occur. This is a fundamental rule but it carries several key concepts: For example, the law

introduces selectivity in as much as one compound in a complex mixture can be excited by

monochromatic light at the exclusion of all other components in the mixture. This is a powerful

feature that cannot be achieved in thermal chemistry. A second outcome from the law is that  the

rate of  a photochemical  reaction  can  be  controlled  by  the  rate  of  up take  of photons of

appropriate energy. The latter can be modulated by changing the incident light intensity and/or

varying the concentration of the chromophore. When the G-D law was first formulated, little

concern had been shown to two-photon absorption but this provides a further means for obtaining

exquisite levels of sensitivity. The application of powerful microscopes equipped with high-intensity

lasers provides a way to couple optical selectivity with spatial resolution.

A major impetus for studying photochemistry stems from the realization that we might learn more

about important features of photobiology.5 Photochemistry has developed numerous elaborate

spectroscopic tools that are applicable to understanding the mechanisms inherent to natural

processes, such as vision and photosynthesis. Recent discoveries in the field  of  green fluorescent

proteins  have  stimulated  this  interest  and  could  lead to important advances  in  gene therapy

and  imaging  science.6 While photovoltaics lies outside the normal realm of what might pass as

photochemistry, the same is not true for organic light emitting diodes (OLEDs) and brings physics

into  the  same  equation.  Indeed,  molecular  photophysics  lies  at  the  heart  of  modern

photochemistry and few researchers attempt to separate the chemistry component from the

underlying physics. The days of simply exposing a solution of a known substance to sunlight by

leaving  the  flask  on  the  laboratory  roof  have  long  been  replaced  by  the  need  to  conduct

mechanistic and   kinetic studies. There is, however, still a measure of excitement in watching the
2



colour change under direct sunlight.   This brings us to the unfortunate side of photochemistry.

Exposure to sunlight, especially near- UV light, causes many molecules to undergo a marked

change in structure, shape and/or composition. Chemical   bonds can be broken, or indeed formed,

and geometries can re-arrange. Strongly fluorescent materials can become “black holes” simply

by leaving in room light. Early photographs were brought about by photochemical  reactions,

usually in the form of electron- transfer reactions, and the concept of photopolymerisation became

important in the 1970’s.  The latter reactions became popular in dentistry and for activating the

drying of emulsion paint.7,8 The  same  reactions  needed to effect solar fuel formation,9 under

different circumstances, cause damage and set-up chain reactions leading to cancer. Even here,

the troublesome dichotomy continues since these very same reactions are nowadays used to

eradicate  cancerous  materials  by  way  of  photodynamic  therapy.  A  disturbing  feature  of

photochemistry is that industry makes little real use of   the subject and, apart from photography

and the  manufacture  of  dyestuffs,  there  are  no  major  industrial  processes  that  are  driven

exclusively by light.

The introduction of new dyes, a cause of tremendous excitement to early impressionist painters,

has revolutionized our lifestyle. New colours brighten our homes and clothes and allow both young

and old to express themselves through original hair dyes. Fluorescence greatly amplifies the range

of colours by adding depth and new levels of perception. Most banknotes now contain luminescent

patches to defeat counterfeiters and secret writing is no longer hidden from the eye. The so-called

“black light”, better called UV-light, used in early forensics is now allied to fluorescent labels.10

Most of these new materials are organic, popular opinion being that metal-based chemicals are

highly toxic, and susceptible to photochemical degradation. This realization is both good and bad.

The latter arises because the colour of expensive items, like a motorcar, should not fade within the

lifetime of the object itself. It’s fine for the Forth Bridge to be continually undergoing painting but

no-one wants to keep painting their car. There is also the worry about famous paintings that slowly

lose their original colour during continuous exhibitions. The good aspect of photofading is that it

represents a means to replenish and restore items. It is a way to remove unwanted materials,

such  as  plastics,  and  to  clean  water  supplies.11-13 We  could,  if  we  really  wanted,  use

photochemistry to remove the ugly stains of chewing gum that litter our pavements.
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The systematic study of the photochemical fading of dyes is not popular and has not attracted

great attention. Many advanced materials have been obtained by slow engineering of the product

to by-pass the fading. As an example, when questioned about the stability of his OLEDs Ifor

Samuel (University of St Andrews) replied that they had a projected operational time of 40,000

hours! There are fewer attempts made to understand the underlying chemistry and kinetics as a

means to control or eradicate the bleaching process. This thesis is an attempt to move into this

little explored region and to look at ways to promote or hinder photobleaching of substrates. Our

work is restricted to organic materials and we make no attempt to cover the complementary

research involving semiconductor photocatalysts.

1.2 Autumn leaves

The North East of England has some fantastic countryside with open spaces and woodlands. It is

noticeable that the leaves of the trees are a beautiful green colour in spring and (what passes for)

summer. With the approach of autumn, the temperature starts to fall and the leaves can no longer

synthesize chlorophyll.  It is the chlorophylls, there being several similar but slightly disparate

molecular forms of this essential compound, which provides the characteristic green colour. During

the spring, chlorophyll is constantly degrading and being replaced but, with the colder weather,

the replacement is slowly switched off. The other main pigments in the leaf are carotenoids and

flavonoids and these degrade more slowly  than the fragile  chlorophyll  molecules.  The latter

contain a central magnesium cation which is easily displaced from the macrocycle, causing the

colour to change from green to red. Thus, the distinctive reds and browns seen in the autumn

leaves  arise  because  of  the  triggered  disappearance  of  the  chlorophylls.  With  the  loss  of

chlorophyll, the leaf can no longer synthesize sugars and so the whole tree shuts down for the

winter. Once the temperature begins to rise and days become longer, the process starts again and

the new chlorophyll begins to produce sugar. The tree continues its growth.

4



Figure 1:  Representative chemical formulae for some of the most important ingredients of plant
photosynthesis. Chlorophyll is shown in space-filling form and as a ball-and-stick model, with the
macrocycle being shown separately. Note that the central magnesium cation does not fit properly
inside the ring and is easily displaced. Also shown is β-carotene in both space-fill and ball-and-
stick modes. The final structure is one form of anthocyanine.
Carotenoids also contribute orange colours. Indeed, β-carotene is an essential component of green

plants and is present in high concentration.14 This compound absorbs green and blue light but

reflects red and yellow light, thereby causing its orange appearance. It is a well-known anti-

oxidant.15-25 Although the carotenoids degrade under sunlight, they do so at a much slower rate

than chlorophyll. Most fallen leaves still contain measurable amounts of carotenes. An important

feature of β-carotene is that the triplet-excited state is formed only in very low yield26,27 while

the triplet energy is very low. In fact, the triplet energy is below that of singlet molecular oxygen.

In contrast, isolated chlorophyll forms a long-lived triplet excited state that can sensitize formation

of the highly destructive singlet oxygen. Perhaps this difference is an important clue in the natural

degradation process. What is important is the realization that Nature makes no attempt to stop

the degradation and instead uses the downtime to replenish the tree. The degraded materials are

not lost but recycled. This is a lesson we have still not learned to put into practice in artificial

systems. With the onset of autumn, the sugar concentration in the leaf begins to increase because
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the tree is no longer growing. This excess sugar switches on the synthesis of anthocyanine. The

latter  is  an  important  compound,  the  synthesis  of  which  requires  exposure  to  sunlight.

Anthocyanins are members of the flavonoid class of pigments but they are present in the leaf only

during autumn and winter. 28-30 It is believed they function as a sunscreen, allowing the tree to

protect its leaves from light damage and extend the amount of time before they are shed. In terms

of their contribution to the colour of autumn leaves, they provide vivid red, purple, and magenta

shades. Most remarkably, the colour of the anthocyanines depends strongly on pH and is affected

by the acidity of tree sap, thereby enhancing the range of hues. In spring, the sap rises bringing a

change  in  acidity  and  anthocyanine  production  ceases.  This  is  really  subtle  and  impressive

chemistry.

1.3 Key elements of natural photosynthesis

Natural photosynthesis has been a major influence on molecular photochemistry over the past

half century and, in particular, there has been tremendous effort expended on duplicating parts of

the natural process with purely artificial analogues. Research has focussed on the reaction centre

complex,  where  light-induced  electron  transfer  occurs  between carefully  sited  redox-  active

reagents,  and the ancillary  light-harvesting  unit,  where  light  absorption is  followed by  rapid

electronic energy transfer to the reaction centre.31-33 This research has gone hand-in-hand with

spectroscopic studies on segments of bacterial or green plant photosynthetic organisms.34 The

natural  systems  exhibit  very  complex  photophysical  behaviour  which  utilizes  the  three-

dimensional structure of the living systems. Artificial analogues rely heavily on synthetic chemistry

to produce elaborate models with reagents carefully positioned in order to optimize rates of light-

induced energy and/or electron transfer reactions. We emphasize the complexity of these artificial

systems by reference to two examples, one concerned with directed electronic energy transfer (a

mimic  for  the  light-harvesting  network) and  the  other   concerned  with    directed electron

transfer (a mimic for the reaction centre complex).35-40
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Figure 2: Examples of simple artificial molecular systems used as crude mimics for the natural
process. The upper panel shows a complex molecular triad able to display vectorial electronic
energy transfer along the molecular axis. See JACS 2009, 131, 13375 for details. The lower panel
shows a molecular dyad used to study intramolecular electron transfer under illumination. See
Org. Biol. Chem. 2004, 2, 1425 for details.

The  general  public  recognizes  that  photosynthesis is  the process  by  which  plants   and  many

types of bacteria use sunlight to convert carbon dioxide and water to sugar.41,42 The resultant

glucose can be converted into pyruvate which releases adenosine triphosphate (ATP) by cellular

respiration. Oxygen is formed by green plants but not by bacteria. The overall process has inspired

photochemists to seek artificial systems able to transform sunlight into chemical potential. The

work has not been so successful and, in practical terms, has fallen well behind the photovoltaic
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approach to energy conversion. The challenge of duplicating the photosynthetic machinery in the

laboratory using molecular components has proved too difficult. However, renewed awareness

about  the  problems caused  by overproduction  of  carbon dioxide  has  re-  ignited  interest  in

molecular systems. Since the middle of the 18th century, the level of carbon dioxide in the

atmosphere has been rising progressively due to largescale combustion of fossil fuels,  cement

production, and massive  de-forestation.43-46  Molecular photochemical systems capable of the

reduction of carbon dioxide, used in conjunction with public awareness,47,48 offer promise of

controlling the output of carbon dioxide into the atmosphere. Here, we illustrate one such system.

Figure 3: Simple photoredox system used to develop new catalysts able to reduce carbon dioxide
to a useful product, in this case carbon monoxide. Photoreduction is performed at the expense of
consuming an added sacrificial  donor  (i.e.,  triethanolamine).  The sensitizer  is  carbon nitride
particles.

One feature of natural photosynthesis should be highlighted here. This concerns the fact that

plants and bacteria have evolved complex procedures for protection against long-term exposure

to sunlight. All natural photosynthetic systems, and ancillary systems such as the photolyase

enzyme, use light-harvesting antennae to increase the rate of photon delivery to the catalytic

sites. The design of these photon collection units varies among the different species but they are

all equipped with some means of self-repair.  Non-photochemical quenching  (NPQ) is a process

whereby  “excess”  excitation  energy  reaching  the  oxygen-evolving  unit  is  not  used  for
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photochemistry,49 -59 but is safely dissipated as local heat.   There are numerous disparate types

of NPQ used in plants and bacteria, often involving establishment of a pH gradient. Green plants

tend to use carotenoids as anti-oxidants and deactivators of accidently formed triplet-excited

states.60 Under high photon densities, rapid energy migration around the light-harvesting network

is accompanied by exciton-exciton annihiliation. This helps avoid problems with triplet formation

or other deactivation pathways available to highly energetic species. Although annihilation loses

excitation energy, the need to avoid triplet states is greater.

The molecular basis for NPQ is poorly understood, despite its significance. In plants and algae,

NPQ occurs on different timescales and takes many forms. The most likely process that leads to

rapid loss of excitation energy involves some type of conformational change that is activated

under high light intensity. It is known that both zeaxanthin and relatively high pH are required for

effective NPQ but exactly how this occurs is a mystery.61-70 The main point, however, is that

Nature has evolved an efficient mechanism by which to deal with high levels of excitation within

the light-harvesting units. This mechanism  switches  the  excitons  from fuel   production  to  heat

so as to protect itself from whatever threat is perceived by the organism. While it is reasonable to

add anti-oxidants  and  triplet  quenchers  to  artificial  photosystems,  there  have  been  no  real

attempts to include some type of NPQ. This remains for the future.

Figure 4: Molecular formula for zeaxanthin, shown as both space-filling mode and ball-and-stick.
Note the close resemblance to β-carotene.

1.4 Photobleaching of dyes
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For  a  long  time, the  photofading  of   dyes  and  pigments   was  merely  a matter   of

inconvenience   and  was  overcome  by  trial-and-error.  Only  light-fast  dyes  made  it  to  the

marketplace. Everything changed, however, with the introduction of single molecule spectroscopy

and super-resolution microscopy. For such techniques, the photostability of fluorescent dyes used

as labels and imaging agents71-77 is of crucial  importance for  the statistical accuracy and

ultimate resolution. These sophisticated instruments use high-power lasers for excitation purposes

and consequently deliver an inordinately high rate of photons to the sample. Used in conjunction

with scanning confocal microscopes, this leads to very high photon densities. Photostability of the

fluorophore is now the most important factor in obtaining a reliable image. This realization has

resulted in more detailed examination of the factors responsible for dye fading under high-power

illumination.  This  has  also  resulted  in  the  introduction  of  advanced  experimental  tools  for

monitoring loss of the fluorophore and both epi-illuminated microscopes with continuous wave

laser excitation and fluorescence correlation spectroscopy are now commonly used for bleaching

studies. A major problem with such studies concerns the low probability of photobleaching, which

is in the order of 10-6−10-7 for irradiances below 103 W/cm2. Irradiances above this level can

lead to increased rates of loss of the fluorophore which can only be described by photobleaching

reactions from higher excited states.78

Although many details of fluorophore photobleaching remain unexplored, the most common route

for chromophore loss involves reactions of  the triplet-excited state of  the dye. Upon photon

absorption, the chromophore is promoted from the ground state (S0) to the first singlet-excited

state (S1), from which it returns to S0 through radiative (fluorescence) or nonradiative pathways

(Figure  5).  In  most  cases  of  interest,  the  fluorescence  quantum  yield  is  very  high  while

radiationless return to the ground state is almost negligible. This would be the case for common

dyes like the rhodamines and coumarins used extensively in single molecule spectroscopy.79 In

competition with fluorescence, S1 can undergo intersystem crossing (ISC) to the first triplet-excited

state (T1).  This involves loss of excitation energy but achieves a great improvement in excited-

state lifetime. Typically, for the more popular dyes, fluorescence lifetimes are on the order of a few
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nanoseconds while triplet lifetimes can be as high as a few milliseconds. Triplet energies, although

inevitably lower than those of the corresponding excited-singlet state, remain in excess of about 1

eV,  which  is  sufficient  for  initiating  chemical  reactions  that  ultimately  lead  to  fluorophore

bleaching. For example, T1 can be quenched by molecular oxygen to produce the highly reactive

species known as singlet molecular oxygen. This latter species, and other reactive oxygen species

such as superoxide ions,  is  relatively long lived and can react with dye molecules to cause

bleaching.  Moreover,  the  long-lived T1 state  can  enter  into  electron  transfer  reactions  with

substrates present in the reaction mixture. These might include thiols and amines that function as

irreversible electron donors.  Although triplet  yields tend to be rather low for the majority of

fluorophores used in super-resolution microscopy, most researchers opt for the singlet molecular

oxygen route as being responsible for chromophore loss. We illustrate the course of reaction by

way of Figure 5 given below.

Figure 5: Example of the course of reaction by photobleaching as illustrated using anthracene.
Intersystem crossing from the excited-singlet state populates the corresponding triplet-excited
state in high yield. The latter reacts with molecular oxygen, by way of energy transfer, to form the
highly reactive singlet molecular oxygen. This species reacts with ground state anthracene to form
an endoperoxide, with subsequent loss of colour and fluorescence.

In order to follow the rate of photobleaching of an organic dye it is normal practice to record

absorption spectra at various times during exposure to a suitable light source. This gives useful

information with regard to the rate of loss of absorbance at any given wavelength and with

respect to the rate of appearance of any coloured intermediates or products. A typical reaction
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profile  is  illustrated  below  as  Figure  6.  Here,  absorption  spectra  are  recorded  at  various

illumination times, allowing a plot of time vs absorbance at preferred wavelengths. From the latter

plot, an idea of the reaction rate and order can be obtained by applying conventional kinetics

protocols. It is important to search for any isosbestic points as these indicate product formation.

The reaction can be repeated as a function of incident light intensity and after addition of certain

reagents. These reagents are chosen on the basis of the expectation that they will trap certain

intermediates,  notably  singlet  molecular  oxygen.  Changes  in  light  intensity  or  excitation

wavelength might switch on new bleaching routes, leading to different reaction products (Figure

7).

Figure 6: Example of an absorption spectrum recorded during the course of photobleaching of a
dye in the presence of molecular oxygen. An isosbestic point is seen at ca. 310 nm. Spectra are
recorded at regular intervals during the photoreaction.
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Figure 7: Kinetic profiles constructed for the photobleaching experiment with different incident

light intensities.80

A superior way to obtain photobleaching rates is to monitor continuously at a suitable wavelength.

This allows rapid collection of data concerning, for example, the effect of light intensity on the

reaction rate. The advantage of this approach is that the data are more precise and allow better

fitting to kinetic  models.  The kinetic  method,  however,  does not  help identify  intermediates

although, by careful selection of wavelength, it is possible to monitor the growth and subsequent

loss of these transient species. This method is also suitable for the detection of autocatalysis,

which occurs when one or more products promote bleaching of the chromophore. Photobleaching

is especially vulnerable to the onset of autocatalysis since the initial reaction is slow and products

enter the reaction mixture. With a mechanism based on singlet molecular oxygen, it is likely that

organic peroxides or hydroperoxides accumulate during illumination. These reactive species might

enter into the bleaching chemistry and thereby increase the rate of colour loss. For this reason, it

is important to follow the reaction over long illumination times and not extrapolate to obtain

reaction half-lives well beyond the exposure period.

Assuming photobleaching occurs exclusively by way of the lowest-energy triplet state it becomes

feasible  to  minimize  the  effect  by  quenching  the  triplet  with  added reagents  that  catalyse

radiationless decay to the ground state. Indeed, small-molecule triplet state quenchers, such as

Trolox, 1,3,5,7-cyclooctatetraene (COT) and 4-nitrobenzyl alcohol have been added to the imaging

media to improve levels of photostability.81-85 However, for measureable effects these quenchers
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need to be added at relatively high (e.g., mM) concentrations and, of course, it is necessary to

remove  oxygen  from the system.  The decreased  oxygen  pressure  can  be achieved  by  the

presence of enzymatic scavenging enzymes and sealing the reaction vessel. In order to reduce the

concentration of triplet quencher to a reasonable level, it has proved necessary to replace the

bimolecular systems with intramolecular analogues. Here, the quencher has to be attached near

to the chromophore such that only minimal diffusive motion is needed to bring the quencher into

contact with the triplet state. This latter approach has been used now with several different sets of

chromophore-quencher pairs and impressive levels of enhanced stability has been reported. For

example, COT has been covalently linked to the cyanine dye Cy5 so as to produce a molecular

dyad  (Figure  8).  Detailed  photophysical  measurements  have  established  that  the  Cy5  dye

transfers triplet excitation to the adjacent COT such that the triplet lifetime of the bio-label is

shortened significantly, even in the presence of air.  The excited singlet state energy of COT

exceeds that of  Cy5 so there is no corresponding quenching of the fluorescence. A pictorial

representation of this system is to be found below (Figure 8).  
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Figure 8. Molecular formula for the Cy5-COT dyad synthesized to provide extra protection against
photobleaching. Below is given an energy-level diagram showing that stabilization is due to fast
deactivation  of  the  excited-triplet  state  via  electronic  energy  transfer  to  COT.  NHS  is  N-
Hydroxysuccinimide, COT is 1,3,5,7-cyclooctatetraene, TET is triplet energy transfer and IVR is
intramolecular vibration relaxation. 

It is reasonable to ask if only the triplet-excited state is responsible for the photofading of dyes.

Apart from the longer excited state lifetime and the capacity to sensitize singlet molecular oxygen

formation, the triplet state has no advantage over the corresponding singlet-excited state in terms

of being able to switch on the bleaching chemistry. In fact, the higher energy of the S1 state could

offset the longer lifetime of the T1 state in certain cases. High light intensities could favour two-

photon absorption to reach higher-lying excited states able to break bonds more easily than the

relaxed states. Because probabilities of photobleaching are so low, it is simply not possible to

identify a chromophore that cannot produce a triplet state in sufficient yield for this to be the
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active species. As such, the triplet hypothesis persists even when there is no evidence for its

involvement.

