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SUMMARY

The contribution of singlet oxygen {*A_O,) to the photofading of some animo-
anthraquinone dyes in solution is examined. The rates of the photofading are
accelerated in the presence of sensitizers of singlet oxygen, e.g. Rose Bengal or
Methylene Blue. The rates are retarded by adding effective singlet oxygen
quenchers, such as DABCO or nickel dimethyldithiocarbamate (NMC). Addi-
tional evidence for the intermediacy of singlet oxygen is obtained by examining
the effect of deuterium solvent, the effect of chemical sources of singlet oxygen,
and the competitive photo-oxygenation with the dyes and NMC.

1. INTRODUCTION

Despite extensive investigations!™® into the photofading of anthraquinone
dyes in solution or on textile materials, there is no clear understanding of the
mechanism involved.

In recent years, the contribution of singlet oxygen to the photofading of
some dyes has been reported. For example, Griffiths and Hawkins'?*! reported
the photochemical oxidation of 4-arylazo-1l-naphthols and their analogous
dyes, and we showed that 1l-arylazo-2-naphthols,’? indigo'® and quino-
phthalone dyes!* undergo the self-sensitized or dye-sensitized photooxidation
in solutions. Zweig and Henderson'® have also reported that some amino-
anthraquinone dyes should be able to produce singlet oxygen. Furthermore,
the contribuii-n of singlet oxygen to catalytic fading by some aminoanthra-
quinone dyes in dye mixtures has been recently reported.*®'” However no
work has been reported in which aminoanthraquinone dyes are decomposed
via reaction with singlet oxygen by a self-sensitized process.
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In the present work, we wish to report the photofading behaviours of some
aminoanthraquinone dyes in solvents under aerobic conditions, together with
evidence for the mechanism of the photofading.

2. EXPERIMENTAL

2.1. Source of materials
Dye Nos. 2, 9 and 13 were prepared according to the literature.'® Dye Nos.

1, 36 and 11 were commercial reagents. Dye Nos. 7, 8, 10 and 12 were
obtained by Soxhlet-extraction with benzene-acetone (1:1, v/v) from the
commericial products.

O R
SOeN
O R’

1 R=R'=0H. Y=H (A, 481 nm in acetone)
2 R=R'=0OCH; Y=H (A, 425 nm)
3 R=NH,. R'=Y=H (A, .. 474 nm)
4 R=NH—C,H,(n). R=Y=H (A,,,, 514 nm)
5 R=R'=NH,, Y=H (A, 550 and 590 nm)
6 R=NH,. R"=0H, Y=H (A, 525 and 560 nm)
7 R=NH,. R=0H. Y=0CH; (A,,,, 510 and 546 nm)
8 R=NH.. R=NHCH.. Y=H (A_.. 570 and 614 nm)
9 R=R'=NHCH,;, Y=H (A_,,, 596 and 643 nm)
10 R=NHCH,. R"=NHC,H,OH, Y=H (A, 593 and 640 nm)
11 R=R'= NH—@——CH3, Y =H (A, 602 and 638 nm)
O NH.
]
\
X
O NH,
12 X =5.8-(NH,), (A,.. 598 and 641 nm)
13 X =5.6-benzo (A, 583 and 624 am)

All dyes were purified by repeated recrystallization followed by chromato-
graphy over activated-alumina(benzene—acetone =9:1, v/v).
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2.2. Procedures for photofading of anthraquinone compounds in solvent

The following method typifies the procedure used to examine the photofad-
ing behaviour: A solution (1-0x 107* mole litre™!) of the anthraquinone com-
pound in 200 m! of acetone containing or not containing the additive Rose
Bengal (20 mg), 1.4-diazabicyclo[2.2.2]octane (DABCO, 890 mg), B-carotene
(50 mg) or nickel dimethyldithiocarbamate (NMC) (6 mg, 1-0x10"*mole
litre™') was prepared. This solution, placed in a 250 ml quartz flask equipped
with a thermometer, condenser and magnetic stirrer, was irradiated at 21-25°C
with a 500 W high-pressure mercury lamp (Ushio Electric Inc., UI-501 type)
from outside the vessel in an aercbic atmosphere. The vessel was kept at a
distance of approximately 25 cm from the light source. To exclude undesirable
wavelengths of light, coloured glass filters (Toshiba, manufacturer’s number
UV-39, V-V42, V-Y42 or V-052 filters) were used.

The absorption spectra of the dye solutions were measured before and after
irradiation using a Shimadzu recording spectrophotometer {UV-200 type), and
the relative percentage fading was determined at the absorption maximum of
each dye.%!3

In the cases where Rose Bengal or B-carotene was added, the relative
percentage fading was determined using thin layer chromatography (t.l.c), i.e.,
the reaction mixture was developed on a silica gel plate (solvent: benzene—
acetone = 9:1), and the spot of separated anthraquinone compound was scan-
ned at the absorption maximum of each dye by means of a thin layer
chromatoscanner (Shimadzu, CS-900 type). The relative percentage fading was
calculated from the integration values obtained by scanning.

2.3. Indentification of product
In the present work, phthalic acid was formed as the main product of

photofading.

Solutions (2-:0x 10™* mole litre™!) of 1, 9 or 11 in 500 ml of acetone were
irradiated under an oxygen atmosphere (O, gas, 10 ml min™ ') through a Pyrex
glass filter with a 100 W inside high-pressure mercury lamp. After irradiation
for several hours (7-20 h), the solvent was removed by careful evaporation
under reduced pressure. A colourless crystal, isolated by sublimation from the
residue, was identified as phthalic anhydride by comparing its m.p., u.v.- and
i.r.-spectra with those of an authentic sample. The yield of phthalic acid was
determined by g.l.c. analysis. It was detectable as phthalic anhydride under
high column temperature conditions (at 180°C, 10% silicon OV-17 column).
Phthalic acid from 9 was obtained in 80-85% yields (based on reacted dyes).
Phthalic acid from 1 or 11 was obtained in 50-60% yields.

