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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 effective bleaching. One molecule of
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 less practical.

Introduction
Photochemistry has an important role to play in our attempts
to remove waste products, toxins and pollutants from industrial
sites, water supplies, nerve agent residues, and household
garbage.1-3 There are several tried-and-tested photochemical
reactions4,5 that offer near universal treatments which could be
applied on a largescale. 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 energetic
requirements are far less demanding than for hydrogen atom
abstraction and a multitude of organic compounds is 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,Ndimethylformamide.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
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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 decolouration 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 tripletexcited state, as populated19 by sensitisation. This work
confirmed20 the very low inherent triplet quantum yield (i.e., ΦT
= 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 observation that the
central double bond in indigo is susceptible to attack by
hydroperoxyl radicals.21 This generic reaction, which is
illustrated in Scheme 1, is likely to operate under relatively mild
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Figure 1. Chemical formulae for the main compounds discussed in the text. Note that

Separately, previous work has established14 that the
photocatalyst, CAT (Figure 1, Scheme 2), forms an organic
hydroperoxide (C-OOH) following rearrangement after lightinduced 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!

CAT possesses two active butylated hydroxytoluene (BHT) residues per molecule of
BOPHY.

Scheme 1. Reaction between indigo and hydroperoxyl radicals to give an addition
product where the spin density is delocalised 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.

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

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 p-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.

Results and Discussion
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
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prolonged illumination (Figure 2), the chromophore slowly
bleaches to give a transparent product, most likely some
derivative of isatin. The absorption spectrum recorded for isatin
in DMSO is given in the Supporting Information (Figure S0) but
direct comparison with that obtained by bleaching of indigo is
difficult because of the extremely long irradiation periods to
deplete the indigo. 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 S1). Photobleaching is irreversible in both DMSO and
DMF solutions and requires the presence of O2.

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.

[𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊]
= 𝑨𝑨𝟏𝟏 𝒆𝒆𝒆𝒆𝒆𝒆−𝒌𝒌𝟏𝟏𝒕𝒕 + 𝑨𝑨𝟐𝟐 𝒆𝒆𝒆𝒆𝒆𝒆−𝒌𝒌𝟐𝟐 𝒕𝒕
[𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊]𝟎𝟎

(𝟏𝟏)

The course of reaction can be followed conveniently by
absorption spectrophotometry, where bleaching appears to
follow a two-step process (Figure 3). 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; A1 ≈ 0.07) accounts for between 5 and 10% of
the total change while the slower step (k2 = 0.011 ± 0.002 h-1; A2
≈ 0.93) 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. The two-step mechanism is
most likely indicative of the formation of a stable intermediate
with a slightly different absorption spectrum. The role for O2 is
difficult to specify but, in the event that the main product is
isatin, breakage of the central double bond requires attack by
an oxy-radical. This might start out as sensitized formation of
singlet molecular oxygen.
Both steps, however, were found to speed up with
increasing light intensity (see Supporting Information). 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 airequilibrated solution stabilizes the chromophore against
bleaching, at least over 10h of continuous illumination. This
latter substrate is considered to be a trap for singlet molecular
oxygen.25

Figure 3. 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.

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-equilibrated
solution results in formation of the hydroperoxide, C-OOH, in
modest yield.14 This reactive species is responsible for the autocatalysis 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.
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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 4). 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 4). For the specific example shown in Figure 4, 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 conditions used
for the experiment, especially with respect to light absorption
by CAT.
The rate (ω) of catalysed bleaching of indigo was found to
depend linearly on the incident light intensity for a given
concentration of CAT (Figure S2). This 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 5). 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
ω observed at higher CAT concentration for the same initial
concentration of indigo, after allowance for the disparate
photon uptake.
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

Figure 4. 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 5. 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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involves transfer of the hydroperoxyl radical from C-OOH to
indigo. The resultant CAT-derived radical is the same species as
is 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
optimisation to obtain the maximum efficacy for bleaching.