Recent years have seen tremendous advances in fluorescence imaging. It  is now possible to

generate high-quality images of small species within exposure times of a few seconds. The quality

of the image depends on the software used to manipulate the experimental data and instrument

makers are engaged in a race towards faster and more precise imaging protocols. One obvious

way to speed up the process is to increase the incident laser flux and this adds further strain on

the photostability of the dye. Recent advances in the development of bright and photostable

fluorophores demonstrate that chemists are capable of devising sophisticated and clever ways to

improve longevity of the emitters using their knowledge of molecular photophysics and advanced

synthetic chemistry. However, it still remains that our understanding of the bleaching mechanisms

is crude at best and most researchers simply blame the triplet sensitization of singlet oxygen as

being the culprit. Anaerobic enzymes and weak electron donors are added to the matrix as a

means to restrict triplet reactions and the so-called self-healing dyes are becoming popular.86  It is

only  by  conducting  further  investigations  into  the  mechanistic  and  kinetic  processes

accompanying photobleaching that new strategies for enhancing performance will emerge.

Consideration of a typical Jablonski diagram indicates that obtaining mechanistic information is not

so easy (Figure 9). We can do this with specific reference to the cyanine dye known universally as

Cy5. Here, the fluorescence quantum yield in solution is about 0.3 and the excited-singlet lifetime

is 1.2 ns. The radiative rate constant is therefore 2.5 x 108 s-1.   Light-induced isomerization

occurs to form a geometrical isomer with a quantum yield of 0.3 so the rate constant for isomer

formation is equal to the radiative rate constant. Intersystem crossing to the triplet state is very

inefficient,  with  the  triplet  quantum yield  being around 0.01  or  less.  The  rate  constant  for

intersystem crossing can now be established as being of the order of   8 x 106 s-1. The triplet

lifetime in the absence of molecular oxygen is around 1 ms and the lifetime of the photo-isomer is

somewhat shorter at about 200 µs. The quantum yield for photobleaching of Cy5 is believed to be

on the order of 10-6 for monophotonic illumination. This means that the rate constant for bleaching

is  about 103 s-1.87 In  other  words,  for  every  million  photons  emitted  as  fluorescence,  10

molecules of dye are bleached. Experimental techniques are such that we can easily measure a
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million photons emitted in unit time but there are no such techniques to chemically analyse 10

molecules.

Figure 9: Modified Jablonski diagram to include photochemical bleaching of the chromophore.
Note that singlet-state bleaching has to compete with fluorescence and intersystem crossing, both
of which are usually fast. This is way bleaching is usually ascribed to the longer-lived triplet-
excited state .88
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1.5 Reversing the problem

It would be wrong to imagine that there is only a need to protect dyes against photobleaching and

that there are no useful applications for dyes that bleach quickly. In fact, Woodford et al. have

recently introduced a novel dye-based system that functions as a multi-detection dosimeter for

sunlight.89  This  system uses a highly  fluorescent  symmetrical  pyrrole-BF2 dye embedded in

plastic. During  exposure  to  sunlight, the  dye  changes  colour  and  new  fluorescent species

evolve. Because  of  the  unique  mixture  of  absorption    and  fluorescence  profiles, this   action

meter   can give very  accurate exposure limits  in  terms  of  incident  photons (Figure 10).

Figure 10. A  thin  film actinometer  based on  the  BOPHY chromophore  dispersed in  PMMA.
Portions of the film were exposed to sunlight for varying periods with zero illumination on the left
and maximum exposure on the right. The fluorescence spectral profile is shown below the film as
recorded  for  the  different  segments.  The  remaining  panel  shows  the  ratio  of  fluorescence
intensities for the original sample and the exposed film. See ChemPhotoChem 2018, 2, 1046 for
further details.79

A  second  useful  application  for  dye  fading  involves  the  technique  known  universally  as

Fluorescence Recovery After Photobleaching (FRAP) which is used in biology to measure diffusion

coefficients for dyes in complex media.90 -99 The FRAP protocol involves preparing a sample with

a low loading of a highly fluorescent dye immobilized in a somewhat viscous but not rigid medium.

18



The sample is exposed to a short burst of high-intensity light delivered from a monochromatic

source, such as a high-power diode laser (Figure 11). The light beam causes rapid bleaching of a

small fraction of the dye in a restricted sample volume. The sample is irradiated continuously with

a weak LED that does not itself cause bleaching but promotes a tiny fraction of the dye into a

fluorescent state. Fluorescence intensity is monitored in real-time with a suitable detector. As fresh

dye molecules diffuse into the detection volume, there is partial recovery of the fluorescence,

which is recorded and used to determine the diffusion coefficient (Figure 12). The FRAP technique

has many important uses in biology and medicine, especially with lipid membranes and proteins.

Figure 11: Experimental set-up used to measure diffusion coefficients via the FRAP technique.
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Figure 12: Typical kinetic output from a FRAP experiment. Fluorescence is monitored with a PMT
or solar cell continuously during the run, using a low power LED for excitation of the sample. At a
certain time, an intense laser pulse is used to bleach part of the sample, with subsequent loss of
emission. With time, fresh molecules enter the zone used to monitor fluorescence so that the
signal increases but not to the pre-pulse level. The rate of fluorescence recovery gives information
about the actual diffusion coefficient.

Apart  from the above examples, interest in the bleaching of dyes  stems  from a need to develop

new and improved ways to treat polluted materials, such as plastic waste. Current procedures for

avoiding plastic waste are based mostly on a strategy to cut down on the supply of common items

such as shopping bags and wrapping. Unlike recycling of metals and glass, there  is  no  direct

financial gain in recycling plastics. In fact, the recycling of plastics is a major challenge in many

cases and the situation is not made easier by the wide variety of plastics in current use. At best,

plastic containers can be recycled two or three times, after addition of new monomers, before

becoming unusable. For a few polymers, it is possible to convert them back into monomers, for

example, PET can be treated with an alcohol and a catalyst to form a dialkyl-terephthalate. The

terephthalate diester is heated with ethylene glycol to form a new polyester polymer, thus making

it possible to use the pure polymer again. This, however, is an exception.    At the other end of the

scale, black plastic pots used by garden centres for  transporting plants  cannot be recycled and

there is a growing mountain of such materials.
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While our work does not address the issue of photodegradable plastics, we are interested in the

concept of removing the dye, and especially any residual fluorescence, from materials. This would

make it easier for recycling of the plastic. Under   these conditions, it will not be sufficient to

subject the material to visible light and some kind of photocatalyst will be required to activate the

process.  This  is  an  unknown  field  and  will  require  the  development  of  new  reagents  and

experimental protocols. The early days of photodegradable plastics saw the active ingredient,

usually a benzophenone derivative, incorporated directly into the polymer prior to molding. This is

a long-term strategy and it will be necessary to firstly establish viability of our approach. To do this,

we need to identify a suitable, generic photocatalyst for initiating dye degradation.

1.6 Bleaching chemistry activated by light

Promotion  of  a  molecule  in  the  ground  state  to  the  first-allowed, excited-singlet  state  adds

a large amount of potential energy to the system. For many of the compounds of interest to us

here,  this excess excitation energy is dissipated as fluorescence and heat  passed on to the

surrounding medium. We have more-or-less avoided compounds with high triplet yields but it is

inevitable that some long-lived triplet states are formed in our systems. In principle, the excited

states could be used to promote degradation of the substrate but their lifetimes are rather short.

Typically, excited-singlet states possess lifetimes of a few nanoseconds while excited-triplet states

rarely survive for more than a few microseconds in air-equilibrated media. High concentrations of

substrate are needed to quench the excited states and the most common form of quenching

involves  light-induced electron transfer.  This  means that  a  suitable  redox-active  substrate  is

needed and this material must be in close proximity to the excited state. A further issue that

electron transfer reactions tend to be reversible such that light-induced charge separation is

followed by fast charge recombination to restore the ground-state system. There is no overall

chemistry!

Work  by  Shilov  in  the 1970’s  showed  how to circumvent  rapid charge  recombination  by

using   so-  called  sacrificial  redox  agents.100,101  Here,  the  added  reagent  undergoes  fast

dissociation that competes  favourably  with  charge recombination (Figure 13). The dissociative
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step must provide access to a different type of radical which will not simply replace the original

radical ion. We illustrate this by the scheme below. Many mild oxidants, such as a thiol, will lose a

proton upon oxidation and the resultant neutral radical no longer serves as a re-oxidizing agent.

Instead, the sulphur-based radical dimerizes to give a very weak reductant. This simple strategy

isolates the radical ion of the chromophore, which can transfer an electron to molecular oxygen so

as to form superoxide ions. The latter can be a highly effective bleach and anti-bacterial agent. It

is much longer-lived than the original excited state but has less potential energy. Corresponding

schemes can be proposed for oxidation of the excited state. This is reminiscent of how certain

photosynthetic  cyanobacteria  operate  where  sugar  production  occurs  under  illumination  but

without oxidation of water to molecular oxygen.

Figure 13: Typical Shilov-type photoredox reaction using a sacrificial electron donor to circumvent
charge recombination. The key reaction involves fast deprotonation of the oxidized thiol to give a
sulphur-centred radical. This latter species will  not act as an electron acceptor but prefers to
undergo  dimerization  or  cross-coupling  reactions.  This  provides  sufficient  time for  molecular
oxygen  to  oxidize  the  one-electron  reduced  form of  the  sensitizer  (SEN)  to  form hydrogen
peroxide.100

Many carbonyl  compounds,  such as thioxanthones,  have lowest-energy triplet  states  of  n,π*

character. Such excited states resemble free radicals with the radical character located on the

oxygen atom. In turn, this type of short-lived species is able to abstract a hydrogen atom from the

surrounding medium and thereby initiate a chain reaction involving carbon-centred free radicals

and molecular oxygen (Figure 14). The net result is the light-induced breakdown of the whole
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system, which after initiation becomes a dark process. This is a serious issue with anthraquinone-

based vat dyes which were popular in the 1950s as curtain dyes. The underlying chemistry was

explained by Bridge and Porter102 on the basis of one of the first applications of flash photolysis.

The only real problem with this type of photocatalysis is that near-UV light is needed to access the

n, π* state.

Figure 14: Molecular formula for a typical thioxanthone bearing a water-solubilizing sulphonate
group,  as  shown  in  both  tube  mode and as  a  space-filling  model.  Also  shown is  a  typical
photochemical  reaction  scheme  showing  chain  initiation  by  the  n,  π*  triplet  state  of  the
thioxanthone.

Similar types of photodegradation can be initiated with certain semi-conductors such as titania.

The chemistry is much the same as found with n, π* excited-triplet states but again near-UV light
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is needed. There are few alternatives to this approach but recent work by Sirbu et al.103  has

described the in-situ generation of an organic  hydroperoxide (Figure 15). This reaction involves a

light-activated intramolecular charge-transfer reaction driven by visible light. The resultant charge-

separated state undergoes charge recombination but part of the radical ion pair undergoes proton

loss to stabilize the species.  Electron transfer to molecular oxygen,  forming superoxide ions,

regenerates the chromophore in much the same   way as described     for the   Shilov-based

systems. However, now the hydroperoxyl radical formed by protonation of superoxide ions adds to

the carbon-centred radical formed by proton loss by the donor function. This forms a stable

organic hydroperoxide that could be  fully  characterized  by NMR spectroscopy. This latter species

is a modest oxidant and is capable of initiating chemical damage of added substrates. This is a

rare example of using light to form a useful bleaching agent with a long shelf-life.

Figure 15:  Overall reaction scheme proposed to explain the photochemical generation of an

active hydroperoxide that can be used as a catalyst for oxidations. See Sirbu et al.102 for further
details.

1.7 Conclusions and chapter breakdown

The research reported in this thesis explores the field of light-induced degradation of organic dyes.

Our interest in this subject is general and we are concerned with both enhancing and curtailing

photobleaching. This type of dichotomy is common in photo-activated systems, where the primary

intermediates might be quenched with added substrates or allowed to react along a destructive

pathway. We intend to rely on organic molecules, taking our cue from natural photosynthesis, and

make use of chemical kinetics to evaluate the reactions. There are few reports in the literature

that enumerate probabilities for light-induced bleaching of a common dye. In part, this is because

the rate and perhaps the mechanism depends on light intensity. We have identified the dye indigo
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as a possible standard reagent for bleaching trials. Indigo is a popular dye that has been in use for

more than one thousand years. Its colour is instantly recognizable. It is a small molecule that can

be transformed to the colourless form, known as iso- indigo, by addition of oxygen. Indigo is very

stable under illumination but does fade with time, despite only forming the triplet-excited state in

very low yield. 104 In  addition  to  looking  at  direct photolysis of dyes, we  have  studied  the

effects of  an  added  photocatalyst  to  enhance  colour loss.

During the course of our work, we began to consider new ways to produce a strong bleaching

agent by way of exposure to sunlight. Most  photochemical  bleaches are too short-lived to

operate in situations where the substrate is either slow to react or present  in relatively low

concentration. Our interest in this topic arises from observations of polluted water in many remote

parts of the world where clean drinking water is not to be taken for granted and where there is a

shortage of water for  washing (Figure 16). Given the power of photochemistry, it seems reason

able to  expect  that  some type of  disinfectant  could be generated in  situ  using simple  and

inexpensive technology. After much consideration, we opted to develop a photochemical method

for the production of chlorine dioxide in water using visible light excitation. Chlorine dioxide is a

stable radical, having been largely ignored by the photochemistry community, which dissolves

readily in water at neutral pH and can be removed under mild conditions.

Figure 16. Illustration of polluted water in some remote part of the world.

25



The outline of the thesis is as follows: Chapter 2 provides a description of the experimental

procedures used throughout the work. The    first    description  of  our  work  related  to

photocatalyzed bleaching  of  indigo  in  fluid  solution will  be  presented    as  Chapter 3. This

work continues in Chapter 4 with specific reference to the direct photobleaching of organic dyes.

Specifically this work concerns the photochemistry of methylene blue    in water and introduces a

novel  protective mode obtained by adding urea.  Chapter  5  covers  the photobleaching of  a

strapped derivative of boron dipyrromethene dyes. The final chapter describes our work with

chlorine dioxide.
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Chapter 2.

Experimental Methods and Procedures

Starting a reaction…

2.1 Materials
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Solvents used in this work were purchased as spectroscopic grade materials and were stored

under  N2 at 4 oC. Bottles were freshly opened and aliquots of solvent were removed using

appropriately sized syringes. Where necessary, solvents were redistilled before use. To ensure the

absence of artefacts associated with trace impurities in the solvent,  samples of DMSO were

purified by two different methods. Firstly,  DMSO was stored overnight over freshly activated

alumina before being filtered and distilled from CaH2 under reduced pressure. Secondly, an aliquot

of the purified solvent was refluxed for 4h over CaO, further dried with CaH2 and subsequently

fractionally distilled at low pressure. Water was doubly distilled and deionised as demanded for

conductivity measurements. Typical conductivies were in the region of 0.05 µS cm-1.  Water was

collected fresh from the still and used within a few hours. All solutions were protected from room

light and handled in the dark. Solutions were prepared by weighing an appropriate amount of solid

matter using a microbalance. The solid was transferred to a measuring flask and the correct

volume of solvent added via the syringe. Before addition of the full volume of solvent, the solution

was subjected to 10 seconds of ultrasound and filtered through a membrane filter. For liquid

samples, the solute was added to the measuring flask using a calibrated micropipette. All solutions

were prepared in duplicate or triplicate. If necessary, flask were wrapped in aluminium foil and

stored at 4 oC.

Certain routine compounds were purchased from commercial sources and used as received. These

include  salts  used  to  prepare  buffers  or  as  background  electrolytes.  Tris(2,2’-

bipyridyl)ruthenium(II)  dichloride was obtained from Sigma-Aldrich and used as received. The

absorption spectrum was compared to literature examples.1 Samples of indigo (Figure 1) were

obtained from Sigma Aldrich Ltd. and used as received. Analysis by NMR spectroscopy in d6-DMSO

showed the purity of the dye to be about 90%.2-4 A sample of the well-known liophillic anti-

oxidant butylated-hydroxytoluene (Figure 1) was purchased from Sigma Aldrich Ltd. and subjected

to column chromatography with 200-325 mesh silica gel using a mixture of diethylether/hexane

9/1 as eluent.5
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Samples of Methylene Blue (Figure 1) were obtained from Sigma-Aldrich and subjected to Soxhlet

extraction with chloroform. A minor amount of a red coloured product was removed. Analysis by

1H NMR spectroscopy of the residual dye, after drying in a vacuum oven, showed the presence of

small amounts of one or more impurities.6 These were estimated to contribute less than 2% to the

total dye concentration. Urea (Figure 1) was recrystallized from warm water, the temperature

being held at less than 50 °C to avoid contamination with ammonium cyanate, on addition of

ethanol.

Figure 1. Chemical formulae of the common materials used in this work after purchase from

commercial sources.

Other compounds used in this work were synthesized by specialist research groups at Newcastle

University. These include a strapped derived of boron dipyrromethene referred to throughout this

thesis as BOD (Figure 2). This compound was provided by Dr JG Knight.  Synthetic  details  have

been published  in  the open literature.7 It    was purified   by column   chromatography   and

analyzed by NMR  spectroscopy  and  mass   spectrometry. A second compound  is  a symmetrical

bis-pyrrole-BF2 complex  equipped  with   butylated  hydroxytoluene  groups   referred   to

throughout our  work as CAT. The chemical formula is shown as part of Figure 2. This compound

was synthesized and purified by Dr Dima Sirbu of our laboratory.8
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Figure 2. Chemical formulae of the specialized materials synthesized by other research groups
and used for some of our studies.

Chapter 6 describes experiments carried out with chlorine dioxide. Several procedures were used

to generate solutions of ClO2. The most successful preparation involved the chemical oxidation of

sodium chlorite by acetic anhydride in aqueous solution. The resultant stock solution of ClO2 was

immersed in an ice bath to minimize any loss of chlorine dioxide.9,10 The concentration of

dissolved gas was determined by iodometric titration.11-13  In  this  latter  procedure,  chlorine

dioxide was titrated with 0.05M potassium iodide solution to oxidize iodide to iodine, which is

titrated with standard sodium thiosulfate (Na2S2O3) 0.1 M solution using starch indicator. This work

is described in detail in Chapter 6.
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2.2 Methods

2.2.1 Absorption spectroscopy

Absorption spectra (also known as UV-Vis spectra, absorbance spectra and electronic spectra)

show the change in absorbance of a sample as a function of the wavelength of the incident light

beam as measured using a spectrophotometer. The intensity of light transmitted through the

sample, ISample, (such as an analyte dissolved in solvent) and the intensity of light through a blank,

IBlank, (solvent only) are recorded and the absorbance of the sample calculated using Equation 2.1:

A=log10

IBlank
I Sample

(Equation2.1)

For most samples, the absorbance is expected to vary in a linear manner with the molar

concentration of the solute;   which   enables     the   concentration   of   the   sample   to   be

calculated  from the absorption spectrum using the Beer-Lambert Law.

Routine absorption spectra were recorded using a Hitachi U3310 dual-beam spectrophotometer.

An appropriate wavelength range, between 250 and 900 nm, was selected. The slit width was

usually set to 1 nm and the scan rate was usually set at 120 nm/min. The instrument resolution

was set at 0.2 nm. Before replacing the solvent with the solution of interest, an automatic baseline

correction was carried out with pure solvent in both optical cells. These sample cells were usually

built from optical quality quartz with 1 cm path length and were cleaned with nitric acid, washed

profusely with water, then with acetone and dried in the oven. The concentration of solute was

adjusted such that the maximum absorbance at the peak maximum was between 0.5 and 2.0.

Cells of different path length were available to ensure the required absorbance could be achieved.

Microliter cells are also available for use when only small volumes of sample are available. All

absorption spectral measurements were repeated several times to ensure self- consistency. The

spectral data were saved to the hard disk and stored on dedicated PCs. Subsequent data analysis

was carried out away from the instrument.
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The Beer-Lambert law was used to relate absorbance (Aλ) at a certain wavelength to the molar

absorption coefficient at that same wavelength (Ɛλ).The latter term is reported in units of M-1 cm-

1. 

The  expression  is  specified  in Equation 2.2  where  c  is  the  molar  concentration  of  the

solute and  l  is  the   path  length in cm. In  applying  this  simple expression  it  is  essential  to

ensure  that  only homogeneous  solutions  are  used  and  that the  solute is properly dissolved. To

check the latter,  the solution was sonicated for a few seconds and filtered before filling the

cuvette. The beam from a laser pen was directed through the solution to ensure the absence of

light scattering.

                                                                   �� = ���� (�������� 2.2)

Occasionally it  is  useful  to record the corresponding transmission spectrum. More often it  is

appropriate  to  compare  the  absorption  spectrum with  the  excitation  spectrum recorded  for

fluorescent samples. Integration of the absorption band allows calculation of the oscillator strength

for the transition of interest. The instrument allows the temperature of the sample to be varied

between 5 and 100 oC. A separate attachment can be used to accommodate solid samples or

samples of unusual shape.

2.2.2 Fluorescence spectroscopy

Fluorescence spectroscopy provides an alternative means for measuring solute concentrations in

dilute solution. This is an indirect method that relies on the observation that the emission intensity

is a linear function of concentration provided the solution is optically dilute. Usually, this translates

to conditions where the absorbance at the excitation wavelength is less than 0.1. The linearity is

lost at higher concentrations. As such, fluorescence is especially useful for studies where the

chromophore is present at low concentrations. It is important to select the excitation wavelength

with great care, especially for photobleaching measurements. Often, this requires the experiment

to be repeated several times with different excitation wavelengths being applied each time. It is
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also possible to make fluorescence measurements with solid samples and, for this purpose, a

special sample holder was machined in the workshop.

