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A novel, robust chemical method for the detection of singlet oxygen is reported. It uses the oxo-ene
reaction of the largely available and inexpensive dicyclopentadiene which is transformed by singlet
oxygen into a hydroperoxide, quantitatively converted in situ by acetic anhydride and pyridine into
a stable ketone, easily detectable by standard GC. The method has been tested in the detection of singlet
oxygen as generated by standard organic pigments used in commercially available tubes for fine art
paintings.

� 2011 Elsevier Ltd. All rights reserved.
The quest for conservation commands chemical investigation of
the processes involved in the deterioration of fine arts works.
Weather and light fastness are becoming common terms in the
choice and commercialization of fine art materials and especially of
pigments for paintings. The coloured nature of the latter makes
them virtual generators of singlet oxygen which is the activated
excited state of molecular oxygen and as such, potentially more
destructive than the fundamental triplet state oxygen. Besides
being the cause of fading of the colour of the pigment itself, singlet
oxygenmay be the cause of damage of the binding materials for the
pigments and of the varnishes composing the artwork, greatly
contributing to its final deterioration. Actually, because of abun-
dance, distribution and ease of formation, singlet oxygen can be
predicted as one of the most disruptive agents of degradation [1].

In particular, the relevant amount of oxygen (nearly 20%)
present in dry air as the lower energy diradical form with two
unpaired electrons (triplet oxygen) can be paired by mean of light
to occupy a single p orbital, to afford the excited state (i.e. singlet
state), which, being higher in energy is also more reactive. The
excitation is promoted by a specific sensitizer, which absorbs the
visible light, reaching the excited state and transfers its energy to
oxygen [2,3]. The postulated mechanisms involved in the excita-
tion transfer were suggested by Schönberg, [4] and Kautsky [5].
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Coloured dyes (e.g. tetraphenylporphyrin, rose bengal, methylene
blue) behave as sensitizers for oxygen, finding practical applica-
tions in organic synthesis [6].

From the biochemical viewpoint, the detection of singlet oxygen
is a long standing area of research where the action and the
involvement of such activated form of oxygen is well documented.
Customarily, molecular probes are used which are able to produce
fluorescence when in presence of singlet oxygen. To the best of our
knowledge, so far, the most active and sensible detection probe is
by Posner et al., which makes use of trans-1-(2-methoxyvinyl)
pyrene [7]. The latter reacts with 1O2 to form (4 þ 2) and (2 þ 2)
cycloadducts, which decompose emitting florescence that can be
monitored and related with the amount of singlet oxygen
produced. Though the system is extremely sensitive and reliable
(able to detect up to picomoles of 1O2), it presents drawbacks in the
stability of the reagent which auto-oxidises in the presence of
oxygen and easily hydrolyses.

In the search of a robust and selective method for the detection
of 1O2 that could be easily performed in organic chemistry labo-
ratories and quantified by GC even after hours from the experi-
ments we thought to use the oxo-ene reaction of dicyclopentadiene
1. The latter with singlet oxygen is known to produce the unstable
hydroperoxide 2, which can be rapidly decomposed in situ by
a mixture of acetic anhydride and pyridine (Scheme 1) [8,9]. The
resulting dicyclopentadien-3-one 4 is stable and easily detectable,
allowing simple and affordable analyses of the final mixtures.
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Scheme 1. Model reaction considered for the study of the generation of singlet
oxygen.
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To test the feasibility of the method, Rose Bengal (RB) [10]
supported on cross-linked polystyrene [11] was irradiated in the
presence of 1 and the acetylating mixture during oxygen bubbling
(Table 1, entry 17). This solid dye required 6 h to convert 40% of the
starting material 4 into the final product 6, as detected by GC. In
order to exclude the effect of the intense visible light radiation (500
Watt) in the formation of the product via a radical process, a blank
experiment in absence of any sensitizer was performed and
considered as zero level of conversion (Table 1, entry 0).

Under the same conditions and after the same time, no reaction
wasmonitoredwithout light orwithout oxygen, demonstrating that
the reagents are stable in the absence of singlet oxygen. A certain
amount of oxidized product is observedwhen both light and oxygen
are used without sensitizers and this offset value was subtracted
from the observed data. Even though the absolute quantity of
generated singlet oxygen cannot be assessed, the method is of
practical application when used to establish the amount of 1O2
Table 1
Effect of solid dye in the production of singlet oxygen, as trapped by 1 to afford 4.

Entry Colour Colour Index
Name

CAS Registry #

0 e e e

1 PR206 71819-76-6

2 PO62 52846-56-7

3 PB60 81-77-6

4 PY139 36888-99-0

5 PR88 522-75-8

6 PR168 4378-61-4

7 PR254 84632-65-5

8 PG36 14302-13-7

9 PG7 1328-53-6

10 PB16 574-93-6

11 PV23 6358-30-1

12 PR122 980-26-7

13 PY97 12225-18-2

14 PR209 3573-01-1

15 PO43 4424-06-0

16 PV49 1047-16-1

17 e Rose Bengal B polystyrene e
produced by pigments in comparison with the standard RB system
because both systems are constituted by insoluble sensitizers.

Keeping the irradiation time constant for all the experiments,
standard pigments obtained from commercial water colours (Mai-
meri SpA) were considered. The coloured matter as squeezed by the
tube was repeatedly washed with water, ethanol, hexanes and
separating by centrifugation the solidmaterial subsequently to every
washing. These solid materials were tested as sensitizers for the
generationof singletoxygenwith irradiationof1, acetylatingmixture
and a stream of oxygen [12]. Results are summarized in Table 1.