Figure 6. (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 (2 mM). The red lines drawn through the data curves
correspond to first-order fits of 19 and 9 µs, respectively.

around 40 molecules of indigo in DMSO and ca. 30 molecules in
DMF. Bleaching demands the presence of molecular oxygen and
light. The decolouration of indigo also occurs with sunlight as
the source.
Effect of adventitious butylated hydroxytoluene (BHT)

Scheme 3. Reaction sequence proposed to account for the indirect bleaching of indigo
following illumination of CAT in air-equilibrated solution.

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
S3). 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.
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

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 arises from BHT reacting with an excited state of the dye.
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Following the comprehensive work of Seixas de 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 very low intensity (Figure 6), with a
maximum at ca. 525 nm, and required multiple averages in
order to acquire 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 (2 mM) to the solution. The signal was too small to allow
accurate derivation of the bimolecular quenching rate constant.
Returning to the decolouration of indigo by BHT in the
absence of CAT, it was observed that the rate (ω) of
photobleaching was constant for the first 10 hours of
illumination. The derived value of ω was very low but increased
significantly on addition of BHT (Figure 7). The rate continued to
increase with increasing concentration of BHT but tended
towards a plateau at high concentration. 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 ω and the rate of photon uptake.
The latter was modulated by varying the incident light intensity.
The overall reaction is illustrated by way of Scheme 4. At high
concentrations of added BHT ([BHT >15 mM), the bleaching
kinetics become auto-catalytic.28

Figure 7. Effect of added BHT on the rate of photobleaching of indigo on exposure
to broadband illumination.

Experimental
Samples of indigo 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%. Samples of CAT
were available from an earlier investigation14 and were
analysed by NMR spectroscopy prior to use. A sample of
butylated-hydroxytoluene (BHT) was purchased from Sigma
Aldrich Ltd. and subjected to column chromatography with 200325 mesh silica gel using a mixture of diethylether/hexane 9/1
as eluent. Solvents were obtained from Fisher Scientific and
used as received. To ensure the absence of artefacts associated
with trace impurities in the solvent, samples of DMSO were

Scheme 4. Reaction sequence proposed to explain the photobleaching of indigo in the
presence of added BHT but without CAT.

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.
Absorption spectra were recorded with a Hitachi U3310
spectrophotometer using balanced quartz cuvettes. Samples
for illumination were prepared fresh and adjusted to give the
required absorbance at selected wavelengths. Stock solutions
of the various substrates were prepared and used to obtain the
necessary final composition. For broadband illumination
studies, the light source was a 400W HQI lamp filtered to
remove IR and UV (λ < 400 nm) radiation. The sample was
contained in a 1 cm2 cuvette held in a purpose-built holder and
situated 30 cm from the source. The temperature was kept
constant at 20 0C. The light intensity was controlled by insertion
of suitable neutral density filters in front of the sample cuvette.
Day-to-day recording of the light intensity was made with a Thor
Labs S401C radiometer to ensure stability of the output. Light
intensity was varied by adjusting the distance between source
and sample or by inserting neutral density filters before the
cuvette. As necessary, the solution was purged gently with a
stream of dried N2 to remove oxygen using a frit to disperse the
gas stream.
An alternative set-up was used for the selective illumination
of CAT. Here, the light source was a high-power violet LED
(Lumileds LHUV-0425-A070; 595 mW) emitting at 425 nm. The
light beam was focussed onto the sample cuvette using a
camera objective after passing through a heat filter. The sample
was stirred continuously. A weak laser beam at 610 nm was
directed through the sample and collected with an aspheric
condenser lens and forwarded to a Thor Labs S401C detector.
The signal was amplified and transferred to a data logger for
subsequent analysis. This secondary beam was used to monitor
the course of reaction.

Conclusions
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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 catalysed 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 realised. If so, this could lead to a critical
advance in water treatment strategies.
An interesting side-effect concerns the comparison of intraand 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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