Fluorescence spectra were collected using a Hitachi F-4500 fluorescence spectrophotometer, for

most measurements the scan rate was kept at  60 nm/min.  Additionally,  the excitation and

emission slit widths were kept at 2.5 for most solutions and optical filters were used to isolate any

scattered light from the excitation source. Fluorescence measurements were obtained using dilute

solutions, the absorbance at the excitation wavelength was between 0.05 and 0.1 in a 1 cm path

length quartz cell. This was done to avoid re-absorption or inner-filter effects. The solutions were

prepared using spectrophotometric grade solvents and recorded using quartz cuvettes. The cell

was cleaned and dried before use and the solvent was checked for fluorescent impurities. In

addition, in the case of a weak emission signal, larger slit widths (up to 10 nm) were used but this

adds some suspicion when investigating the peak position. It is also noteworthy that all emission

spectra were fully supported on the basis of comparing the corresponding absorption spectrum

with excitation spectrum in the same solvent.

The instrument was maintained by LAT Inc. and serviced at six-monthly intervals to ensure correct

calibration of the wavelength and linearity of intensity. Fluorescence and excitation spectra were

automatically corrected for wavelength effects using a calibration curve stored on the instrument.

This calibration curve was updated each six months. The instrument was driven by commercial

software that allowed easy measurement of areas and peak maxima. Data were stored on the

operating PC but copied to file for manipulation elsewhere.  All  emission measurements were

repeated  several  times. Figure  3  shows  an  example  of  overlaid  excitation,  absorption  and

fluorescence spectra recorded for BOPHY (see later for a description of this compound) recorded in

fluid solution. It will be noticed that there is extremely poor mirror symmetry between absorption

and emission spectra.
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Figure 3. Normalised absorption (black curve), fluorescence (grey curve) and excitation (grey
points) spectra recorded for TM-BOPHY in 2-methyltetrahydrofuran at room temperature. The
excitation  wavelength  was  415  nm  while  the  emission  wavelength  used  for  the  excitation
spectrum was 600 nm.

2.2.3 Photobleaching studies

Photobleaching (sometimes termed photofading) is the photochemical alteration of the molecular

structure of  a chromophore such that  colour is lost.14  The process can also be followed by

fluorescence  spectroscopy  if  the  photochemical  transformation  leads  to  permanent  loss  of

emission. Bleaching is a consequence of the breakage of covalent bonds or non-specific reactions

between the chromophore and surrounding molecules. Most organic molecules are susceptible to

photobleaching, especially in the presence of molecular oxygen. This is a particular problem for

fluorescence microscopy and  single molecule spectroscopy. In  fact,  the technique known as

Fluorescence Recovery After Photobleaching (FRAP) uses the in-situ destruction of the fluorophore

to  measure  diffusion  coefficients.  The  number  of  excitation  cycles  required  to  achieve  full

bleaching of a chromophore varies enormously between compounds. It might be mentioned that

natural systems use photobleaching as a simple means for recycling materials at the end of the

growing season.
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Figure 4.     Output measured for one of the broadband illuminators used extensively in this

work.

We used two different experimental protocols to monitor the effects of illumination.  The first

experiment used a white light source for excitation of the sample. Figure 4 shows a typical lamp

output as a function of wavelength, note lamps could be changed in order to optimize output for a

particular class of chromophore. Output from the lamp   was measured by passing the beam into a

corrected fluorescence spectrophotometer and recorded the spectrum with the excitation beam

blocked. This set-up is intended to mimic the effects of exposure to sunlight. It does not favour

selective illumination since any coloured product will also be subjected to possible photobleaching.

The second experiment used high-power LEDs of particular colour to excite the sample. Here, a

single chromophore can be selectively illuminated in a mixture and   products can be protected

against adventitious illumination. The limitation of the system is the relatively low photon flux

which means that long exposure times are needed. This set up was used for measuring quantum

yields for photobleaching. A typical LED output is shown as Figure 5. All of our  LEDs  were

obtained from  ThorLabs  and  equipped  with    heat  sinks  to  avoid    thermal  breakdown. A

variety of wavelengths is available but each  LED has  to  be  calibrated  for  energy  output as

this changes  markedly  between  the diodes.
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Figure 5. Typical output from the high power LEDs used to monitor the course of photobleaching

of organic dyes.

The LED set-up is shown   in Figure 6. Here, the high-power LED is equipped with several heat

sinks to avoid overheating the lamp. Output from the LED is directed through a reflective screen to

a water cooler and then to a camera objective. The latter is used to focus the light beam onto the

sample cuvette  which  sits  on  a  micro-stirrer.  A computer  controlled  shutter  prevents  undue

illumination of the sample and an iris, situated in front of the sample cell, controls the light flux

incident on the sample. A quartz slide directs roughly 5% of the light   beam to a photocell as   a

way to record day-to-day light levels. The remainder of the light beam passes through the iris and

onto the sample. Part of this beam is absorbed by the dye and the rest is       directed to a second

photocell. Output from this detector is recorded by a data logger and sent to the controlling PC for

storage.  At  regular  intervals,  the  sample  cell  is  removed  for  recording  absorption  and/or

fluorescence spectra. The light intensity measured over illumination time is used to determine

rates of photobleaching.  Light intensity is varied   by inserting neutral density filters into the

beam.
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Figure  6.  Photograph  illustrating  the  monochromatic  LED  illuminator  used  for  some

photobleaching studies reported here.

Figure 7 shows a typical example of output from this instrumental set-up. The figure shows the

stepwise bleaching of the strapped boron dipyrromethene derivative abbreviated as BOD. This

system will be covered in Chapter 5. Unlike the broadband illuminator, the LED allows selective

illumination of preferred chromophores within a mixture. This situation becomes important in

Chapter 3 where we examine the catalyzed bleaching of indigo following selective excitation of the

BOPHY-based photocatalyst CAT. Furthermore, the LED is reasonably stable with respect to light

output over prolonged   periods as long as the heat is dissipated quickly. This allows quantum

yields for photobleaching to be measured. A further advantage of this set-up is that coloured

intermediates need not be subjected to illumination during the bleaching process. This  allows  the

loss  of  the primary  chromophore  to be  compared with  the  accumulation of  the  intermediate,

as happens  with the example shown in Figure 7. The  actual  choice  of  LED  is based  on  the

absorption spectrum of  the  initial chromophore.
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Figure 7. Illustration of the stepwise photobleaching of BOD under illumination at 620 nm in air-
equilibrated DMSO solution. Absorption spectra were recorded each 30 minutes while kinetic
information at  620  nm accumulates  during the  experiment.  Note  the  build-up of  a  product
absorbing at around 525 nm and the eventual stabilization of absorption in the red region. This
suggests that the overall bleaching pattern is complex.

2.2.4 Measurement of the quantum yield for photobleaching

Most organic dyes tend to degrade under continuous exposure to visible light. This leads to a

change in colour or, in extreme cases, to a complete loss of colour. There might be concomitant

changes in fluorescence intensity and/or spectral profile. This effective light-induced change in dye

concentration  has  serious  effects  for  single  molecule  spectroscopy  and  for  super-resolution

microscopy. In order to quantify the loss of chromophore, we can think about determining a

quantum yield for bleaching (B) or we can record the rate of loss of chromophore (). There is no

consensus in the literature regarding standard chromophores that could be useful as reference

compounds by which to compare bleaching rates or yields. In the case of Rhodamine 6G in air-

equilibrated water, B  values ranging from 2 x 10-6   to   3 x 10-5   have been reported.

Furthermore, these      B  values depend markedly on light intensity, dye concentration, pH, O2

pressure, temperature and the state of reaction. The latter point means that the photobleaching

rate is nonlinear over time. This behaviour can result from autocatalysis, product build-up or from

a change in mechanism.15-19
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Fluorescence  correlation  spectroscopy  (FCS)20  is  a  useful  technique  for  monitoring

photobleaching. Such studies have indicated a strong dependence of photobleaching probabilities

on excitation irradiance that simple mechanistic considerations cannot explain. In our work, we

rely on absorption spectroscopy to monitor changes in concentration of the chromophore. In some

cases, fluorescence spectroscopy provided confirmation of the results obtained from absorption

spectral studies. The rate of bleaching at a fixed photon flux is determined from a plot of molar

concentration against illumination time. Such plots are often exponential  in nature but rarely

linear. In all cases studied here,  increased with increasing incident light intensity. The value for 

was determined as the tangent to the curve at different illumination times. A correction factor can

be applied to the derived  value for variations in the extent of light absorption, provided short

illumination periods are considered. If  the illumination period (t)  is  too long, the change is

concentration might be too large for the correction factor to work properly. In the simplest case,

we can express � in terms of Equation 2.3:

                                 � = �0 × �� × [���] = �0 × (1 − 10−�) × [���] (��������

2.3)

Here, I0 is the incident light intensity, A is the average absorbance over the wavelength range

delivered by the lamp, and the  coefficients  α  or  β   reflect  the  fact  that the  rate  might  not

depend linearly on dye concentration. We express the rates of photobleaching in units of µM per

unit time.   As  such, it  is  necessary   to  ensure  that  the  same  illumination profile  is  retained

throughout a set of experiments. Photobleaching of a dye solution can be characterized by a

quantum yield for the bleaching process (B) or in terms of a reaction probability (PB). Indeed, it is

common practice to express photochemical and photophysical behaviour in terms of a quantum

yield.  The  quantum  yield  is  equal  to  the  number  of  molecules  of  dye  that  have  been

photobleached divided  by  the  total number of photons absorbed during   the same time interval

(Equation 2.4).
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The same quantum yield can be expressed

in terms of photophysical parameters such as the radiative (kRAD) and radiationless   (kNR)   rate

constants  and   the excited  state  lifetime (�S):

 

φB=
kB

k RAD+k NR+kB

=k B∗τ s

This  expression  is  suitable  for  chromophores  that  do  not  form  the  triplet-excited  state  in

reasonable yield. It might be applicable  to certain  highly  fluorescent  dye s such  as  Rhodamine

6G or conventional  BODIPY derivatives.  Such  compounds  have  excited-state  lifetimes of

around  5 ns and, allowing for B  values in the range of  10-6, we reach a crude  estimate  for  the

corresponding rate constant for bleaching  as  being around 200  s-1.  This type of definition hides

a multitude of competing processes, however, and it is far from obvious that photobleaching is a

simple consequence of light absorption. It is more likely that bimolecular processes are involved

and that impurities play an important part in the bleaching event. We have measured B values

directly from Equation 2.4, which makes no reference to the reaction mechanism.

In measuring B values, we have varied the light intensity and dye concentration.  Also varied are

factors such as the partial pressure of dissolved O2 and the concentration of added reagents.

Yields have been determined over relatively short illumination periods and for low conversion

rates. The output from the LED was recorded continuously to ensure that the rate of photon

uptake remained constant during the experiment. Measurements were carried out in duplicate.    

2.2.5 Electrochemistry

In searching for practical ways to produce concentrated aqueous solutions of chlorine dioxide we

have considered the direct electrolysis of sodium chlorite. Ideally, this process would consist of

passing direct current through molten sodium chlorite but this is not a viable option in our case.

We need to identify a simple way to produce a reasonable quantity of chlorine dioxide using

readily  available  techniques.  Therefore,  the  simplest  operation  is  to  electrolyze  an  aqueous
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solution using inert electrodes. For the latter, we opted to use graphite rods which were cleaned

by sodium carbonate and fitted with wires attached with silver epoxy resin. The resin was coated

with wax to form an insulating layer. We selected graphite as the electrode material because of

the  large  over-potential  involved  in  electrolysis  of  water  to  hydrogen  and  oxygen.  Initial

experiments used sodium chlorite (0.5 M) in de-ionised water containing a small amount (0.02 M)

of phosphate buffer at pH 7. Cyclic voltammetry experiments made by Dr. Patrycja Stachelek in

our Laboratory indicated that chlorite undergoes a fully reversible one-electron oxidation with a

half-wave potential of 0.70 V vs NHE. The half-wave potential is independent of pH across the

range 4<pH<10. The corresponding half-reaction can be written as: 

Hypochlorous acid forms at low pH and so the pH was kept above 4 for all our experiments. In

alkaline solution, chlorine dioxide is hydrolysed and so the pH must be kept below ca. 10. Chlorite

can be reduced at the electrode to form chloride but this causes the pH to increase, as was

measured experimentally using a microelectrode. Because of this reaction, it was necessary to

change cell design and use two separate compartments as described in Chapter 6. 

A further change in experimental protocol involved replacing the battery with a photovoltaic cell.

We used a multiple panel Si solar cell wired in series to give an output potential of ca. 1.8 V. This

was sufficient potential to drive the various electrochemical half-reactions. If required, the solar

cell could be re-configured to produce 2.4 V. 

Electrolysis of aqueous solutions can be treated in terms of Faraday’s laws of electrolysis. In our

set-up,  it  was  possible  to  measure  the  average  current  flowing  through  the  circuit  under

illumination with a 250 W halogen lamp. The electrical charge (expressed in coulombs) is equated

to the average current in amps multiplied by the time of electrolysis in seconds. Using the Faraday

constant, it is possible to relate the charge with the number of electrons passed through the cell.

These must be balanced between anode and cathode compartments but give a crude idea of the

amount of product formed during the photo-electrolysis process.
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2.2.6 Light-driven electrochemical oxidation

A relatively new way to bring about photochemical reactions is to make use of a photovoltaic

panel to produce the necessary impetus for the reaction. This can be done using a combination of

silicon solar panels to generate a particular potential that can be delivered to inert electrodes. Our

set-up is illustrated in Figure 8. Here, the solar panel comprises three or four individual silicon

panels wired in parallel and is illuminated with a white light source. The distance between lamp

and panel is varied as required. The solar panel generates a potential of 1.5 V or 2.0 V according

to the number of individual panels wired into the system. Graphite electrodes are attached to the

terminals of the solar panel and immersed into electrolyte solution held in the sample chamber. A

variety of sample cells was designed and used for various oxidative reactions, where the nature of

the catholyte was varied. This work is described in Chapter 6.

Figure 8. Photograph of the photovoltaic set-up used to drive certain oxidative reactions.

2.2.7 Laser Flash Photolysis

Transient absorption21 spectra were recorded with several instruments. For nanosecond studies,

an Applied Photophysics Ltd. LKS50 instrument was used (Figure 9). Here, the sample solution,
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which had an absorbance of about  0.3  at  the  excitation  wavelength, was placed  in a quartz

cuvette and was deoxygenated with a stream of N2 gas. The sample was then excited using a

frequency-doubled, tripled or quadrupled Q-switched, Nd-YAG laser giving 532 nm, 355 nm or 266

nm respectively at 4 ns pulses. A pulsed Xenon arc lamp was used as the monitoring beam. The

signal was then passed through a high-radiance monochromator to a fast response transient

digitizer.  Regular checks were made to  ensure that the laser beam, flash lamp and sample

chamber were all aligned properly. Output  was averaged  in  order  to  improve  the  signal-to-

noise ratio  and  subsequently  amplified.22-24

Figure 9: Laser set up used to measure transient absorption spectra.

To obtain the transient decay kinetics, a suitable monitoring wavelength must be chosen. Once the

wavelength was set, the PMT voltage was altered between 0–1200 V to produce a light level in the

range of 300–500 mV. Next, the time-base is selected as well as the intensity scale. The base line

was corrected with   0% and 100% transmission readings and then the absorption decay profile

was collected and averaged. The experimental trace can be analysed in terms of several different

kinetic   schemes. Transient   absorption   spectra are obtained by measuring decay traces at

individual wavelengths. One such decay trace is analysed to give suitable time intervals that are

subsequently  applied to all  other decay traces using the Virtual  Acorn  A5000 software.  The

resulting spectra were then splined so as to produce a smoothed transient absorption spectrum

from the collected data points.
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Chapter 3.
Photocatalyzed Degradation of Indigo in

Solution 

via in-situ Generation of an Organic
Hydroperoxide
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                                                                                                                              Blue is the

colour…

3.1 Summary

Indigo, an emblematic violet dye used for thousands of years to colour fabric, is resistant to fading

on exposure to sunlight. Prior work has indicated that indigo is reactive towards both hydroperoxyl

radicals and superoxide anions in solution. In order to promote photobleaching of indigo, we have

utilised a  BOPHY-based (BOPHY = aryl  fused symmetrical  pyrrole-BF2 complex) chromophore

known to form both superoxide ions and a stable alkyl hydroperoxide under illumination in aerated

solution. Selective irradiation of the photocatalyst causes relatively fast fading of indigo, with the

rate increasing gently with increasing concentration of indigo. Molecular oxygen and light are

essential for bleaching to occur. One molecule of the photocatalyst can bleach more than 40

molecules of indigo. An active component of the photocatalyst is a butylated hydroxytoluene

(BHT) residue which itself quenches the triplet excited state of indigo. This provides an ancillary

mechanism for effecting photofading of indigo but, because the triplet is formed in very low yield,

this route is not practical.

3.2 Introduction

Photochemistry has an important role to play in our attempts to remove waste products, toxins

and pollutants from industrial sites, water supplies and household garbage.1-3 There are several

tried-and-tested photochemical reactions4,5 that offer near universal treatments that could be

applied on a large scale. These include photochemical hydrogen atom abstraction using an n, π*

excited triplet  state.  This type of  initiation leads to chain reactions,6 well  known in polymer

chemistry,7 but  needs  near-UV  activation.  An  alternative  reaction  involves  the  sensitized

generation of singlet molecular oxygen8 via triplet energy transfer.9 Now the energy requirements
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are far less demanding than for hydrogen atom abstraction and many organic compounds are

known to generate high yields of singlet oxygen in solution under visible light illumination.10 The

main difficulty in applying this process to waste removal concerns the rather short lifetime of

singlet oxygen, which ranges from 4 µs in water11 to 25 µs in N,N- dimethylformamide.12 In situ

generation of superoxide ions overcomes the kinetic limitation of singlet oxygen but is more

difficult  to  achieve  in  reasonable  yield.13 Not  all  substrates  are  susceptible  to  attack  by

superoxide. Further developments in the photochemical destruction of unwanted organic residues

require  the  introduction  of  a  potent  bleach  that  has  a  long  inherent  lifetime  and  can  be

regenerated during the cleansing operation. To this end, we draw attention to the recent report14

of the photodriven formation of an aryl hydroperoxide by way of intramolecular charge transfer

followed by addition of molecular oxygen.

To test the capability of this type of photocatalyst as a new bleaching reagent, we apply it to the

destruction of indigo (Figure 1). The latter is a very stable violet dye with an important history.15

Indeed, the colour of indigo was selected by Newton for describing the dispersion of light in a

rainbow and it was favoured by Napoleon for his army’s tunics. Originally, indigo was extracted

from plants and processed to give the familiar colour always associated with blue jeans but

nowadays the compound is produced synthetically from N-phenylglycine. Production of indigo is a

massive industry and involves some 5,000  tonnes  of  dye annually.16 Part  of  the  great

attraction of  indigo dyes  stems  from their high stability,17 which can be attributed to the two

intramolecular hydrogen bridges formed between amino and carbonyl  groups.  These internal

hydrogen bonds occupy positions that would otherwise be the most reactive towards nucleophilic

and electrophilic  attack.  Indigo is  highly  resistant  to  light-induced damage by way of  direct

excitation.18 This is because the excited states are deactivated rapidly by way of intramolecular

proton transfer. Photoacoustic calorimetry has been used to measure properties of the triplet-

excited state, as populated19 by sensitization. This work confirmed20  the very low inherent triplet

quantum yield (i.e., � T = 0.006) and located the triplet energy at 1.0 eV. Such properties do not

favour triplet-state reactions! Given the unusually high stability reported for indigo, this compound

makes an ideal target for photocatalyzed transformations. Of particular interest to this work is the
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observation  that  the  central  double  bond in  indigo is  susceptible to  attack  by  hydroperoxyl

radicals.  This generic reaction, which is illustrated in Scheme 1, is likely to operate under mild

conditions  and should  be  accomplished  with  a  range  of  oxidants.  Certain  properties  of  the

delocalized radical formed by addition of a hydroperoxyl radical (or a hydroxyl radical) to indigo

have been established by computational studies and it appears that the spin density is delocalized

over most of the unsubstituted half of the molecule.21 The fate of  the radical remains unknown

but might involve secondary addition of molecular oxygen at one of the many possible carbon-

centred radicals. This would create a chain reaction leading to conversion of indigo to isatin.

Independently, Kettle et al.22 reported that superoxide anions attack indigo carmine (a water-

soluble form of indigo prepared by treatment with concentrated sulfuric acid) to give isatin sulfonic

acid. These observations suggest to us that indigo might be susceptible to bleaching by certain

types of photoredox reactions. Chemical oxidation by strong oxidants, such as nitric acid, leads to

formation of isatin (Figure 1).

Figure 1. Chemical formulae for the main compounds discussed in the text.  Note that CAT
possesses two active butylated hydroxytoluene (BHT) residues per molecule of BOPHY.
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Scheme 1. Reaction  between  indigo  and  hydroperoxyl  radicals to  give  an  addition  product
where  the  spin  density  is  delocalized  around  the  unsubstituted  half  of  the  molecule.  Re-
arrangement and bond cleavage gives a molecule of isatin and a free radical. The latter can react
with oxygen and indigo in a radical chain reaction to form more isatin.

Separately, previous work has established14 that the photocatalyst, CAT (Figure 1, Scheme 2),

forms  an  organic  hydroperoxide  (C-OOH)  following  rearrangement  after  light-induced

intramolecular electron transfer. The key reaction here is the rapid loss of a proton from the

oxidized phenol residue which helps to prevent charge recombination to recover the ground state.