Data in Table 1 are obtained after subtracting the offset as ob-
tained with no sensitizer. In all cases a modest amount of product 4
was obtained, showing that there is no great production of 1O2. All
pigments however proved to produce 1O2, except Permanent
Orange 62 (N-(2,3-dihydro-2-oxo-1H-benzimidazol-5-yl)-2-[2-(4-
nitrophenyl)diazenyl]-3-oxo-butanamide, entry 2) and Pigment
Red 254 (1,4-Diketo-3,6-bis(4-chlorophenyl)pyrrolo[3,4-c]pyrrole,
entry 7) which actually seems to act as quenchers. The highest
values of conversion were observed with Pigment Blue 16
(29H,31H-phtalocyanine, entry 5), and Vat Red 41 (thioindigo,
entry 10), confirming their active role in the formation of singlet
oxygen, as previously observed by other researchers [13,14]. The
higher activity of the phthalocyanine can be associated with the
similarity in structure with tetraphenylporphyrine, a well known
dye for singlet oxygen sensitisation. Fig. 1

In conclusion, with this simple and viable methodology we
could prove that standard pigments present in commercial fine art
materials can act as modest sensitizers for singlet oxygen. Though
we are far from an accurate quantification of the amount produced,
from our data it can be assumed to be between 1 and 10% of
immobilised RB which is presently one of the best solid, insoluble
sensitizers for 1O2. It can be concluded that organic pigments
Ketone 4 (mmol)e[%] Ketone 4 neat of 3O2

effect (mmol)e[%]
Efficiency
(% relative to RB)

0.111e0.88 0.000e0.00 0.00
0.190e1.51 0.080e0.64 1.57

0.079e0.63 �0.031 to �0.25 �0.61

0.150e1.19 0.040e0.32 0.78

0.126e1.00 0.016e0.13 0.31

0.823e6.55 0.713e5.68 13.95

0.395e3.14 0.285e2.27 5.58

0.103e0.82 �0.007 to �0.06 �0.14

0.443e3.53 0.333e2.65 6.52

0.459e3.65 0.349e2.78 6.83

1.218e9.70 1.108e8.82 21.69

0.387e3.08 0.277e2.21 5.42

0.554e4.41 0.444e3.54 8.69

0.174e1.39 0.064e0.51 1.25

0.395e3.14 0.285e2.27 5.58

0.206e1.64 0.096e0.76 1.88

0.332e2.64 0.222e1.77 4.34

5.22e41.56 5.110e40.68 100.00



Fig. 1. Histogram reporting the amounts of 4 obtained from 1 relative to RB (subtracted of the value obtained without any pigment or sensitizer and in percent to the value
obtained).
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cannot be used in synthetic applications, but indeed in long times
in the presence of light and oxygen can be cause of degradation of
paintings for this reason.

1. Experimental

All reagents were used as purchased by suppliers without any
further purification. Water colours were obtained from Maimeri
S.p.A. Gas-chromatographic analysis were performed using a 15 m
length, 025 mm i.d. column with 5% polydiphenysiloxane/95% pol-
ydimethylsiloxane 0.25 mmthick stationary phase, constant nitrogen
flow1.0mL/min. Detector: FID. Linear correlation betweenproduct 4
and internal standard (n-tetradecane) was determined before anal-
yses. Temperature ramp: 5 min at 50 �C followed by an increasing of
10 �C at eachminute until the reachment of 300 �C, kept constant for
10 min. Typical retention times for substances: dicyclopentadiene 1
(804500), dicyclopentadien-3-one 4 (1202000), n-tetradecane (1403000).

1.1. Preparation of the pigment (removal of arabic gum and
additives)

Water colour (approx. 1.0 g) was dispersed in water (10 mL) and
the resulting slurry was centrifuged for 15 min. The supernatant
was removed with the aid of a Pasteur pipette and the operation
was repeated two times with the same solvent. The resulting wet
solid was dispersed in ethanol (10 mL) and centrifuged for 20 min,
removing the liquid with a Pasteur pipette. The operation was
repeated with cyclohexane as solvent and the resulting pigment
was dried in vacuum for 30 min.

1.2. Preparation of Rose Bengal B bound to polystyrene (swelling of
the polystyrene matrix)

Rose Bengal B bound to polystyrene from SigmaeAldrich
(approx 100 mg) was added to dichloromethane (5 mL) and the
mixture was stirred for 20 min at RT. The solvent was removed by
filtration and the solid was dried in vacuum for 5 min, it was
carefully weighted and used straight.

1.3. Pigment-induced singlet oxygen generation and trapping

In a water-cooled jacketed test tube (h 150 mm, d 15 mm) fitted
with a reflux condenser topped with a rubber septum punctured
with a needle and a 0.25 i.d. teflon� cannula, a magnetically stirred
mixtureof dicyclopentadiene (1.660g,12.56mmol), acetic anhydride
(1.3mL,1.404 g,13.75mmol), pyridine (2.0mL,1.956 g, 24.73mmol),
4-(dimethylamino)pyridine (DMAP) (218 mg, 1.77 mmol), n-tetra-
decane (internal standard, 1.08 mL, 0.823 g, 4.17 mmol) and Rose
Bengal B bound to polystyrene or pigment (100 mg) was irradiated
for 6hwhile oxygenwasbubbled (6.66mL/min)with ahalogen lamp
(500 W, 4.0 cm far from the reactor, wrapping lamp and apparatus
with an aluminium foil). Themixturewas poured ontowater (10mL)
and extracted with cyclohexane (2 � 20 mL). Combined organic
layersweredriedoverMgSO4,filteredby suction andanalyzedbyGC.
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