The corresponding BOPHY-based (BOPHY is  a recognized acronym for  the symmetrical  fused

pyrrole-BF2 complexes introduced recently by Ziegler et al.23 as an extension to the popular boron

dipyrromethene family of fluorophores24) π-radical anion is re-oxidized by molecular oxygen,

forming the superoxide anion which picks up the proton to generate a hydroperoxyl radical. This

overall sequence forms a neutral radical resident on the phenoxyl ring which is stabilized at the

bridgehead carbon centre. Subsequent addition between the two radicals leads to formation of C-

OOH. It is now a straightforward matter to combine the two reactions (i.e., Schemes 1 and 2) into

a single sequence.
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Scheme 2. Illustration of the events that follow from illumination of CAT in aerated solution.
Intramolecular charge transfer leads to formation of a highly reversible charge-transfer state for
which deprotonation of the oxidized phenol competes with charge recombination. Interception of
the  BOPHY  π-radical  anion  by  molecular  oxygen  is  much  slower  but  leads  subsequently  to
formation of the hydroperoxyl radical. Addition between the two radicals leads to formation of CAT.

3.3 Photobleaching of the isolated reagents

Indigo is insoluble in water and indeed in many common organic solvents. It dissolves reasonably

well  in  dimethylsulfoxide  (DMSO),  however,  and  this  solvent  was  used  for  many  of  our

photochemical  studies.  Additional  experiments were made in N,  N-dimethylformamide (DMF),

which is a moderately good solvent for indigo. In DMSO, the solution shows a strong absorption

band centred at ca. 610 nm, where the molar absorption coefficient is 22,140  M-1 cm-1.  Solutions

of indigo are stable over prolonged periods when left in ambient lighting. Illumination of the air-

equilibrated solution with white  (λ>400 nm) light  has  little  effect  and after  250 minutes of

continuous exposure there was less than 5% loss of the chromophore. On prolonged illumination

(Figure 2), the chromophore slowly bleaches to give a transparent product (most likely some

derivative of isatin). During the photofading process, the absorption maximum appears to undergo

a modest (i.e., 3 nm) blue shift but this is difficult to follow with any real certainty (Figure 3).

Photobleaching is irreversible in both DMSO and DMF solutions and requires the presence of O2.
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Figure 2. Stepwise bleaching of indigo in air-equilibrated DMSO under white light illumination.
Spectra were recorded at various time intervals over a period of 240 hours. Note the small blue
shift that accompanies bleaching of the chromophore.

Figure 3. Progressive  shift  of  the  absorption  maximum  recorded  for  indigo  in  DMSO
solution during illumination. (a) Direct illumination of indigo in air-equilibrated solution. (b) Indirect
illumination  of  indigo  in  the  presence of  CAT  as  light  absorber.

[ indigo ]
[indigo ]0

=A1 exp
−k1 t+A2exp

−k2t (1)
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The course of reaction can be followed conveniently by absorption spectrophotometry, where

bleaching appears to follow a two-step process (Figure 4). Indeed, the absorbance change at any

wavelength can be well explained as the sum of two exponential processes (Equation 1). The

initial step (k1 = 0.21 ± 0.02 h-1) accounts for between 5 and 10% of the total change while the

slower step (k2 = 0.011 ± 0.002 h-1) is responsible for the more significant absorption

change. Similar results were observed in DMF solution and with different samples of DMSO. Drying

the solvent had no obvious effect on the rate of photobleaching. Removing molecular oxygen from

the solution caused a substantial (i.e., 8-fold) decrease in the rate of bleaching.

Figure 4. Kinetic plot for the absorbance change at 610 nm accompanying photobleaching of
indigo in air-equilibrated DMSO. The line drawn through the data points corresponds to a fit to
Equation 1.

 Both steps, however, were found to speed up with increasing light intensity (Figure 5). Indeed, the

average rate of chromophore bleaching increases linearly with increasing light intensity. It is this

feature that causes the apparent first-order rate law (ignoring the initial loss of a few percent of

indigo) since the rate of bleaching depends critically on the rate of photon uptake. The latter

depends on incident light intensity and the molar concentration of chromophore. Even at high

photon flux, the overall rate of loss of colour remains very slow. Adding furfuryl alcohol (2M) to the

air-equilibrated  solution  stabilizes  the  chromophore  against  bleaching,  at  least  over  20h  of
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continuous illumination. This latter substrate is considered to be a trap for singlet molecular

oxygen.25

Figure 5. Effect of incident light intensity, as modulated with neutral density filters, on the rate of
photobleaching of indigo in air-equilibrated DMF solution. (a) Direct illumination of indigo in air-
equilibrated solution. (b) Indirect illumination of indigo in the presence of CAT as light absorber.

Under comparable conditions with respect to the rate of photon absorption, CAT undergoes14

somewhat more efficient photobleaching when illuminated in air- equilibrated DMSO at 20 0C.

Here, the absorption maximum occurs at ca. 470 nm, this being characteristic of the BOPHY

chromophore,26 where the molar absorption coefficient is 38,000 M-1 cm-1. During photolysis of

CAT with white (λ>400 nm) light, the absorption band bleaches without formation of a significant

amount of a coloured intermediate. At short illumination times, the bleaching kinetics are zero-

order with respect to the concentration of CAT, provided the fraction of light absorbed27 by the

chromophore is taken into account. For a typical experiment, the rate of loss of chromophore

corresponds to ca. 0.45 µM h-1. Over longer illumination periods, the bleaching reaction becomes

auto- catalytic.28 Our current understanding of  the overall  process is  that photolysis  in air-
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equilibrated solution results in formation of the hydroperoxide, C-OOH, in modest yield.14  This

reactive species is responsible for the auto-catalysis and leads to both bleaching of the BOPHY

chromophore and irreversible loss of one of the butylated hydroxytoluene residues.

It  is  difficult  to  make  a  direct  comparison  between  the  rates  of  decolouration  of  the  two

compounds because of the different reaction kinetics. However, restricting attention to the first

ten hours of illumination, we can obtain consistent bleaching rates of 0.45 ± 0.06 µM h-1 for CAT.

With the same rate of photon absorption by indigo, the average rate of bleaching is 0.011 ± 0.003

µM h-1. Thus, on average, CAT bleaches some 40-fold faster than indigo in air-equilibrated DMSO.

3.4 Indirect photobleaching of Indigo

Illumination of a mixture of CAT (11 µM) and indigo (17 µM) in air-equilibrated DMF solution with an

LED emitting at 425 ± 15 nm, where indigo does not absorb appreciably, was carried out for a

total of 75 hours. During this period, there was considerable (i.e., ca. >90%) loss of indigo (Figure

6). Over the same period, roughly 10% of CAT was lost; most of this bleaching occurs towards the

end of the reaction where the concentration of indigo has been seriously depleted. At early stages,

bleaching of  indigo involves very little loss of  CAT.  Without added indigo,  some 30% of CAT

bleaches over the same illumination period. Without CAT, there is no loss of indigo under these

conditions. At an initial CAT concentration of 11 µM, which absorbs around 60% of the LED output,

it was found that the minimum concentration of indigo needed to suppress loss of CAT was ca. 22

± 4 µM. This is considered to be quite low and therefore consistent with the notion that the active

catalyst is relatively long lived. Using such low concentrations of indigo to trap the active species,

it was observed that bleaching of indigo could be roughly approximated to first-order kinetics at

fixed light intensity and at a given initial concentration of CAT (Figure 6). For the specific example

shown in Figure 7, the crude first-order rate constant for loss of indigo is ca. 0.011 ± 0.002 h-1.

This value is given simply as a measure of the bleaching efficacy and should not be considered as

a “genuine” rate constant. Furthermore, it applies only to the set experimental conditions used for

the experiment, especially with respect to light absorption by CAT. 
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Figure 6. The lower panel provides overlaid absorption spectra following the bleaching of indigo
induced by photolysis of CAT. Spectra were recorded at various times over a period of 80 hours of
continuous illumination. The upper panel shows how the absorbance changes at wavelengths
corresponding to CAT (grey solid circles) and indigo (open circles). The red line drawn through the
latter points corresponds to the best fit to a first-order reaction. 

Figure 7. Typical reaction profile recorded for the indirect photobleaching of indigo using CAT as
photocatalyst. The arrow indicates the course of reaction. Illumination is made at 425 nm.
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The rate () of catalyzed bleaching of indigo was found to depend linearly on the incident light

intensity for a given concentration of CAT. The rate, in fact, correlates with the rate of photon

uptake by CAT which can be modulated by light intensity and/or CAT concentration.29 This rate

remains essentially constant over 10 hours of continuous illumination but depends markedly on

the initial concentration of indigo. In fact, the rate of bleaching appears to increase linearly with

increasing concentration of indigo at low substrate concentrations but begins to reach a plateau at

higher  concentrations  (Figure  8).  The  projected  maximum  rate  of  bleaching  of  indigo,  as

extrapolated from the plot, corresponds to ca. 1 µM per h. This behaviour can be explained in

terms of indigo intercepting one of the key reaction intermediates involved in preparation of the

active catalyst. Given the known chemistry, this intermediate is most likely the superoxide anion.

This leads to the overall reaction sequence illustrated in Scheme 3 and requires that bleaching of

indigo via CAT is considerably more effective than is direct  reaction with superoxide anions.

Confirmation  of  this  latter  point  was  obtained  by  the  increased   observed  at  higher  CAT

concentration for the same initial concentration of indigo, after allowance for the disparate photon

uptake. 

 

Figure 8.  Effect  of  initial  indigo  concentration  on the  rate  of  bleaching of  indigo  following
illumination of CAT (9 µM) at 425 nm.
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Scheme 3 is intended to highlight the possible interference created at high concentrations of

indigo. Thus, the catalytic cycle requires that the BHT group remains active following reaction with

indigo. This feature is illustrated by step (d) and involves transfer of the hydroperoxyl radical from

C-OOH to indigo. The resultant CAT-derived radical is the same species as formed by light- induced

intramolecular charge transfer and subsequent loss of a proton (step (a)). This radical needs to

undergo an addition reaction with the hydroperoxyl radical (step (c)) to form the active catalyst.

The alternative is some type of inactivation that retains the BOPHY chromophore but loses the

oxidative capacity of the BHT unit. The key intermediate, therefore, is the superoxide anion which

is the main source of hydroperoxyl radicals (step (b)). Interception of this radical anion by indigo

causes bleaching of the latter but this is not catalytic since CAT becomes inactivated. As such, the

relative concentrations of  indigo and CAT need careful  optimization to  obtain the maximum

efficacy for bleaching.

Scheme 3. Reaction sequence proposed to account for the indirect bleaching of indigo following
illumination of CAT in air-equilibrated solution.
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On long illumination times, it becomes possible to completely bleach indigo but with only modest

consumption of CAT. The degradation of CAT occurs as the concentration of indigo decreases and

is probably caused by incomplete trapping of the reactive intermediates. A product accumulates in

the near-UV region, with an absorption maximum at 320 nm (Figure 9). This was not characterized

but the absorption spectrum bears a reasonable resemblance to that of isatin,30 bearing in mind

the screening effect imposed by CAT. It should also be noted that isatin is photochemically active31

and is likely to react via hydrogen atom abstraction from the solvent or one of the reagents under

the conditions of the experiment. Loss of CAT could be prevented by adding extra indigo to

compensate for loss of the latter during the bleaching process. In this case, the catalysed reaction

could be continued for more than two weeks with less than 20% loss of CAT.

Figure 9. Absorption  spectrum  derived  for  the  breakdown  product  derived  from  indirect
photobleaching of indigo in air-equilibrated DMSO solution.

Under optimized conditions, with relatively low light intensity, the quantum yield for catalysed loss

of indigo was determined to be ca. 2 x 10-3.     One molecule of CAT can bleach around 40

molecules of indigo in DMSO and ca. 30 molecules in DMF. Bleaching demands the presence of

molecular oxygen. The decolouration of indigo occurs with sunlight as the source.
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3.5 Effect of adventitious butylated hydroxytoluene (BHT)

A set of experiments was performed in order to assess the significance of covalent attachment14

of the anti-oxidant BHT32 to the BOPHY-based chromophore. Here, a mixture of CAT (12 µM) and

indigo (18 µM) in air-equilibrated DMSO was exposed to the white-light source for a total of 10

hours. Absorbance measurements were made at frequent intervals. Under these conditions, there

was essentially no loss (i.e., <3%) of CAT but indigo bleached via first-order kinetics with an

effective rate constant of 0.0078 ± 0.0008 h-1. Bleaching of indigo was not observed when the

experiment was repeated with a 550 nm cut-off filter in front of the sample cell, indicating that the

origin of the loss of indigo was C-OOH. This was confirmed by illumination of the mixture with a

550-nm short wavelength pass filter where the rate of bleaching of indigo was the same as

observed without the filter. Addition of butylated hydroxytoluene (BHT) at a concentration of 1 mM

resulted in a two-fold increase in the rate of bleaching of indigo but did not cause loss of CAT.

Omitting CAT from this latter mixture caused the rate of bleaching to fall by roughly 50%. In the

absence of CAT, but with added BHT (1 mM), placing a concentrated solution of indigo in front of

the sample cell stopped the bleaching reaction. Thus, under these conditions, bleaching of indigo

is initiated by BHT reacting with an excited state of the dye.

Following the work of Melo et al.,19,20 the triplet state of indigo could be detected by transient

absorption spectroscopy following excitation of a de-aerated DMF solution with a 4-ns laser pulse

at 610 nm. The differential absorption signal was of low intensity (Figure 10), with a maximum at

ca. 525 nm, and required multiple averages in order to obtain a convincing spectrum. The signal-

to-noise, however, was sufficient to estimate a triplet lifetime of 19 ± 4 µs. This triplet lifetime was

shortened to ca. 9 µs upon addition of BHT (10 mM) to the solution. The signal was too small to

allow accurate derivation of the bimolecular quenching rate constant but appears to confirm that

the indigo triplet is reduced by BHT in polar solvent. It might be stressed that there is a problem

removing the dissolved oxygen from the viscous DMSO solvent.
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Figure 10. (a) Transient differential absorption spectrum recorded following laser excitation of
indigo in de-aerated DMSO solution. The excitation wavelength was 610 nm. (b) Kinetic decay
traces recorded at 525 nm in the absence (black curve) and presence (blue curve) of BHT (10mM).
The red lines  drawn through the  data curves  correspond to  first-order  fits  of  19  and 9  µs,
respectively.

Returning to the decolouration of indigo in the absence of CAT, it was observed that the rate () of

photobleaching was constant for the first 10 hours of illumination. The derived value of    was

very low but increased dramatically on addition of BHT (Figure 11). The rate continued to increase

with increasing concentration of BHT but tended towards a plateau at high concentrations. This

indicates that interception of  the triplet  state by BHT is  not rate limiting under these latter

conditions. Instead, the bottleneck appears to be the rate of generation of the triplet state. This is

evident by the linear relationship between   and the rate of photon uptake. The latter can be

modulated by varying the incident light intensity or by changing the concentration of indigo. The

overall reaction is illustrated by way of Scheme 4. At high concentrations of added BHT ([BHT]

>25 mM), the bleaching kinetics become mildly auto-catalytic.28
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Figure 11. Effect of added BHT on the rate of photobleaching of indigo on exposure to broadband

illumination.

Scheme 4. Reaction sequence proposed to explain the photobleaching of indigo in the presence
of added BHT but without CAT. The triplet lifetime of 19 ± 4 µs. This triplet lifetime was shortened
to ca. 9 µs upon addition of BHT (10 mM) to the solution.
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3.6 Conclusions

This work has introduced14 a new type of photobleaching strategy and applied the protocol to the

decolouration of the classical dye indigo in fluid solution. Useful rates of photobleaching have been

observed that significantly exceed rates found by direct illumination of indigo.17, 18 The active

ingredient is believed to be an organic hydroperoxide14 but this might change during the course

of the reaction. Indeed, it is difficult to devise a reaction cycle that leads to regeneration of the

hydroperoxide. There are no such difficulties, however, if the catalytic species changes to become

a peroxyl radical. The end product from catalyzed degradation of indigo appears to be isatin30, 31

but this is not recognized as being an important resource. Rather, the main purpose of the work is

to introduce a means for the photochemical removal of colourants from solution. The turnover

frequency and turnover number need to be increased significantly before a practical outlet can be

imagined but there is considerable scope for optimisation. It remains to be seen if an effective

water-soluble form of the photocatalyst can be realized. If so, this could lead to a critical advance

in water treatment strategies.

An interesting side-effect concerns the comparison of intra- and intermolecular reactions in terms

of the anti-oxidant. The most effective catalytic chemistry is observed with CAT which makes use

of a light-induced intramolecular charge-transfer reaction to form the active species. A modified

version of the reaction sequence can be obtained by illumination of indigo in the presence of

excess anti-oxidant. This route avoids the expensive synthesis of CAT but leads to a much inferior

reactivity that is not catalytic.
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Chapter 4.

Inhibition of the Photobleaching of
Methylene Blue by Association with

Urea

Keeping the blue 
colour…
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4.1 Summary

Methylene Blue has a long history in photochemistry and is known to undergo photofading on

exposure to visible light in aqueous solution. Under aerobic conditions, photobleaching occurs by

way of a two-step process involving intermediary formation of singlet oxygen. The first step is

ascribed to regio-selective addition of singlet oxygen within the precursor complex. This geminate

reaction ultimately leads to formation of the leuco-dye via a slower second step. Urea forms a

weak ground-state complex with Methylene Blue which affects the optical properties of the dye

but is  not  evident  by NMR spectroscopy.  This  complex is  weakly fluorescent  and undergoes

intersystem crossing to  the  triplet  manifold. The presence of urea  decreases  the  rate  of

photobleaching  of  the  dye  and,  at  high  concentrations  of  urea,  the  bleaching  kinetics  are

consistent with an equilibrium mixture of complexed and free dye. The complexed dye does not

bleach on the timescale of the experiment. Such protection might arise from urea blocking access

to the site where geminate addition of O2 takes place.

4.2 Introduction

Most organic substances are susceptible to light-induced degradation in both solution and solid

phases. 1 Such photochemical bleaching, which is also a feature of natural photosynthesis, 2 can

restrict  the usefulness of certain classes of dye as components in optical devices. However,

controlled  photofading can  be a  valuable  tool  in  terms  of  removing the  chromophore  after

completion of desired tasks, for example following photodynamic therapy. 3 Numerous disparate

mechanisms have been proposed to account for dye photobleaching in particular cases, the most

common being the triplet sensitization4 of singlet molecular oxygen. Dyes that do not populate

the triplet state with reasonable efficacy are not immune to photobleaching5 and removal of

molecular oxygen is not guaranteed to prevent colour loss. 6 More often than not, unique products
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do not evolve during the bleaching process, especially under white light illumination, and instead a

distribution  of  breakdown  products  arises.  In  certain  cases, 7 a cascade  of  well-  defined

intermediate  species  develops  during  the  reaction  so  that  the  bleaching  kinetics  can  be

considered in some detail. In general, quantum yields for photofading tend to be very low but

recen t observations7,8 of autocatalysis mean that such measurements might be misleading. The

most common method by which to follow chromophore photobleaching is via the significance of

light intensity and the role of molecular oxygen.9-11

Well accepted practices for minimizing the effects of photofading include immobilisation of the dye

in solid media, 12 incorporation of UV screens13 and removal of heat from the system. Other simple

approaches to increasing the duty cycle for the dye include incorporation of anti- oxidants. 14 The

emergence of super-resolution microscopy and single-molecule spectroscopy has emphasized the

need for photochemically stable dyes15 and new strategies for protecting the chromophores have

been introduced over the past decade.  16 Unlike in natural photosynthesis, 17  however, these

protective  methods do not  include in-situ  repair  processes  and more-often-than-  not  involve

encasing the dye in an expensive package. As more-and-more dyes enter the marketplace, new

and innovative protocols are needed to circumvent the destructive bleaching events. One way to

achieve this ideal, taken from natural systems, 18 is to identify and block a key intermediate or

reaction  cycle.  This  type  of  smart  technology,  which  must  be  closely  associated  with  the

underlying mechanism responsible for light-induced damage, has rarely been applied in artificial

systems.

In developing a prototypic defensive strategy against photobleaching in fluid solution, we have

turned our attention to Methylene Blue. This is a very well-known photosensitizer, 19 that exhibits

photo-bactericidal  activity in water.  In fact,  Methylene Blue was first  synthesized in 1876 by

Caro20 and its capability to stain biological media was recognized 21 almost immediately. The dye

associates strongly with DNA22 and has found key applications in certain types of photodynamic

therapy.  23 Under illumination in aqueous solution,  Methylene Blue can be used to sensitize

formation of singlet molecular oxygen and/or superoxide ions. 24 Although water soluble, the dye
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is  prone  to  aggregation  in  aqueous  solution25 and  its  properties  are  pH  sensitive.  26

Photobleaching of Methylene Blue has been studied in some detail and the role of the triplet-

excited state has been recognised. 27 The dye fades relatively quickly on exposure to sunlight,

even in the absence of added electron donors, and has been reported to follow two-step kinetics.

28 By way of separate studies, considerable effort has been expended on following the destruction

of Methylene Blue under illumination of certain semiconductors, such as TiO2, which function as

electron donors. 29 The leuco-form of the dye, generated by addition of a hydride anion, is often

cited as being the most likely candidate for any transparent product. 30

Figure 1. Molecular formulae for methylene blue and its leuco-form.

The present work seeks to develop a simple and inexpensive strategy that inhibits photochemical

bleaching of Methylene Blue in aqueous solution. The intention is to extinguish the bleaching

reaction  by  blocking  access  to  a  crucial  intermediate  species.  To  simplify  the  reaction,  air-

equilibrated solutions are used. This ensures that the triplet-excited state of the dye reacts almost

exclusively  with  molecular  oxygen.  It  is  also  appropriate  to  avoid  high  (i.e.,  >10  µM)

concentrations of dye where aggregation25 should be anticipated. As an inhibitor, we have selected

urea because of its molecular dimensions, cheap and ready availability reagent.
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Figure 2. Absorption
spectrum recorded  for
MB+ in aqueous solution at pH 7.4 for a 0.4 µM concentration of the dye (black curve). The grey
curve shows the corresponding absorption spectrum derived for the dimer as obtained by spectral
deconstruction of spectra recorded at much higher concentration.

4.3 Properties of Methylene Blue

Methylene Blue (hereafter abbreviated as MB+) in water at pH 7.4 exhibits a strong absorption

maximum centred at 664 nm for which the molar absorption coefficient at the peak (λMAX) was

determined to be 93,000 ± 7,000 M-1 cm-1 at low concentration. At higher concentrations, the

absorption transition broadens and a new absorption band can be discerned with a maximum at

ca. 610 nm (Figure 2). The ratio of absorbance values recorded at 664 and 610 nm can be used as

a rough indication of the state of aggregation of the dye31 (Figures 3-5).

4.4 Aggregation of Methylene Blue in water

Aggregation of MB+ in water has been investigated over a long period of time and the literature

contains  many estimates of the dimerization constant measured under a variety of experimental

conditions.32 At very dilute concentrations, the absorption maximum attributable to the monomer

lies at 665 nm (Figure 3). On increasing the concentration, this latter band decreases in intensity

and a new band appears with a maximum at ca. 610 nm (Figure 3). Experiments were made with

an  optical  cell  having a  variable  path  length  so  that  the  absorbance at  664  nm could  be
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maintained at 1.0 over a wide concentration range. This clearly shows the build-up of the dimer at

higher concentrations (Figure 3).

Figure 3. Absorption spectra recorded for aqueous solutions of MB+ at different concentrations.

 The arrow indicates the effect of increasing concentration. The spectra were recorded in an

optical cell equipped with the capability to control the path length over an unusually wide range.

This enabled the absorbance at 664 nm to be kept close to unity across the entire concentration

window. Note the variation  in  the ratio  of  absorbance values recorded at  665 nm (i.e.,  the

monomer) and 610 nm (i.e., the dimer).

Solutions of MB+ in aqueous buffer at pH 7.4 do not follow the Beer-Lambert law (Figure 4). At

wavelengths near to the absorption peak of 665 nm, the absorbance vs concentration profile

shows negative deviation from linearity. Positive deviation is seen in the region where the dimer

absorbs strongly. For these measurements, a variable path length optical cell was used so that the

absorbance  could  be  maintained  at  a  reasonable  value  throughout  the  experiment.  Global

analysis,  using 10 wavelengths selected across the entire wavelength range, allows accurate

determination of the dimerization constant (KD) under our conditions by way of iterative fitting the

absorbance vs molar  concentration profile at  a given wavelength.  Analysis  was made using

Equation 1, where α is the fraction of monomer at that total concentration (CT) and A refers to

observed absorbance. This analysis gives values for the molar absorption coefficient for the dimer
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(ƐD) at that wavelength. The corresponding molar absorption coefficients for the monomer (ƐM)

were determined from absorption spectra recorded for very dilute (<5 x 10-7 M) solutions in a long

path length cell.

Figure 4. Concentrations vs absorbance plots recorded at 665 nm (red points) and 608 nm (blue
points). Spectra were recorded with a variable path length cell that allowed the absorbance to be
kept at a reasonable level. The solid line drawn through each set of data points corresponds to a
nonlinear,  least-squares  fit  to  Equation  1.  Values  for  the  dimerization  constant  and  molar
absorption coefficient for the dimer were derived from these plots. The absorbance values have
been converted to a path length of 1 cm.

According to Figure 3, the degree of aggregation of MB+ in aqueous solution can be monitored

conveniently by recording the ratio of absorbance values at 665 nm and at 610 nm. The former

wavelength corresponds to  the monomer and the latter  wavelength  is  where the dimer  (or

aggregate) has its maximum absorption. This ratio was determined for a series of MB+ solutions at

various concentration and is illustrated below in Figure 5. It is seen that, at low concentrations, the

ratio reaches an upper limit of ca. 2.05. This value is representative of the monomer absorption

spectral profile. The dimer spectrum given as part of Figure 3 has a revised ratio of 0.094 and this

represents the lower limit. At intermediate concentrations, the ratio falls progressively from 2.05

and, for example, reaches a value of 2.0 at a concentration of 3 µM (this being a typical MB+

concentration used in the bleaching studies). Under the conditions used for our experiments, the

dimerization constant, KD, has a value of 2,480 M-1,     as determined by fitting the absorption
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spectra  recorded  over  a  wide  concentration  range  (Figure  4).  From the iterative  fits,  molar

absorption coefficients for monomer at 665 nm and dimer at 608 nm, respectively, are found to be

84,285 M-1 cm-1  and  111,295 M-1 cm-1.  This information allows construction of a plot of ratio vs

fraction of monomer (Figure 6) over the full  concentration profile.  Of course,  changes in the

solution composition, notably buffer concentration and temperature, will lead to a change in KD.

We did not explore these effects but note that there are literature reports referring to detailed

studies of MB+ aggregation in the presence 32 and absence of surfactants. 33 Our value for KD falls

at the higher end of literature values for MB+ in water at 20 °   C, because of the relatively high

ionic strength imposed by the buffer under these conditions.

Figure  5. The  upper
panel shows the effect of total dye concentration on the fraction of monomer (α) present in
solution, as calculated from Equation 2. The lower panel shows how total dye concentration affects
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the ratio of absorbance values measured at 665 nm and at 610 nm. The latter values were
obtained by way of Equation 3.

Figure  6. Relationship between the fraction of monomer (α) present in solution and the ratio of
absorbance values as shown in Figure 5. This correlation has no theoretical significance but is a
useful tool for determining the extent of dimerization of the dye.

�� = �� + 2��

� = ���� + ����

A=εMCT α+εD(CT (1−α )

2 )(1)

KD=
CD

CM
2 =

1−α

2CT α
2

α=
−1+√1+8K DCT

4 KDCT

(2 )     

Ratio=
CT α εM

CTϵD (1−α
2 )

(3 )
    

87

Ratio of Absorbance



88



From the spectral shifts, various aggregation patterns of the dyes in different media have been

studied. The hypsochromically shifted H-bands (H for hypsochromic) and bathochromically shifted

J bands (J for Jelly, one of the first researcher who investigated these shifts) of the aggregates have

been explained in terms of molecular exciton coupling theory. From the absorption spectrum

reported for the dimer in water as shown in Figure 3, the relative integrals under the relevant

absorption bands for the J-type (λMAX = 695 nm) and H-type (λMAX = 607 nm) species are 12.6 and

87.4, respectively. This analysis was made by deconstructing the reduced absorption spectrum

attributed for the dimer into the smallest number of Gaussian components needed to properly

represent the spectrum (Figure 7). These Gaussian components were not restricted to a common

half-width but values for the H and J bands, respectively, were determined during the analysis. On

the basis of  a head-to-tail  stacked geometry for the dimer, 34
 the twist  angle between the

transition dipole moment vectors in the stacked pair can be estimated35 as being ca. 340.  We

were unable to resolve fluorescence attributable to the dimer, either by steady-state or time-

resolved  emission  spectroscopy,  although  very  weak  emission  from  the  J-band  remains  a

possibility. Therefore, the emission shift related to the effect of urea on the fluorescence spectral

profile recorded for MB+ cannot be ascribed to the solute dissociating a dimer. In any case, under

the optically dilute conditions used for fluorescence work, the extent of dimerization of MB+ is less

than 1%. 

Figure 7. Deconstruction  of  the  reduced  absorption  spectrum  derived  for  the  dimer  into
Gaussian-shaped components. The experimental spectrum is shown as a black dashed line while
the red curve superimposed over this record corresponds to the sum of the Gaussian components.



Individual  bands assigned to the H-  and J-species  are indicated in  dark  blue and light  blue
respectively. Integration of these bands allows determination of the twist angle suggested for the
dimer on the basis of excitonic coupling. The energy gap between the H- and J-bands allows
determination of the splitting energy, R2 = 0.99992470.

Figure 8. Simple  representation  of  the  excitonic  splitting  induced  upon  dimerization  of  the
monomer. Fluorescence (Fl) is not detected for the dimer under our conditions.

Similar Gaussian deconstruction was applied to the reduced absorption spectrum for the monomer

recorded  at  very  low  concentration.  Here,  the  derived  Gaussian  components  refer  to  the

underlying vibronic envelope associated with Franck-Condon excitation (Figure 9).



Figure 9. Gaussian analysis applied to the reduced absorption spectrum for the monomer of MB+

in  aqueous solution.  The black curve is the experimental  spectrum while  the red curve red
superimposed over the trace refers to the sum of the Gaussian components. The latter are shown
as grey curves which displays vibrionic transition, R2 = 0.99905125. 

All subsequent photochemical experiments were carried out with an initial MB+ concentration of

<3 µM, where the fraction of dye present as an aggregated species is <3%. The dye is weakly

fluorescent under such conditions. More specifically, the fluorescence maximum occurs at 690 nm,

while the fluorescence quantum yield (F) and excited-state lifetime (�S) are 0.020 ± 0.005 and

345 ± 15 ps, respectively. 36 The triplet-excited state can be detected by laser flash photolysis

following excitation at 610 nm (Figure 10). The triplet-excited state of MB+ in water at pH 7.4 was

monitored using laser flash photolysis with excitation at 610 nm (FWHM = 4 ns). An example of

the transient differential absorption spectrum recorded after formation of the meta-stable triplet is

provided below as Figure 10. The triplet absorbs primarily in the region around 400-430 nm, in

agreement with literature reports.37 Strong ground-state bleaching accompanies triplet formation

and an isosbestic point is preserved around 550 nm. Decay of the triplet state fits reasonably well

to first-order kinetics at low triplet concentration. Examples of the decay curves recorded for MB+

in air-equilibrated water without and with the addition of urea (4M) are given as part of Figure 11.

Also shown is the corresponding decay trace recorded for MB+ after purging the solution with N2.

Kinetic traces were recorded at 410 nm. The derived triplet lifetimes for these three experiments

are 3.0 µs, 9.2 µs and 35 µs, respectively.



Figure 10. Transient differential absorption spectra recorded following excitation of MB+ in air-
equilibrated aqueous solution at pH 7.4. The excitation wavelength was 610 nm. The arrows
indicate the recovery of the ground-state bleaching and decay of triplet absorption. Individual
spectra were recorded at delay times of 120 ns, 1.05 µs, 2.65 µs, 4.7 µs, 6.25 µs and 25 µs after
the excitation pulse.

Figure 11. Examples of decay traces recorded for the triplet state of MB+ in aqueous solution at
pH 7.4. Individual traces refer to the triplet state in air-equilibrated solution (black curve), the
triplet state in air-equilibrated water containing 4M urea (blue curve), and the triplet state in de-
aerated solution (plum curve). The monitoring wavelength was 410 nm and excitation was at 610
nm.

The quantum yield for population of the triplet state is 0.56. 36 The triplet lifetime recorded at low

laser intensity in de-aerated solution is 45 ± 7 µs, although decay curves were not strictly mono-

exponential. The triplet state is quenched by molecular oxygen with a bimolecular rate constant of



1.6 ± 0.5 x 109 M-1 s-1;  the triplet lifetime in air-equilibrated water is reduced to 3.0 ± 0.2 µs.

Related  studies  by  other  researchers  have  confirmed  that  such  triplet  quenching  leads  to

formation of singlet oxygen. 24,38 Broadband (λ> 450 nm) illumination of MB+ in air-equilibrated

aqueous solution at pH 7.4 leads to progressive loss of colour. The course of reaction can be

followed conveniently by absorption spectrophotometry and an illustrative example is provided as

Figure 12. Under irradiation with white light, the main absorption band bleaches but there is no

concomitant accumulation of a permanent product. This situation might be considered consistent

with conversion of MB+ to the corresponding leuco-form. 30 Bleaching is fairly slow and irreversible.

The presence of molecular oxygen has no obvious effect on the absorption spectral changes

during bleaching but no such fading occurs in the dark. Under otherwise identical conditions in

D2O, the colour loss occurs on a faster timescale but again does not favour build-up of a persistent

coloured product. The logic behind this experiment comes from the realisation that the lifetime of

singlet oxygen increases from 4 µs to 55 µs on replacing H2O with D2O. Under anaerobic conditions

in H2O, bleaching occurs more slowly and follows first-order kinetics.

Figure 12. Example of the photobleaching of MB+ in air-equilibrated aqueous solution at pH 7.4
using a white light source.  The arrow shows the course of reaction. Absorption spectra were
recorded  at  regular  intervals  over  a  period  of  1,000  minutes.  Note  the  5  nm  blue  shift
accompanying bleaching.

The  absorbance  change  with  illumination  time,  A(t),  at  any  given  wavelength  gives  an

approximate fit to first-order kinetics. However, the fit is much improved by using the sum of two



exponentials model exemplified by Equation 4, where A(0) refers to the initial absorbance at that

wavelength. The absorbance data extracted from Figure 13, and treated globally39 across the

entire absorption band, has ca. 15% of the initial absorbance (i.e., B = 0.15) decreasing with a

first-order rate constant (step is followed by a substantially slower process having a first-order rate

constant  (k2)  of 0.0019 ± 0.0003 min-1 (Figure 3) that accounts for the remainder (C = 0.85) of

the chromophore disappearance. Both derived rate constants are dependent on the incident light

intensity (adjusted with neutral density filters or by varying the distance between sample and

source). The effective rate of bleaching, measured at the beginning of the reaction, increases

linearly with light intensity until saturation becomes apparent. A similar effect is observed for

increasing MB+ concentration at intermediate light intensity (Figures 14-15).

A (t )

A (0)
=Be−k1 t+C e−k2 t (4)

Figure 13. Fit of the experimental data recorded at 664 nm to Equation 4 or Equation 8 for the
experiment indicated in Figure 12. The solid line drawn through the data points is a non-linear,
least-squares iterative fit with the parameters reported in the text.

4.5 Effect of light intensity on the rate of 
photobleaching



Bleaching of MB+ in air-equilibrated aqueous solution at pH 7.4 does not occur in the absence of

light. Under illumination with white light (λ>420 nm), bleaching proceeds smoothly and can be

followed by absorption spectrophotometry. Experiments were carried out in order to establish the

effect of light intensity on the rate of photobleaching. Initial experiments varied the light intensity

by changing the distance between the sample cell and the light source. The results are displayed

on Figure 14. The light intensity incident on the sample cell was recorded with a power meter. It

can be seen that the rate of photobleaching (w) increases with increasing light intensity until

reaching a plateau. Separate experiments were made at intermediate light intensity by placing

neutral density filters in front of the sample cell. Here, a linear relationship between light intensity

and w is observed over the full attenuation region. The results are shown as an inset to Figure 14.

Figure 14.  Effect  of  light  intensity on the rate of  photobleaching of  MB+ in  air-equilibrated
aqueous solution at pH 7.4. The filled black circles correspond to measurements made by varying
the distance between sample and source. The inset shows the effects of inserting various neutral
density filters in front of the sample cell. The composition of the solution was kept constant for all
measurements. 

Further experiments were made by varying the initial concentration of MB+. Here, the fraction of

the incident light intensity absorbed by  MB+can be determined from the Beer-Lambert law and

compared to the rate of photobleaching. This was done by integrating the absorption spectral

profile with respect to the spectral output of the lamp. The results are presented in Figure 15 and

indicate a linear response between the rate of photobleaching and the photon uptake by the dye.



 

Figure 15. Relationship between the rate of photobleaching of MB+  in air-equilibrated water at
pH 7.4 and the fraction of incident light absorbed by the dye. The latter was varied by changing
the concentration.

The problem with this simple model is that it is difficult to assign the two steps to any particular

reaction as it is far from obvious why 15% of the initial signal should decay on a fast timescale

compared to the residual absorbance.

The bleaching kinetics fit equally well40 to two consecutive first-order reactions with averaged

rate constants of 0.0109 ± 0.0004 min-1 and 0.0017 ± 0.0002 min-1 at fixed light intensity (Figure

13). The underlying two-step process can be expressed in terms of Equation 8. Equation 8 was

derived from standard treatments for successive first-order reactions for a scheme in which the

starting compound, A (i.e., MB+), converts firstly to an intermediate, B, and finally to a transparent

product, C (i.e., a form of the leuco-dye). It is assumed that there are no competing side-reactions

but, in reality, this is unlikely. The initial absorbance is referred to as A0.  Now, the standard

differential equations corresponding to the time-dependence for the absorbances of A and B are

considered in Equations 5 and 6. There is no need to consider the concentration of C since this

does not affect the absorbance in the visible region. It does not matter if B converts to other

products as long as these do not contribute to the absorbance.

A(�) = �0�−�1� (5)

AB (t )=
β A0 k1

(k2−k1 )
{e−k1 t−e−k2 t }                (6)



Here, k1 and k2, respectively, refer to the first-order rate constants for the faster (A → B) and

slower (B → C) steps. The overall absorbance change at any wavelength is considered to be the

sum of Equations 5 and 6. The coefficient � refers to the ratio of molar absorption coefficients for A

and B at that wavelength (Equation 7). Given the limited number of data points, the analysis

needs to be performed globally.

β=
εB

εA

(7)

where it is assumed that Step 1, which is associated with k1, leads to formation of an adduct that

absorbs  less  strongly  than  MB+ but  retains  a  similar  absorption  profile. The  ratio  of  molar

absorption coefficients  at  that wavelength is  incorporated into the parameter in Equation 8.

Bleaching is accompanied by a 5nm blue shift that could be indicative of adduct formation (Figure

12). It is further assumed that bleaching of this adduct leads only to transparent products (i.e., the

leuco-dye). Photochemical bleaching of the adduct occurs by way of k2.

+¿
MB¿

¿
¿0
¿
¿

A (t)
¿

This simple model41 can be refined on the basis of ancillary studies. For example, replacing H2O

with D2O has an important acceleration on the overall  rate of photobleaching of MB+ in the

presence of molecular oxygen. The rate of the first step increases significantly  (k1 = 0.19 ± 0.02

min-1)  while the second step becomes slightly faster (k2 = 0.0052 ± 0.0005 min-1)  in D2O.  

 The two-step nature28 of the bleaching process observed under aerobic conditions is considered

to be entirely consistent with formation of the leuco-dye as the major product. 30 Given the rather

short singlet state lifetime,  36 it seems highly likely that the dominant species responsible for

photochemical loss of MB+ in solution is the triplet-excited state. This meta-stable species is

quenched by molecular oxygen and it is reasonable to suppose that part of this quenching process

leads to subsequent chemical modification of the chromophore. This step would correspond to k1



while the observed D2O effect suggests that singlet oxygen plays some role in this reaction. 43

This cannot involve diffusional attack on a ground-state molecule of MB+ by singlet oxygen since

the concentration of the former is too low and the lifetime of the latter is too short. Geminate

addition of molecular oxygen within the precursor complex could explain the observations44 but

this would require regio-specific interactions between singlet oxygen and the aza-N or S atoms.

The second step occurs more slowly, by way of k2,   and most likely refers to conversion of the

primary adduct to a derivative of the leuco-dye (Scheme 1).

The logic behind this experiment comes from the realisation 42 that the lifetime of singlet oxygen

increases from 4 µs to 55 µs on replacing H2O with D2O. Under anaerobic conditions in H2O,

bleaching occurs more slowly and follows first-order kinetics. There is no accompanying blue shift.

Here,  the  derived  first-order  rate  constant  is  0.0059 ± 0.0005 min-1, as  measured  under

comparable conditions to those used above. Thus, the main effect of removing  O2   from the

system is the loss of the initial fast step (i.e., k1) and an increase in the rate of photochemical

bleaching of  the  dye  relative  to  the  second  step  (i.e., k2). In  de-aerated D2O, the  rate  of

photochemical bleaching is slightly (i.e., 10%) faster than in de-aerated H2O.

Scheme 1.  Illustration  of  the  processes  leading  to  the  photochemical  bleaching  of  MB+ in
aqueous solution. Steps given in blue refer to aerobic conditions while anaerobic bleaching is
given in brown. The key role assigned to the geminate complex formed between MB+ and singlet
molecular oxygen is highlighted. Both initial population of the excited-triplet state, via intersystem
crossing (ISC), and bleaching of the primary adduct require light activation.

          k2 =  0.0019 ± 
0.0003   min-1

k1 =  0.011 ± 0.001 
min-1 This



A different reaction mechanism must be responsible for anaerobic bleaching of MB+, but again the

reaction is probably promoted by the triplet-excited state. The triplet lifetime is much longer in the

absence of oxygen and it is reasonable to suppose that bimolecular reactions, for example light-

induced electron transfer between two MB+ molecules, might initiate loss of the chromophore.

Since the overall reaction is best explained in terms of a first-order process under these conditions,

it is not possible to make a direct comparison between the rates of bleaching in aerobic and

anaerobic  conditions.  Irreversible  formation  of  the  leuco-dye in  the  absence of  oxygen is  a

possibility (Scheme 1).



It should be stressed45 that the units used for the various rate constants should include a term for

the number of  photons absorbed but this has been neglected in order to simplify the text.

Experiments  have  shown  that  the  initial  rates  of  bleaching  in  both  aerobic  and  anaerobic

conditions scale linearly with the number of photons absorbed per unit time. Where comparison is

made, it is safe to assume that the initial rate of photon uptake remains the same.

4.6 Empirical expressions for effect of urea on optical properties

The empirical expression used to describe the effect of added urea, introduced as a solid to the

solution of MB+ in aqueous buffer, is presented as Equation 9. Here,   λ is the observed wavelength

for  the  absorption  peak  maximum.  The  parameters λF  and  λC,  respectively,  refer  to  the

wavelengths for the absorption maxima of free MB+ and MB+ complexed with urea. The molar

concentration of urea is also required for the calculation. The experimental data were analysed

according to Equation 9 using non-linear, least-squares protocols. The equilibrium complex for a

1:1 complex between MB+ and urea is represented as K (Equation 10). The same treatment was

used to derive the molar absorption coefficient for the complex. In the statistical calculation, none

of the parameters were constrained.

λ=(1−α ) λF+α λC(9)

α=
K [urea ]

1+K [urea ]
(10)

4.7 Effect of added    urea

Addition of urea to an aqueous solution of MB+ at pH 7.4 causes a modest (i.e., 4 nm) red shift for

the absorption maximum and a significant increase (i.e., 20%) in the molar absorption coefficient

at the peak (Figure 16). Both effects might be explained in terms of urea dissociating a ground-

state dimer46 but this is not the correct explanation. Exactly the same behaviour is observed at

very dilute MB+  concentration, where the fraction of chromophore that might be present as a

dimer is below one percent. Likewise, given the very low basicity of urea (KB = 1.5 x 10-14) 47 these

spectral shifts cannot be ascribed to changes in pH. Instead, it appears that urea forms a weak



complex with MB+ in  neutral  aqueous  solution.  Both the absorption shift  and the  increased

absorbance observed on addition of solid urea to the solution can be explained in terms of 1:1

complexation.

The apparent binding constant (K = 1.2 ± 0.4 M-1)  is small, ensuring that high concentrations of

urea are required to saturate the complexation event.

Figure  16.  Effect  of  added  urea  on  (a)  absorbance  at  the  maximum wavelength  and  (b)
wavelength of the peak maximum for MB+ in aqueous solution at pH 7.4. The solid lines drawn
through the data points correspond to best fits to empirical expressions.

A series of 1H NMR spectra were recorded with ratios of MB+ to urea varying from half a molar

equivalent of urea to a 39 times excess. These titration experiments revealed no changes in the 1H

NMR chemical shifts of the aromatic signals of MB+ that could be regarded as significant. Small

shifts  of  0.04  to  0.06  ppm  were  observed,  but  these  are  most  likely  due  to  the  varying

concentration of the sample and do not provide conclusive evidence of complexation.



Figure 17. Addition of urea to a solution of MB+ in D2O at room temperature. The molar ratio of
urea: MB+ is indicated on each trace.

This  finding  confirms  that  complexation  is  weak  and  probably  transitory.  In  fact,  the  only

reasonable type of intermolecular interaction is hydrogen bonding between the reagents and, in

this aspect, urea has to compete with water.

Complexation between urea and MB+ can also be followed by way of a fluorescence titration.

Addition of urea to an aqueous solution of MB+ at pH 7.4 causes a small red shift for the emission

maximum and an escalation in fluorescence.



4.8 Fluorescence titration with added urea

Figure 18. Effect of added urea on the integrated fluorescence yield recorded for MB+ in water at
pH 7.4. The excitation wavelength was 620 nm and the output signal was integrated from 660 to
800 nm. The solid line drawn through the data points corresponds to a fit to a linear increase in
fluorescence.

 

Figure 19. Effect of added urea on the fluorescence maximum recorded for MB+ in water at pH
7.4.  The excitation wavelength was 620 nm. The solid  line drawn through the  data points
corresponds to a fit to 1:1 complexation between MB+ and urea. The derived binding constant is
1.5 M-1.



Figure 20. Effect of added urea on the fluorescence spectral profile recorded for MB+ in water at
pH 7.4. The excitation wavelength was 620 nm. The arrow indicates the variation in spectral
profile with increasing urea concentration. The experimental data correspond to the information
shown on the previous graphs.

These effects are modest, again requiring high concentrations of urea, but fully consistent with the

absorption spectral studies;  i.e.,  the increased absorptivity of the complex is matched by its

enhanced fluorescence. Again, the fluorescence increase occurs at very low concentration of MB+

and cannot be attributed to urea dissociating non-emissive dimer molecules into the emissive

monomers. The fluorescence data are noisy but consistent with a binding constant of ca. 1 M-1.

There is no indication for urea acting as a fluorescence quencher for MB+ in neutral solution.



Figure 21. Plots of relative absorbance at the absorption peak for MB+ (ca. 3 µM) in aqueous
solution at pH 7.4 under illumination with visible light. The solutions contained various amounts of
urea (see Table 1 for composition) and were air-equilibrated before exposure to the light beam.
The solid line drawn through each data set corresponds to a non-linear fit to a first-order reaction.
The derived rate constants are included in Table 1. NB The reactions conditions, notably the light
intensity, differ from those used for Figure 12 and direct comparison should not be attempted.

4.9 Compilation of the rates of photobleaching

2.08 M

0.040 M



Table 1. Collection of the various rate constants for photobleaching of MB+ in aqueous solution at

pH 7.4.

Part A: Effect of added urea at fixed light intensity

[urea] / M Oxygen [a] kU / min-1 Kinetics [b]

0.040 AE 0.0184 1st order
0.125 AE 0.0182 1st order
0.21 AE 0.0151 1st order
0.29 AE 0.0144 1st order
0.42 AE 0.0101 1st order
1.25 AE 0.0092 1st order
2.08 AE 0.0049 1st order
3.33 AE 0.0025 1st order
4.16 AE 0.00175 1st order
8.32 AE 0.00128 1st order
2.08 AE : D2O 0.0051 1st order
2.08 DA : D2O 0.0040 1st order
2.08 DA 0.0039 1st order

[a] AE = air-equilibrated solution, DA = de-aerated by N2 bubbling. [b] Kinetics fitted to a simple

first-order process.

Part B: Absence of added urea but fixed light intensity

Solvent Oxygen k1 / min-1 k2 / min-1 Kinetics
H2O AE 0.0109 0.0017 Consecutive
D2O AE 0.190 0.0052 Consecutive
H2O DA 0.0059 NA 1st Order
D2O DA 0.0068 NA 1st Order



Interaction between urea and MB+ has an important effect  on the kinetics of photochemical

bleaching of the dye under visible light illumination (Figure 21). High concentrations (i.e., >0.2 M)

of urea at pH 7.4 cause a marked decrease in the rate of loss of the chromophore. The solution pH

was kept constant during these studies, as was the incident light intensity and the concentration

of dissolved O2. Under the experimental conditions used, the reaction profile can be analysed

satisfactorily in terms of first-order kinetics, at least over early stages (Table 1). That is to say that

the two-step mechanism observed for bleaching of MB+ in air-equilibrated solution is replaced by a

single-step (i.e., first-order) reaction in the presence of modest concentrations of urea. This allows

facile derivation of the corresponding first-order rate constant (kU) for photobleaching of MB+

(Table 1). Interestingly, the rate of bleaching is little affected by the presence of O2; a typical

example has kU decreasing from 0.0054 ± 0.0005 min-1  to 0.0039 ± 0.0004 min-1 on removal of

the dissolved O2  (Table 1). Similar behaviour is seen in D2O, where the corresponding kU is 0.0033

± 0.0004 min-1   (Table S1). There is no indication for self-catalysis48 at longer illumination times in

the presence of urea. Such events occur if a reactive product accumulates during the bleaching

process and promotes further loss of chromophore.44 

Figure 22. Effect  of  added urea on the derived first-order rate constant  for  photochemical
bleaching of MB+ in air-equilibrated water at pH 7.4. The solid line drawn through the data points
is a non-linear least-squares fit to Equation 11 with the parameters reported in the text.



Although high solute concentrations are required, it is apparent that urea inhibits photobleaching

of  MB+ in  neutral  aqueous solution.  The effect  of  added urea on the rate constant  (kU)  for

bleaching of MB+ can be expressed in terms of Equation 11. This situation is shown pictorially by

Scheme 2. Our understanding of this behaviour is that an equilibrium is established between free

MB+ and a complex formed with  urea.  Analysis  of  the spectroscopic data is  consistent  with

formation of a 1:1 complex49  but this might not be an adequate representation of the situation

since binding has little effect on the measurable properties. From Equation 11, 50 it appears that

the complexed dye does not undergo photo-bleaching on the relevant timescale. The derived rate

constant (kCOMP = 0.00012 min-1) is essentially zero. In contrast, the free dye bleaches with a

global rate constant (kFREE) of 0.021 ± 0.001 min-1 under these conditions. From the analysis, the

equilibrium constant, K, has a value of 1.5 M-1, in excellent agreement with that derived from the

spectroscopic studies.

kU=(1−σ )k FREE+σ kCOMP (11a)

σ=
1

1+1/ (K [urea ] )
(11b)

Scheme  2.  Outline  of  reaction  sequence  proposed  to  account  for  the  inhibition  of  MB+

photobleaching exerted by urea in aqueous solution. The key step is the fast establishment of an

equilibrium between free and complexed MB+.

�T = 9±2 
µs

�T = 3 µs



The presence of  urea51 does  not  inhibit  formation  of  the  MB+ triplet-excited state  but  high

concentrations lead to an increased triplet lifetime in air-equilibrated solution. For example, laser

flash photolysis studies indicate that �T increases from 3 µs in the absence of urea to 9 ± 2 µs at a

urea concentration of 4 M. In de-aerated solution, urea has no effect on  �T at pH 7.4, which

remains at 45 ± 8 µs. Unlike thiourea, 52 native urea is not a quencher for singlet oxygen and does

not compete with molecular O2 for quenching the triplet-excited state. No information exists about

the possible effect of urea on O2 solubility in water. Since triplet sensitization53 of singlet oxygen

requires orbital contact between the reactants it is plausible to suggest that the urea-MB+ complex

partially restricts  close proximity  with O2.  This  would explain the somewhat extended triplet

lifetime. Furthermore, the same argument could be used to suggest that the route to formation of

the O2-adduct is blocked upon complexation. This situation would eliminate the main bleaching

processes introduced to explain loss of MB+ in aerobic conditions. Finally, the complex would also

hinder close association of two or more MB+ molecules and, if so, this would limit the efficacy of

any anaerobic bleaching that requires bimolecular electron transfer. 54   Thus, formation of the

weak complex at the ground state level appears to be instrumental in protecting the dye against

adventitious photobleaching in solution.

4.10 Conclusions

The major  finding reported herein concerns  the observation that  urea  protects  MB+ against

photochemical bleaching in neutral aqueous solution. Urea is a cheap and abundant reagent,

generally regarded as waste material, which dissolves readily in water. It introduces no obvious

source of excited-state quenching and, at least in the case of MB+, increases both the molar

absorptivity and the triplet lifetime in air-equilibrated solution. Our NMR spectroscopy studies do

not indicate specific interactions between MB+ and urea, although the optical spectroscopy results

could be analyzed in terms of 1:1 complexation. In reality, the effect of urea on the optical

spectroscopic properties of MB+ would pass without notice were it not for the observation that

urea inhibits photobleaching of the dye. The effect is profound and, when associated with a urea

molecule,  MB+ is  effectively  protected  against  photofading  in  solution.  At  much  higher

concentrations of MB+, where aggregation is an issue, 25 urea is expected46   to help dissociate any

dimers. This effect might be considered an extension of the results   described   here.



Urea is well known55  as being a reagent that forms inclusion compounds, or clathrates, with

certain  substrates.  This  provides  a  simple  means  for  separating  mixtures  or  for  purifying

hydrocarbons.  56 Perhaps the same approach could be developed to construct highly stable

artificial light-harvesting antennae by incorporating the chromophore into the porous ordered

matrix. In this respect, urea would be a most convenient host. The key rationale for this approach

is the acceptance that the multiple electron breakdown of large dye molecules involves some type

of  bimolecular  interactions.  Preventing  these  associations  could  result  in  greatly  improved

photochemical stability.
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Chapter 5.

Photobleaching of an N,N,O,O-Boron-
Chelated Dipyrromethene Dye in

Solution

Getting ready for winter…



5.1   Summary

This chapter describes the results obtained with a doubly-strapped BODIPY derivative bearing an

unconstrained  meso-phenyl  ring.  Rotation of  the  meso-ring around the connecting C-C bond

should cause significant loss of fluorescence by way of the molecular rotor effect, as concluded by

comparison to derivatives lacking the straps. This is not the case, however, and the derived

excited-singlet state lifetime is the longest yet reported for a conventional BODIPY fluorophore.

The molecule is subject to considerable steric strain and it was anticipated that this excess energy

could be released by breaking one or both of the C-O bonds. This would create an oxy-radical that

might be a useful bleaching agent. We test this hypothesis by studying the photobleaching of the

compound in the absence and presence of a sacrificial redox agent. The compound is also used as

a photocatalyst for oxidative degradation of indigo in solution.

5.2 Introduction

The term “molecular rotor” refers to that class of molecules where a small unit can rotate around a

larger structure in such a way that the molecular properties are perturbed.1 Often, the ease of

rotation  is  reflected by  the  fluorescence  yield  or  lifetime.2 A  key  requisite  for  an  effective

molecular rotor is that the rotational behavior can be controlled via frictional forces exerted by the

surrounding environment.3-6 Thus, the rotor functions as a sensitive probe for changes in local

conditions, including temperature, pressure, rheology, polarity, micro-structure or composition. 7,8

It follows that the rotary action must perturb the geometry of the stationary unit in order to

modulate  its  photophysical  properties.  Simple  rotation  of  an  ancillary  aryl  group  around  a

fluorophore  will  not  be  sufficient  to  import  sensory  behavior.  Although  several  classes  of

fluorophores  have  been  proposed  as  putative  molecular  rotors,  the  industry  standard  being

cyanovinyl-julolidine  derivatives,  unconstrained  boron  dipyrromethene  (BODIPY)  dyes  have



become dominant of late.9   These BODIPY dyes, being reported first by Holten et al.10-13 feature a

small aryl group at the pseudo-meso position and control the ease of rotation by steric effects

between substituents on the aryl ring and/or dipyrrin backbone. Scheme 1 illustrates the basic

principles of BODIPY-based molecular rotors. Substituents at the aryl ring are known to affect the

fluorescence  quantum yield  by  restricting  rotation  around  the  dipyrrin  unit.  Likewise, bulky

substituents positioned on the upper rim of the dipyrrin unit tend to further maximize emission by

way of minimizing rotation of the aryl group. Full rotation buckles the dipyrrin nucleus and it is this

latter effect that serves to reduce the fluorescence quantum yield and lifetime. Quite remarkably,

it was shown very recently that aryl groups appended at the 3,5-positions (i.e., the lower rim of

the dipyrrin unit) perturbed the photophysical properties of the BODIPY dye.14 -16 One aryl ring at

the 3-position improved the sensing performance but rings at both 3- and 5- positions hindered

rotation.  We  now  extend  this  observation  by  reporting  the  photochemical  properties  of  a

symmetrically strapped analogue. This target compound shows no aptitude for environmental

sensing despite the ready availability of an unconstrained meso-aryl substituent.

Scheme 1. Prototypic BODIPY-based molecular rotor capable of full rotation and its structurally
constrained analogue restricted to small-scale gyration.

The main target, ST1, comprises a BODIPY dye with an unconstrained upper dipyyrin backbone

and a meso-aryl substituent. A key feature of the compound is that aryl substituents at the 3,5-

positions  are  locked  in  place  via  a  C-O-B  linkage  involving  the  ortho-carbon  atom  on  the

substituent and the boron atom. This linkage is fairly rigid and, according to X-ray crystallography,

imposes dihedral angles of ca. 200 and 170 on the aryl rings. The compound was prepared in the

laboratory of Dr. JG Knight (SNES, Newcastle University) and full  synthetic details have been

published, together with full structural characterization.17 The molecular formula for ST1 is shown

in Figure 1. This compound, which displays circularly polarized fluorescence.



 

Figure 1. Molecular formula and 3D cartoon representation of the target compound used in this

chapter.

Our interest in this compound is to examine its photochemical stability in solution. The molecular

structure differs from that of conventional boron dipyrromethene (BODIPY) dyes because of the

strap at the lower rim. A further difference concerns the replacement of the B-F bonds with B-O

bonds. In general, BODIPY dyes are reported in the literature as being extremely stable towards

both heat and light.18-24 In this chapter, we consider the photostability of the dye under some

different conditions. It might be mentioned that there is not much information in the literature for

these strapped BODIPY derivatives although the literature for conventional BODIPY dyes is vast.

5.3  Photophysical properties

In 2-methyltetrahydrofuran (MTHF) solution, ST1 exhibits well-defined absorption and fluorescence

transitions in the red region that are in good accord with expectations based on many other

BODIPY-based chromophores. The lowest-energy absorption transition has a clear maximum (λMAX)

located at 621 nm and displays a series of vibrational satellites. In fact, the absorption maximum

is considerably red shifted compared to BODIPY lacking the 3,5-phenylene rings.25 This latter

effect  is  attributed to  partial  π-conjugation  between the  subunits  that  serves  to extend the

delocalisation pathway. The measured molar absorption coefficient at the band maximum (λMAX =

48,730 M-1 cm-1) is rather low compared to conventional BODIPY dyes but this might be a

consequence of the buckled dipyrrin nucleus. At much higher energies, the onset of transitions to



upper-lying excited-singlet levels begins at about 480 nm. The corresponding emission transition

has a maximum at 646 nm, giving rise to a modest Stokes’ shift of 625 cm-1.

The fluorescence quantum yield (λF) measured in MTHF at room temperature is 0.64, which is in

line with values reported for conventional BODIPY dyes. Good agreement exists between the

excitation and absorption spectra and the F remains independent of excitation wavelength. The

excited-singlet state lifetime (λS) is approximately 10.0 ns, which provides an estimate for the

radiative rate constant (kRAD = F / �S)   of 6.4 x 108  s-1. This seems quite reasonable for a highly

fluorescent dye but exceeds the range of values reported for other members of the BODIPY family.

It should be mentioned here that the  F and �S values found for ST1 are significantly greater than

values found for BODIPY dyes possessing a meso-phenylene ring but lacking the 3,5-aryl units.

Such dyes are known to operate as fluorescent rotors whereby gyration of the meso-phenylene

ring causes minor distortion of the upper rim of the dipyrrin framework and this situation promotes

nonradiative  decay  of  the excited state. In fact, F and

�S reported  for  this  non- strapped derivative are 0.023

and 150 ps, respectively.

Table 1. Compilation of the photophysical  properties

recorded  for  the  target compound in fluid solution.

ABS / nm 621
FLU / nm 646
MAX / M-1cm-1 48,730
F 0.64
S / ns 10.0
ES / eV 1.96
SS / cm-1 625
kRAD / 108 s-1 0.64
kNR / 108 s-1 0.36
meso-aryl / ° 54 (58)
3-aryl / ° 14 (11)
5-aryl / ° 15 (11)



Figure 2. Example of a time-resolved fluorescence decay trace recorded for ST1 in MTHF solution
at room temperature. The instrument response function is shown as a grey curve while the red
curve drawn through the data points is a nonlinear least-squares fit to a partial  growth and
subsequent decay of 10 ns. This experiment was performed in collaboration with Dr. Patrycja
Stachelek.

On closer examination, the time-resolved fluorescence decay profile recorded for ST1 in MTHF

solution shows that part of the signal grows in on a timescale longer than the instrumental

response  function.  This  situation  is  shown  in  Figure  2.  The  photophysical  properties  were

determined in collaboration with Dr. Patrycja Stachelek and are not the main subject of this work.

The X-ray structure for ST1 was determined by the synthetic chemists and has been published.17

Our computed structure (DFT/PBE0/B3LYP/6-311G,d) is remarkably similar to the experimental

solid-state structure (Figure 3). The meso-phenylene ring adopts an angle of ca. 45-60°,  according

to the method employed,  and there is  a slight  barrier  to  attaining an orthogonal  geometry.

Probably, this situation reflects a compromise between steric relief and loss of resonance energy.

More importantly, the calculations show that the  meso-phenylene ring can gyrate over a wide

range before encountering a substantial barrier for full rotation. This barrier is caused by steric

clashes between the relevant hydrogen atoms and is slightly reduced for the excited state. In



order to accommodate full rotation it is necessary for the dipyrrin backbone to buckle slightly and

this gives rise to the so-called fluorescent rotor effect.

Figure 3. Partial structure computed for ST1 showing the structural distortion imposed by the
straps. The dipyrrin unit bends to accommodate these straps and this will most likely introduce
considerable angle steric strain. Breaking one or both B-O or O-C bonds will likely relieve this
strain.

The cyclic  voltammogram for  ST1 in  dichloromethane solution was recorded  by Dr.  Patrycja

Stachelek as part of her PhD studies and shows a quasi-reversible reduction wave with a half-

wave  potential  of  -1.15  V  vs  SCE.  The  corresponding  oxidation  wave  is  electrochemically

irreversible. The oxidation peak lies at +0.9 V vs SCE. Even at fast scan rates (i.e., 1 V s-1), the

oxidation wave remained irreversible. This indicates that the radical cation formed on oxidation

undergoes a fast chemical reaction. Our computer models indicate that the HOMO is localised on

the dipyrromethene unit but spreads onto the appended phenoxyl rings (Figure 4). This might

indicate that oxidation could lead to breakage of one of the C-O bonds, followed by fast rotation of

the free aryl ring. Computer simulation shows a possible structure for such a process (Figure 5).



Figure 4. Kohn-Sham representation of the HOMO computed for ST1 by DFT methods with the
molecule embedded in a reservoir of CHCl3 molecules.

Figure 5. Computed structure having one of the phenoxyl rings dissociated from the boron
centre. This is the result of a 2e oxidation of the target compound.

Electrochemical  studies  made  with  many  conventional  BODIPY  derivatives  show  that  both

oxidation and reduction processes are electrochemically reversible. Oxidation or reduction steps

lead to formation of stable radical cations or anions that are localized on the dipyrrin unit. This



suggests that the irreversible oxidation of ST1 is in some way connected with the steric strain

imposed by the phenoxyl rings. In turn, this raises the possibility that photochemical oxidation

could  also  lead  to  rapid  loss  of  the  compound.  The  rest  of  this  chapter  considers  the

photobleaching of ST1 in solution.

5.4  Photobleaching studies

Initial studies were made with the objective of making a cursory examination of the photostability

of ST1 in dimethylsulfoxide solution under visible light illumination. Aliquots of the air- equilibrated

solution were exposed to the white light source for periods of one hour. The solution bleached

fairly quickly whereas solution protected from light retained its colour. Removing molecular oxygen

from the solution by purging with a stream of N2 had little effect on the loss of colour. Under more

controlled  conditions,  with  illumination  at  620  nm  being  provided  by  a  high  power  LED,

photobleaching of  ST1 occurred as above. That  is to say,  excitation into the lowest-  energy

absorption transition around 620 nm is responsible for the bleaching process. Figure 6 shows

absorption spectral profiles recorded each 30 minutes during the illumination.

Figure 6.  Series  of  absorption  spectra  recorded  during  the  photobleaching  of  ST1  in  air-
equilibrated DMSO at room temperature. Spectra were recorded each 30 minutes.



The reaction  profile  shows two important  features:  Firstly,  loss  of  absorbance at  620 nm is

matched by the  appearance of  absorption  in  the  region  around 525 nm.  Secondly,  loss  of

absorbance at 620 nm is incomplete, even at long illumination periods. Kinetic measurements

made at 620 nm show that photobleaching does not follow a first-order rate law at fixed light

intensity. This behavior can be seen from Figure 7a which shows a plot of absorbance at 620 nm

versus illumination time. The corresponding semi-logarithmic plot is shown as Figure 7b and is

clearly non-linear. In fact,  as can be seen from Figure 8, the kinetic data fit well  to a dual-

exponential fit with apparent rate constants of 0.017 and 0.0021 min-1. Separate studies found

that the rate of  bleaching increased with  increasing light  intensity  so  that  the derived rate

constants are applicable only to a particular set of experimental conditions.

Figure 7. Examples of kinetic measurements made for photobleaching of ST1 in air-equilibrated
DMSO solution. Data refer to 620 nm. Plots are for (a) absorbance vs time and (b) ln (absorbance)
vs time. The solid lines connect the data points and are not statistical fits.

Figure 8. Fit to the data displayed in Figure 7 to the sum of two-exponential components. The
solid line drawn through the data points corresponds to a non-linear, least-squares fit to a dual-
exponential fit with the rate constants mentioned in the text.

Time / min

Time / min



In order to allow for the light-intensity effect, the data displayed in Figure 8 were corrected for

changes in absorbance at  620 nm. This  was done by firstly  converting from absorbance to

concentration (in units of µM) using the known molar absorption coefficient (Table 5.1). Secondly,

the fraction of incident light intensity absorbed by the dye was calculated from the Beer-Lambert

law. Dividing micromolar concentration by this fraction (IABS = 1 – 10-A) gives the “corrected”

concentration at each time interval. These corrected values give a good fit to a dual-exponential

bleaching reaction for the data measured at 620 nm. This situation is shown by Figure 9, where

the two derived rate constants are k1 = 0.014 min-1 and k2 = 0.0004 min-1. These are the

preferred  rate  constants  for  this reaction.  Confirmation of  the

derived parameters was obtained using a global analysis for data collected between 600 and 630

nm.

Figure 9. Replot of the kinetic data provided as Figure 7 but allowing for the light-intensity effect.
The solid line drawn through the data points corresponds to a non-linear, least-squares fit to
Equation 5.1 with the rate constants given in the text.
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According to Figure 6, and confirmed by kinetic measurements, there is an approximate isosbestic

point at around 570 nm. Roughly 75% of the initial absorbance at 620 nm bleaches quickly with

the rate constant k1 while the remaining 25% hardly decays under continued illumination. The

ratio k1/k2 is  about  35.  The absorption spectrum recorded across  the red region shows that

bleaching causes the formation of a new product absorbing in the region around 625 nm; that is to

say that the 25% of the initial absorbance at 620 that is resistant to photobleaching is due to a

new compound rather a fraction of ST1 that does not bleach. We refer to this new product as

being P625. Since  the  appended  phenoxyl  rings  contribute  significantly  to  the  red-shifted

absorption26   profile (relative to conventional BODIPY dyes) it might be argued that the B-O

linkages  remain  intact  during  this  reaction.  At  shorter  wavelengths,  a  second  product

accumulates. This latter species has an absorption maximum centred at around 525 nm. Kinetics

measurements made at this wavelength indicate that formation of the product occurs via first-

order kinetics with a light-intensity corrected rate constant of 0.0030 min-1 (Figure 10). The blue

shifted absorption maximum might be indicative of the breakage of one or both of the B-O

linkages. We refer to this product as P525. Like P625, it is quite stable towards further exposure to

light as confirmed by broadband illumination studies. The rate of formation of this product is

somewhat slower than the rate of loss of ST1, thereby indication partitioning of the reaction at

early stages.



Figure 10. Kinetic plot for the formation of P525 at 525 nm following photobleaching of ST1 in air-
equilibrated DMSO. The y-axis corresponds to concentration of P525 divided by the fraction of
incident light absorbed by ST1 at 620 nm. This implies that P525 evolves from loss of ST1.

The overall photobleaching behavior deduced for ST1 in air-equilibrated DMSO can be expressed

by way of Scheme 1. It is not straightforward to remove all the dissolved O2 from the viscous

solvent so it is not possible to claim that oxygen is not required for the bleaching reaction. It is

possible, however, to confirm that the reaction occurs only on exposure to visible light. According

to the scheme, illumination of ST1 leads to formation of two products, designated according to

their crude absorption maxima as being P625 and P525. Both products are relatively photostable.

The individual rate constants for formation of each product can be estimated from the kinetic

measurements made   in the red and green regions and these are indicated on the scheme.



Scheme 1. Generic outline of the partitioning of the photobleaching process that leads to loss of
ST1 under illumination. The major process leads to formation of P625 but there is a competing
reaction  that  forms  P525.  On  the  timescale  of  the  experiment,  P525  is  considered  to  be
photostable but P625 bleaches to form a transparent product designated as BL. 

Figure 11. An attempt to extract absorption spectra for the two products by iterative procedures.
The initial spectrum for ST1 is shown as a black curve. Part of the signal does not bleach, even on
long times, and the resultant spectrum is shown in red. This latter spectrum was obtained by
illumination in the presence of TEOA (1M) where build-up of P525 is less apparent. 
Removing  the  spectrum for  P625  from the  spectrum observed  towards  the  end  of  a  long
illumination gives the spectrum shown in blue. This latter spectrum is attributed to P525 (note the
peak lies at 555 nm). It can be considered that the absorption spectral features for P625 are
basically the same as those of the starting compound, ST1.

5.5 Attempted inhibition of photobleaching

ST1

     k = 0.0030 
min-1

k = 0.011 min-

1

P625P525 BL
k = 0.0004 min-1



The next phase of the project involved an attempt to hinder the photobleaching of ST1 by the

addition of triethanolamine (TEOA). The rationale behind this experiment has its origin in the fact

that TEOA fulfils the role of a sacrificial redox agent to reduce oxidized species and return them to

their original state.27-31 For many decades, this basic strategy acts as a convenient means to

circumvent charge recombination in photochemical systems aimed at H2 or O2 production from

water.32-36 Here, we consider if the photobleaching process leads to transient formation of an

oxidized state that might be pushed back to ST1 by way of electron addition from TEOA. In the first

experiment, we found that TEOA quenches fluorescence from ST1 in DMSO solution. A reasonably

linear Stern-Volmer plot37 arises from successive addition of TEOA to the solution (Figure 12). The

Stern-Volmer constant (KSV) was derived as 0.53 M-1  from Equation 2, which used together with

the excited-singlet state lifetime of 10 ns, gives a bimolecular quenching rate constant (kQ) of 5.3

x 107 M-1 s-1. Note that we consider this quenching step as involving electron donation to the

singlet-excited state rather than trapping of an oxidized intermediate.

I 0

I
−1=K SV [TEOA ]=kQ τS [TEOA ](Equation 2)

Figure 12. Stern-Volmer plot constructed for the addition of TEOA to a solution of ST1 in DMSO.
The solid line drawn through the data points is a fit to Equation 2 with the parameters given in the
text.



Subsequent experiments involved adding a small volume of pure TEOA to the solution of ST1 in

DMSO prior to illumination. The course of reaction could be followed conveniently by absorption

spectroscopy as before and a typical profile is provided as Figure 13. Now, it can be seen that

bleaching of ST1 occurs as before, with a relatively fast disappearance of absorbance in the red

region. Again, loss of absorbance occurs until reaching about 80% of the initial signal after which

bleaching is very slow. As found in the absence of TEOA, a satisfactory fit to the experimental data

was attained with a dual exponential model. This leads to derivation of the two accompanying rate

constants for the fast (i.e., k1) and slow (i.e., k2) bleaching events. It is seen that whereas k2

remains much the same as observed in the absence of TEOA, k1 is greatly enhanced. Table 2

provides a compilation of the rate constants obtained as a function of added TEOA concentration.

Figure 13. (a) Series of absorption spectral profiles recorded during the photobleaching of ST1 in
air-equilibrated  DMSO containing  a  low concentration  of  TEOA.  (b)  Kinetic  plot  recorded  for
absorbance changes at 620 nm. The solid line drawn through the data points corresponds to a
non-linear, least-squares fit to a first-order process. Note the appearance of an induction period at
the onset of reaction.

Time / min



Two interesting features emerge from examination of Figure 13. It is clear that, at least at low

concentrations of TEOA, there is a short inhibition period before bleaching takes place. At an initial

concentration of TEOA of 0.64 M, the inhibition period is about 10 minutes. This shortens at higher

concentration of TEOA but does not disappear altogether, as shown by the kinetic plot given as

Figure 14. A further point of interest is that the presence of TEOA prevents build-up of the product

absorbing around 525 nm. Indeed, in the presence of TEOA there is no sign of this product,

although the second product designated as P625 still evolves. We might speculate, therefore, that

TEOA intercepts the intermediate species responsible for formation of P525. The introduction of the

inhibition period, which is highly reproducible and therefore considered to be of significance in

terms of the reaction mechanism, adds an interesting level of complexity.

Figure 14. Kinetic plot recorded for absorbance changes at 620 nm during the photobleaching of
ST1 in air-equilibrated DMAO containing a high concentration of  TEOA.  The solid  line drawn
through the data points corresponds to a non-linear, least-squares fit to a first-order process. Note
the reduction but not elimination of the induction period at the onset of reaction.

Time / minTime / min



Table 2. Effect of concentration of triethanolamine on the rate constants for photobleaching of
ST1 in air-equilibrated DMSO. The experimental data were analysed in terms of a dual- exponential
fit.

Figure 15. Effect of added TEOA concentration on the dominant rate constant derived for the
photobleaching of ST1 in air-equilibrated DMSO. The insert shows the data presented as a log- log
plot.

The shape of Figure 15 is consistent with a situation in which TEOA traps an intermediate species.

This would account for the near saturation seen at high concentrations. On the other hand, Figure

13a appears to indicate that TEOA curtails formation of P525 but does not prevent build-up of P625.

[TEOA] / M k1 / min-1 k2 / min-1
0 0.0035 0.0003

0.01 0.058 0.0003
0.07 0.093 0.0013
0.26 0.111 0.0005
0.64 0.127 0.0004
3.42 0.119 0.0002
4.00 0.132 0.0005
5.30 0.156 0.0003



Other  factors  for  us to  consider include (i)  the inhibition period and (ii)  the fact  that  TEOA

quenches  fluorescence from the  chromophore  by  way  of  Stern-Volmer  kinetics.  There  is  no

inhibition  period  in  the  absence  of  TEOA  but  it  becomes  less  pronounced  with  increasing

concentration of TEOA. This overall behavior is rather unusual. Before attempting to explain the

reaction sequence, attention turns to the use of a more selective substrate – namely indigo.

5.6 Attempted catalysis of secondary bleaching

We have successfully  demonstrated photobleaching of  the strapped BODIPY chromophore  in

DMSO solution using visible light illumination. Compared to many other dyes, bleaching of ST1 is

relatively  fast.  For  example,  under  comparable  experimental  conditions,  illumination  of  the

commercial dye indigo has almost no effect on the absorption spectrum. Thus, indigo and ST1

possess comparable absorption spectral profiles as can be seen from Figure 16. Both compounds

absorb in the red region, with a maximum located at around 620 nm. Illumination of indigo in air-

equilibrated DMSO solution for 250 minutes results in loss of only a small fraction of the initial

concentration (Figure 17). Under the same conditions, more than 75% of the initial concentration

of ST1 is lost by way of photobleaching.

Figure 16. Absorption spectra recorded for ST1 (red curve) and indigo (blue curve) in DMSO. At
the absorption maxima in the red region, the molar absorption coefficients are 48,730 M-1 cm-1

and 20,500 M-1 cm-1 for ST1 and indigo, respectively.



Figure 17. Absorption spectra recorded before (black curve) and after 250 minutes exposure to
the broadband illuminator (red curve). Records refer to (a) ST1 and (b) indigo.

Figure 18 shows the results of illumination of a mixture of ST1 (6 µM) and indigo (15 µM) in air‐

equilibrated DMSO at room temperature. From the spectral records it is possible to see that iso‐

indigo accumulates as a breakdown product. This species absorbs in the near‐UV region, with

significant absorption around 380 nm. Since bleaching of indigo is extremely slow in the absence

of ST1, it follows that formation of iso‐indigo is a consequence of reaction with one or more

decomposition products arising from ST1. Bleaching of ST1 is also evident from the figure and, at

long exposure times, the characteristic spectral features of P625 are noticeable among the spectral

records. Although P525 evolves during bleaching of ST1, it appears that the yield is significantly

lower than obtained in the absence of indigo. Furthermore, accumulation of P525 begins only after

much of the indigo has been lost. This situation is reasonable if indigo intercepts one of the key

intermediates involved in conversion of ST1 to P525. This behaviour is comparable to that found for

addition of TEOA, except for the fact that the concentration of indigo is very much lower. It is

known that indigo is susceptible to attack by oxy‐radicals



Figure 18. Photobleaching of a mixture of ST1 and indigo in air‐equilibrated DMSO at room
temperature. Individual absorption spectral profiles were recorded at various times throughout the
reaction. The arrows indicate the course of increased exposure time.

The build‐up of iso‐indigo, monitored at 380 nm, begins as soon as illumination starts but the rate

of  formation essentially  stops after  about  150 minutes (Figure 19).  Presumably,  this  reflects

quantitative consumption of indigo. In contrast, formation of P525 is initially slow but increases

markedly with decreasing concentration of indigo (Figure 19). Therefore, the two reactions are in

direct competition but bleaching of indigo must be far more efficient than is formation of P525,

under these conditions. The bleaching of indigo might involve sensitized formation of singlet

molecular oxygen, which has a lifetime of only 5.5 µs in DMSO, or more likely attack by an oxy‐

radical associated with ST1. At the low concentration of indigo used for these experiments, it

seems unrealistic for this substrate to intercept singlet oxygen before is decays nonradiatively. Any

oxy‐radical derived from the bleaching of ST1, however, is likely to be longer‐lived and therefore

more likely to react with indigo. It follows that this same oxy‐radical must be implicit  in the

conversion of ST1 to P525.

Monitoring at 620 nm, we see that the loss of absorbance gives a reasonable fit to first‐order

kinetics with a rate constant of 0.040 min‐1 for the initial 100 minutes or so (Figure 19). After this

period, the rate of loss of absorbance begins to increase.

This situation can be explained in terms of ST1 catalyzing the conversion of indigo to iso‐indigo

with a rate constant of 0.040 min‐1. This situation requires that no appreciable amount of ST1 is

lost during this period. As the concentration of indigo falls below some critical level, bleaching of



ST1 begins and P525 starts to accumulate with a first‐order rate constant of 0.020 min‐1. This leads

us to the modified reaction sequence shown as Scheme 3. It might be emphasized that the

concentration of indigo is too low for this species to be a direct quencher of the excited state and

that there is no spectroscopic evidence for complexation between ST1 and indigo.

Figure 19. Absorbance  changes  recorded  at  different  monitoring  wavelengths  following
illumination of ST1 (6 µM) in air‐equilibrated DMSO containing indigo (15 µM). The upper panel
shows the accumulation of iso0indigo at 380 nm and of P525 at 525 nm. The lower panel shows
the loss of ST1 as monitored at 620 nm.

Time / min



Scheme 3. Representation  of  the
reactions involved in the photobleaching of  ST1 in the presence of indigo. We consider that
illumination of ST1 forms, presumably in low yield, an oxy‐radical of the type B‐O. This latter
species reacts catalytically with indigo to form iso‐indigo. The radical also reacts with a further
molecule of ST1 to form either P625 or P525. These latter products begin to accumulate only when
the rate of formation of iso‐indigo slows down.

We now return to the photobleaching of ST1 in the presence of TEOA. The approximate quantum

yield for bleaching of ST1 in air‐equilibrated DMSO containing TEOA (1M) was determined to be 2

± 1 x 10‐5. Compared to many fluorescent dyes, such as Rhodamine 6G, this is relatively high.

Under the same conditions, TEOA quenches ca. 30% of the fluorescence from ST1. Given the great

disparity in these two values, we might argue that bleaching is not associated with electron

donation  to  the  excited‐singlet  state  by  TEOA.  We  can  explain  the  observed  Stern‐Volmer

quenching in terms of light‐induced charge transfer from TEOA to the excited state of ST1. Any π‐

radical anion that dissociates from the geminate pair will be immediately‐re‐oxidized by molecular

oxygen. It was reported many years ago that the one‐electron oxidized form of TEOA undergoes

deprotonation to form a reducing, neutral radical, at least in aqueous solution. The net result is

consumption of TEOA but no change in terms of ST1. The triplet‐excited state of ST1, which forms

in low yield, is also likely to react with added TEOA by way of bimolecular electron transfer with

the same general effect.

Figure 15 is suggestive of TEOA trapping a critical intermediate species, possibly the oxy‐radical

referred to above. To be correct, this finding would require that the trapped species leads to an

increase in the rate of overall bleaching of the chromophore but by‐passes conversion to P525. Of

course, TEOA is well set up to deliver a hydrogen atom (i.e., a proton and an electron) to the oxy‐

radical to produce a neutral species B‐OH. This latter reaction might require the presence of water



but NMR spectroscopy confirmed contamination of our sample of DMSO with trace amounts of

water. The actual identity of B‐OH is outside the scope of this work but, since colour is lost during

photobleaching, it might involve serious perturbation of the dipyrrin backbone. The cause of the

inhibition period is equally difficult to define.

5.7 Conclusion

In this chapter, we have considered the photobleaching of a doubly‐strapped BODIPY derivative.

The rationale for examining this compound is based on the fact that the X‐ray crystal structure

shows the dipyrrin unit to be distorted from planarity due to internal strain. It might be considered

that  this  stress  could be removed by breaking one of the B‐O (or  C‐O) bonds.  The second

argument for studying this compound comes from the realization that electrochemical oxidation is

irreversible and leads to chemical transformation. Most conventional BODIPY compounds exhibit

fully reversible electrochemistry so the situation found for ST1 must be due to the straps. Separate

to our investigations, Dr. Patrycja Stachelek is looking in great detail at the photophysics of ST1

and related compounds. She has confirmed that the triplet‐excited state is formed in low yield,

specifically in acetonitrile solution. We have found that ST1 is susceptible to photobleaching in

solution. The quantum yield is around 1 x 10‐5, which taken with the fluorescence lifetime of 10

ns leads to a first‐order rate constant for excited‐state bleaching of ca. 103 s‐1. The fact that the

apparent  rate  constant  for  the  photobleaching  event  is  ca.  0.01  min‐1 reflects  the  relative

probability for excitation of any particular solute molecule. This is the limiting step in our work but

might not be under different experimental conditions. For example, very high photon densities are

used for single molecule spectroscopy and for super‐resolution microscopy. We might anticipate

that ST1 would bleach very quickly under such circumstances.

We  are  not  able  to  identify  the  breakdown  products.  Although  relatively  fast,  the  rate  of

photobleaching is too slow for the reaction to be followed by NMR spectroscopy. Instead, we have

used trapping studies to help resolve the steps involved in the bleaching chemistry. There are

indications that ST1 functions as a photocatalyst for conversion of indigo to the colourless iso‐

indigo. If this is indeed correct, compounds similar to ST1 might be useful as photobleaches. This



would require preparation of a water‐soluble derivative. The photocatalysed bleaching of indigo is

considered in more detail in Chapter 3.
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Chapter 6.

The in-situ production of chlorine 
dioxide

Drinking water on tap…

                       



6.1 Summary

In this chapter we examine the possibility of forming chlorine dioxide by the one‐electron oxidation

of the chlorite ion in neutral aqueous solution. This is intended to be a relatively stable oxidant

that might be used as a bleaching agent in secondary chemical processes. Together with the

chemical  oxidation,  a  simple  means  for  quantitative  analysis  of  chlorine  dioxide  has  been

developed based on the oxidation of Chlorophenol Red in alkaline solution. The chemical oxidation

of  chlorite  proceeded  in  fairly  low  yield.  An  improved  protocol  was  established  using

photochemical methods. The first such approach is based on the sacrificial oxidation of tris(2,2‐

bipyridyl)ruthenium(II) using persulfate. The second approach dispenses with the sensitizer and

makes use of a photovoltaic cell. This latter method works very well and it is possible to produce

high concentrations of chlorine dioxide using visible light illumination. The final section describes

briefly the photobleaching of the BOPHY chromophore in the presence of molecular oxygen and

(high concentrations of) chlorite.

6.2 Introduction

The main difficulty associated with using photochemistry to effect bleaching of substrates in

solution concerns the short lifetime of the intermediates species. Excited singlet and triplet states

possess typical lifetimes of a few nanoseconds and a few microseconds, respectively,  in air‐

equilibrated water. Such lifetimes are far too short for viable bleaching chemistry unless the

substrate is present at  very high concentration.  For example,  incorporating a benzophenone

residue  into  the  backbone  of  a  polymer  before  fabricating  a  plastic  bottle  will  result  in  a

photodegradable  material.  Dissolving the  benzophenone  in  water  and  filling  the  bottle  with

solution is not going to have any effect on the structure of the bottle, regardless of how long it is

left in strong sunlight. Singlet molecular oxygen is a highly reactive species but its lifetime in water

is  only  5  �s or  so  and  does  not  overcome  the  kinetic  problems  mentioned  here.  Organic

hydroperoxides and peroxides offer more promise in as much as their lifetimes can be minutes or

even many hours but, at least in most cases, organic solvents are needed. The approach based on

in-situ preparation of an organic hydroperoxide is interesting, and perhaps practical, but we need

also to develop something that works in water. In considering alternative bleaching agents we turn

our attention to chlorine dioxide. This free radical species has received almost no attention as a



photochemical bleaching agent but it has several useful properties that make it an attractive

reagent. Chlorine dioxide is soluble in water and is known to be a powerful antiseptic agent with

demonstrated capability to sterilise surfaces.1 It is safe for human use2 and has been proposed as

a replacement for chlorine in sterilising drinking water.3 Chlorine dioxide, being a volatile gas,

escapes from warm aqueous solution such that the solution needs to be prepared in situ. It is a

modest oxidising agent.4 Under near‐UV light, chlorine dioxide is converted to the chlorine peroxyl

radical, which is a much more powerful oxidant.5,6

The usual way to prepare chlorine dioxide is by oxidation of sodium chlorite in water at pH 7. A

convenient oxidant is acetic anhydride,7 which has been shown to give overall yields of chlorine

dioxide in solution in the region of 45-50%. This, of course, is a thermal reaction that does not

require light. It is also possible to prepare chlorine dioxide using a simple electrochemical method

based on the electrolysis of sodium chlorite in water.8 This latter method appears to be effective

and can be used to produce solutions of chlorine dioxide in the region of 15% within relative short

electrolysis periods.9 The absorption spectrum of chlorine dioxide in water is not particularly

useful as an analytical tool since it falls in the near-UV region. Indeed, it is more convenient to use

the bleaching of a dye for analytical purposes and it has been proposed that chlorophenol red, a

well-known pH indicator for neutral solution, is a good reagent for the quantitative analysis of

chlorine dioxide in water. This provides a simple but reliable test10 that can be carried out in the

presence of other oxidizing agents.11-14  Chlorine dioxide possesses useful properties as an

aqueous bleach and, being a free radical with a delocalised structure, reacts quickly with many

substrates.  Sodium chlorite is a readily available reagent used as a mild antiseptic agent in

toothpaste  and  related  products.  It  is  stable,  both  as  a  solid  and in  aqueous solution,  and

inexpensive. It is sometimes used to clean bottles for subsequent filling with wine or water but it is

not safe to drink. Our interest is to identify a convenient photochemical protocol that might be

used to produce large quantities of chlorine dioxide that could be used as a strong bleaching agent

in remote locations. Ideally, this process would consist of dissolving sodium chlorite in “dirty”

water and exposing to sunlight after setting up the photochemical component. Illumination would

be used either to generate water for drinking or washing purposes or to remove toxins. Because



chlorine  dioxide  easily  escapes  from  water  at  ambient  temperature,  analysis  needs  to  be

performed in real  time.  It  is  not practical to employ absorption spectroscopy for the routine

analysis  of  ClO2 because the absorption profile lies at  380 nm15 and the molar  absorption

coefficient  is  only  1,100 M‐1 cm‐1. Furthermore,  it  is  highly  unlikely  that  an  absorption

spectrophotometer would be readily available in the same remote site where clean water is

scarce.  As  such,  part  of  our  work  involves  setting  up  a  reliable  test  for  estimating  the

concentration of chlorine dioxide in water. 

−¿→ClO2+eOxidation
ClO2

¿

−¿Reduction
¿

−¿+2H ¿

2ClO2
¿

¿

6.3 Oxidation of chlorite

Chlorine dioxide has to be freshly prepared but there are no universally recognised preparative

procedures. Cyclic voltammetry studies made with sodium chlorite in water showed the one-

electron oxidation potential to be 0.66 V vs NHE at pH 7 but 0.79 V vs NHE at pH 4 communication

with Dr. Patrycja Stachelek.  As such, it should be relatively straightforward to bring about the one-

electron oxidation of chlorite in neutral aqueous solution. One of the most common chemical

procedures  involves  oxidation  of  sodium  chlorite  with  chlorine  gas.  This  reaction  forms

hypochlorous acid as an intermediate but was considered too dangerous for us to use. Instead, our

initial  studies  focused  on  the  oxidation  of  sodium chlorite  by  acetic  anhydride,16 with  the

concentration of ClO2 being detected by iodometric titration.17,18 The maximum yield that could be

obtained by this route was limited to about 45%, even after careful optimisation of the reaction

conditions. In particular, the initial pH was found to be important, as was the relative concentration

of oxidant. After initial trials, the pH was fixed at 7.0 with phosphate buffer while the molar ratio of

oxidant to chlorite was maintained at 1.2. It was necessary to firstly dissolve the sodium chlorite in

buffer and to vigorously stir the solution before addition of the acetic anhydride. Even after varying



all the possible reaction conditions, it was not possible to obtain chlorine dioxide at a conversion

yield in excess of 45%. However, adding one equivalent of the strong oxidant sodium hypochlorite

before adding the acetic anhydride resulted in quantitative formation of chlorine dioxide. The

impression is formed that acetic anhydride hydrolyses in a competing reaction. Even so, it was

possible to produce chlorine dioxide in acceptable quantities on a routine manner. The next phase

of the work involved setting up a standard procedure for routine analysis of chlorine dioxide using

Chlorophenol Red as indicator (Figure 1).

Figure 1. Molecular formula for Chlorophenol  Red  used as  chemical  indicator  for  detecting
chlorine dioxide. Samples were purchased from Sigma-Aldrich and used as received.

The absorption spectrum recorded for Chlorophenol Red (CPR) in alkaline aqueous solution shows

a  pronounced  absorption  maximum centred  at  573  nm (ƐMAX = 1.51×104 M-1 cm-1). The

absorption spectrum is sensitive to changes in pH and a new absorption maximum appears at 434

nm  in  acidic  solution.  This  is  due  to  a  PkA  transition  associated  with  the  two  phenolic

residues,19,20  which can be followed by a spectrophotometric titration (Figure 2). Only a single

step is observed, indicating that each phenol acts independently (Figure 3). From the pH effect on

the ratio of the absorbance values at the respective maxima, the pKA is calculated to be 7.3. Since

the anionic form of CPR is more coloured, it follows that the negative charge is delocalized around

the aromatic structure. On treating an aqueous solution of CPR with ClO2, the dye is irreversibly

bleached in what appears to be a 1:2 stoichiometry. This process was studied by first standardizing

the oxidant solution with starch-iodine and adding small volumes of the standard solution to a

stirred solution of CPR buffered at pH8. The reaction is attributed to oxidation of the dye by ClO2. A

convenient way to carry out this analysis involved removal of ClO2 from the solution using in a

stream of N2 and subsequent trapping with CPR (Figure 4).
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Figure 2. Absorption spectra recorded for Chlorophenol Red (CPR) in water at different pH values.
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Figure 3. Effect of pH on the absorbance ratio Ratio (A575/A434) at different pH values.



Figure 4. Absorption spectra recorded following addition of different amounts of chlorine dioxide
solution to Chlorophenol Red (CPR) solution.

Figure 5. The photographs illustrate stages of discoloration of CPR that confirm formation of

chlorine dioxide.



An obvious problem inherent to the use of acetic anhydride as chemical oxidant is that the

solution contains acetic acid which will affect the pH. The reaction leading to formation of chlorine

dioxide is also quite complex and far from stoichiometric. Therefore, addition was turned towards

seeking a simpler alternative, preferably a reaction that could be initiated by light. One such

chemical oxidant is the tris(2,2’-bipyridyl)ruthenium(III) cation which is a powerful one- electron

oxidant. This species is easily formed from the corresponding dication in water, which absorbs

strongly (Ɛ453 = 14,500 M-1 cm-1)  at 453 nm (Figure 6).21  For several decades, the dication has

been used to test potential catalysts for oxidation of water to molecular oxygen.
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Figure 6. Absorption spectrum recorded for the tris(2,2’-bipyridyl)ruthenium(II) dication in water

at pH 7.
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Illumination of a

solution of tris(2,2’-bipyridyl)ruthenium(II) dication in water at pH 7 containing Na2S2O8 (0.05 M)

causes one‐electron oxidation of the sensitizer. This is a well‐known reaction using what is often

termed a sacrificial redox agent – namely, sodium persulfate. After removing molecular oxygen

with a steady stream of N2, the reaction was found to proceed much faster (Figure 7).

Figure 7. Absorption spectra recorded before and after illumination of a mixture of tris(2,2’-
bipyridyl)ruthenium(II)
 dication in de‐aerated water containing  Na2S2O8 (0.05 M).
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This experiment was repeated but with two significant changes. Firstly, sodium chlorite (0.1 M)

was added to the solution and secondly a slow stream of N2 was passed through the solution

during the illumination period. The exit stream was bubbled through a solution of CPR in water at

pH 8. The course of reaction was monitored by changes in colour of the CPR solution. It was noted

that the characteristic red colour of the solution faded quickly and the solution turned a faint

orange colour, which is characteristic of the oxidized form of CPR. Figure 8 shows the effect of a 3‐

hour illumination period.
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Figure 8. Absorption spectra recorded for a solution of CPR in water at pH 8 before and after
illumination of the sensitizer solution containing both persulfate and chlorite. A slow stream of N2

was used to transfer any chlorine dioxide from the   sensitizer solution to the CPR solution.
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Figure 9. The photograph illustrates stages of discoloration of CPR that confirm formation of
chlorine dioxide under illumination.

The reaction can be considered to take place as follows: Illumination of the sensitizer in de‐

aerated solution causes electron transfer from the excited‐triplet state to the ground state of the

persulfate ion. This results in formation of tris(2,2’-bipyridyl)ruthenium(III). The reduced form of

persulfate quickly dissociates to sulfate and the sulfate radical cation. The latter is a powerful

oxidant and, under the conditions of the experiment, will oxidize a molecule of chlorite to chlorine

dioxide. The tris(2,2’-bipyridyl)ruthenium(III) cation is also sufficiently strong to oxidise chlorite to

chlorine dioxide and itself is restored to the original sensitizer. The reaction, therefore, is catalytic

with respect to formation of chlorine dioxide. The latter is removed from solution by the stream of

N2 and used to oxidize CPR in a separate solution (Figure 9). It was observed that the oxidation

potential for ruthenium (III) occurs at 1.53 V vs NHE and for SO4 -2  radicals is ranging from 2.5 to

3.1 V.22

This reaction sequence works reproducibly and was able to generate substantial amounts of

chlorite  to  chlorine  dioxide.  There  was  no  accompanying change  in  pH but  over  prolonged

illumination  the  sensitizer  was  destroyed.  Adding  more  sensitizer  restored  the  capacity  to

generate chlorine dioxide. No chlorine dioxide was formed in the dark, thereby indicating that

persulfate reacts too slowly with chlorite to be a viable chemical oxidant for this reaction. Although

1 2 3 4 5



the reactions works well and can be driven by sunlight, it is expensive to operate. Other sensitizers

are  possible  but  the  conditions  are  somewhat  hazardous  for  organic  reagents  and  the

chromophore is destroyed on long illuminations. A more stable solution was sought.

6.4 Photovoltaic synthesis

The above studies indicate that the chemical and photochemical oxidation of chlorite to chlorine

dioxide is a viable route to a bleaching agent. Chlorine dioxide is not a particularly powerful

oxidant  but  is  has  excellent  antiseptic  properties.  Furthermore,  CPR is  a useful  indicator  for

quantitative detection of chlorine dioxide in water.23 In seeking for an improved method for

production of chlorine dioxide it was decided to use a simple photovoltaic approach. Silicon- based

photovoltaic cells have become ever cheaper to produce and install and it is now possible to

obtain reliable photovoltaic panels for a reasonable price. These panel have an operating lifetime

in excess of ten years and can be set up so as to produce a steady potential in excess of 2 V. 24,25

This should be sufficient to oxidize chlorite to chlorine dioxide and to complete the circuit by the

reduction  of  some  complementary  system.  Our  earlier  cyclic  voltammetry  studies  showed

oxidation of chlorite to be electrochemically reversible so it is important to restrict access to the

photocathode by chlorine dioxide.

Our experimental set up used three silicon photocells arranged in series so as to generate 1.5 V of

output potential. The cell was wired to two large graphite electrodes. The panel was positioned

beneath a 250 W quartz iodide lamp fitted with a heat filter. The distance between lamp and solar

cell could be varied up to 2 meters. The cell did not oxidize water to H2 and O2 and, in fact, no gas

was evolved at the electrodes when the solution was aqueous KCl (0.5 M). The over- potentials for

water  cleavage  are  too  high  with  graphite  to  make  this  process  viable.  However,  an

electrochemical reaction occurred when the electrolyte solution contained sodium chlorite (0.5 M)

at pH 7. Here, chlorite is oxidized to chlorine dioxide at the anode while chlorite is reduced to

chlorine at the cathode. The latter reaction causes a change in pH, which can be followed during

the reaction. Chlorine gas is a powerful oxidant and oxidizes chlorite to chlorine dioxide. Apart

from  the  change  in  pH,  this  is  a  highly  promising  reaction.  As  before,  purging  the  anode

compartment with a slow stream of N2 transfers the chlorine dioxide to a vessel containing a

standard solution of CPR (Figure 10).
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Figure 10. Absorption spectra recorded before and after photoelectrolysis of chlorite with the
photovoltaic cell. The spectra refer to the CPR solution being constantly bubbled with a slow
stream of N2 gas to remove chlorine dioxide. 

The above experiment was repeated but with reaction pH being monitored at different stages of

reaction (Figure 11). Illumination causes the pH to increase quite substantially if no buffer is

present.





Figure 11. Following the reaction where chlorite is oxidized to chlorine dioxide at the anode while
chlorite is reduced to chlorine at the cathode   by recording the pH at different illumination times.
The solution was not purged with N2 so chlorine dioxide accumulates during photoelectrolysis.

The overall reaction proposed for this system is shown below:

As mentioned earlier, the only issue with this reaction concerns the increase in pH that occurs

under illumination. For this reason, attention was turned to alternative schemes for the anode

compartment. As a simple replacement, it was noted that with silver nitrate solution (0.1 M) in the

cathode compartment, illumination of the silicon solar panel resulted in generation of chlorine

dioxide in the anode compartment and reduction of silver(I) to colloidal silver(0) in the cathode

(Figure 12). The latter was evident as a grey suspension.
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Figure 12.  Absorption spectral  changes occurring during photovoltaic electrolysis of  sodium
chlorite with silver nitrate in the cathode compartment. The spectra show accumulation of chlorine
dioxide under illumination.

Of course, the photochemical reduction of silver(I) is not intended as anything other than a simple

demonstration model. Replacing silver nitrate with ammonium ferric sulphate (0.1 M) in acetate

buffer gave a much cheaper option. After illumination of the silicon solar cell, small aliquots of

1,10‐phenanthroline26  were added to the cathode compartment in order to detect formation of

iron(II) cations. This is done through formation of the red coloured iron tris(1,10‐phenathroline) ion

which absorbs strongly at 508 nm.27‐29  In fact, the red coloration builds up smoothly during the

illumination period but not in the dark (Figure 13). The rate of accumulation of iron(II) depends on

the initial concentration of iron(III), indicating that the reaction conditions are not optimal.
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Figure 13. Increased absorbance observed at 508 nm corresponding to accumulation of  iron(II)
in the cathode compartment during illumination of the solar cell.

At the same time, chlorine dioxide accumulates in a linear manner with increasing illumination

time. (Figure 14).  Under controlled conditions,  the reaction stoichiometry is  1:1 and reaction

continues until one of the reactants is consumed. Note it is very important to ensure that iron(III)

does not come into contact with sodium chlorite solution.
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Figure 14. Accumulation of chlorine dioxide during illumination of the silicon solar cell.  The
product was quantified using the CPR indicator after removing small aliquots of solution.

The overall cell design is shown in Figure 15.
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Figure  15.  Experimental  setup  for  the  photovoltaic  formation  of  ClO2 and  the
accompanying reduction of ferric cations.
    



6.5 Photochemical bleaching of the BOPHY   

As a final test of the possible value of using chlorine dioxide as a photochemical bleach, a limited

number of experiments was conducted with sodium chlorite as an electron donor in solution. The

chromophore was the parent BOPHY introduced earlier. This compound is insoluble in water and so

a mixture of tetrahydrofuran (THF) and water was used as solvent. The BOPHY dye was dissolved

in THF while sodium chlorite was dissolved in water prior to preparing the mixture. The intention

was to determine if  chlorite could promote the photobleaching of the chromophore.30-32  It  is

recognized that BOPHY exhibits a high level of photostability33  while it has been reported that

these compounds might have important applications in OLEDs.34-36 It was observed that BOPHY

undergoes slow degradation  under illumination in  the THF-water  mixture  in  the presence of

sodium chlorite (0.10 M). This effect is illustrated by way of Figure 16.

Figure 16. Photobleaching of BOPHY in the THF-water mixture under exposure to visible light.
The solution contains sodium chlorite (0.1 M) and dissolved oxygen.

Similar experiments were made in the presence of CPR in an effort to better understand the

reaction mechanism. However, it was found that the absorption spectral profile of CPR did not

change under  these conditions while  that  of  BOPHY decreased in  intensity  (Figure 17).  This

confirms that BOPHY is susceptible to photobleaching under these conditions but the fact that CPR

is not bleached is puzzling. There is no obvious reason why chlorine dioxide, if formed, should

react preferentially with BOPHY. However, increasing the concentration of BOPHY increased the

rate of photobleaching of this chromophore without effecting loss of CPR. One possibility is that



chlorine dioxide attacks the BOPHY π-radical  anion formed by light-induced electron transfer

before separation of the species. In other words, free chlorine dioxide is not formed. Shortage of

time prevented further examination of this system.
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Figure 17. Two examples of absorption spectral changes recorded during the illumination of a
mixture of BOPHY and CPR in mixed THE/water. The solution contained sodium chlorite (0.05 M)
and molecular oxygen. Absorbance spectra were recorded at different exposure times.

6.6 Conclusion

This chapter has considered an alternative photochemical oxidative system based on the oxidation

of sodium chlorite. The latter is a cheap and readily available compound that is currently used in



certain health products. It is a known anti-septic agent that has applications for water treatment.

We have demonstrated that chlorite can be oxidized to chlorine dioxide via a photovoltaic cell.

Chlorine dioxide is a better bleach than is chlorite and works by mild oxidation.

It has genuine possibilities as a largescale water-treatment reagent. Our set-up has been kept

simple and inexpensive. It requires only a few silicon solar cells wired so as to produce around 1.5

V. Graphite rods are used as electrodes. These are non-selective but cheap and easily fabricated.

The most successful system uses only sodium chlorite in water. It generates chlorine dioxide under

illumination of the solar cell but suffers from an increase in pH due to the production of hydroxide

ions as a side-reaction. For many purposes, this is not seen as a problem. The next phase of the

project involves setting up a largescale demonstration model but this will happen outside of the

current PhD programme.
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