2.4. Competitive photo-oxygenation experiments
A solution (5-0x 107° mole litre™!) of aminoanthraquinone dye in 200 ml of
acetone was prepared. Four millilitres of this solution were mixed with 1 ml of
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the NMC solution with various concentrations. The mixed solutions (5 ml) were
sealed in Pyrex-cells (10X 10x60 mm) with a stopper, and uradiated with
filtered radiation (A >420 nm) from outside the vessel. After the irradiation in
each case, the relative percentage fading of dye was determined spectrophoto-
metrically. The irradiation time was kept constant (5 h) for a given concentra-
tion of NMC, and the relative percentage fading was kept to less than 10%.

The relationships between the reciprocal of the rate of decomposition of
used dyes and the concentration of NMC were determined.

2.5. Comparison of the rates of photo-oxidation in methanol-water and in
tetradeuteriomethanol—deuterium oxide

A solution of 9 (3-:0 mg) and Rose Bengal in methanol-water (1:1. v/v) was
prepared. Samples (1-0 ml) were added to oxygenated mixtures of CH;OH
(1-0ml) and H,O (1-O0ml) or CD,0OD (1-0ml) and D,O (1-O0 ml) in sealed
Pyrex cells. The absorbances of the solutions (1:3x107° mole litre™?) were
recorded directly at the absorption maximum of 9, and the solutions were then
immersed in a bath containing a filter solution (5% NaNO, aq.). The dye-
solutions were irradiated at 15-16°C through the filter solution which cut out
the wavelengths below 430 nm, using a 100 W high-pressure mercury lamp,
with uniform exposure of the samples. After 5 h the absorbance values were
determined, and the relative percentage fading (conversion) was calculated.
The deuterated solution showed 43-1% conversion, whereas the nondeuterated
solution showed 5-7% conversion.

Similar experiments with compounds 5 and 13 were carried out and the
results are summarized in Table 2 (see later).

2.6. Chemical oxidation of anthraquinone compounds with hydrogen peroxide—
sodium hypochlorite

A solution (2:0x 107* mole litre™") of 5-3mg 9 in 100 ml of methanol was
cooled to 0°C and aqueous hydrogen peroxide (6-0x% 107° mole of H,O, in
1-0 mi distilled water) was added. The solution was stirred and 20 ml of sodium
hypochlorite solution (5-0x 107> mole amounts in 20 m! of distilled water) was
added dropwise over 90 min. The absorption spectra of the dye solutions were
measured, and the relzative percentage fading (48-2%) was determined by the
method described in Section 2.2. When the reaction was repeated in the
presence of DABCO (0-12 n), the extent of oxidation of 9 was greatly reduced
(7-2% conversion).

Similar experiments with the other compounds were carried out, and the
results are summarized in Table 1 (see later).

2.7. Influence of superoxide ion in the photofading of aminoanthraquinone
dyes

A  solution of epinephrine (2-5X107>molelitre™) and 9 (4-0x%

10" mole litte™ ") in 200 ml of CH,CN-0-024N aq. HCI (9:1, v/v) was pre-
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pared. The solution was irradiated under an aerobic condition with filtered
radiation (A >520nm) from outside the vessel. But in this case, a new
absorption band (based on adrenochrome) in the visible spectrum did not
appear.

Similar results were also observed when sets of solutions containing 6, 10 or
11 in place of 9 were irradiated.

3. RESULTS AND DISCUSSION

3.1. Photo-oxidation of aminoanthraquinone dyes in some solvents

The solutions of 1-13 in organic media such as acetone, dichloromethane—
methanol (4:1, v/v) or dimethylsulphoxide (DMSQO) were faded in the presence
of oxygen on exposure to unfiltered radiation from a high-pressure mercury
lamp source. Phthalic acid was obtained as a main product. The solutions of
6—13 were faded also by exposure to filtered visible radiation but solutions of
2-5 were relatively stable under these conditions.

Table 1 shows the relative percentage fading of 1 and 6-12 in the presence
of various additives on exposure to filtered visible radiation. The rates of
photofading were increased by the addition of singlet oxygen sensitizers such as
Rose Bengal or Methylene Blue. On the other hand these rates were retarded
in the presence of DABCO or NMC, which act as quenchers of singlet oxygen.
In general, the rates of the photo-reactions were more rapid in dipolar aprotic
solvents than in protic solvents. These results suggest the involvement of singlet
oxygen (presumably 'A.) in the photochemical oxidation of the dyes 6-12.

Additional evidence for the intermediacy of singlet oxygen was obtained by
examining the effect of chemical sources of singiet oxygen on these dyes. Thus
the dyes 612 were oxidized by singlet oxygen formed from hydrogen peroxide
and sodium hypochlorite,!® and the reactions were suppressed by DABCO as
shown in Table 1. The dyes 2-5, which were stable to exposure of visible
radiation, were not oxidized even in the presence of a chemical source of
singlet oxygen.

Moreover, convincing physical evidence for the involvement of singlet ox-
ygen was obtained by the deuterium isotope method described by Merkel et
al>°?' and Griffiths and Hawkins.'® these authors noted that the lifetime of
singlet oxygen (*A,) in D,O-CD,OD (1:1) was increased ten-fold as compared
with H,O-CH;OH, and the resultant increase in photo-oxidation rate could be
used diagnostically for singlet oxygen. When solutions of 9 (1-3x 1075 M) in
1:1 D,0O-CD;OD and in 1:1 H,O-CH;OH containing equivalent amounts of
Rose Bengal were irradiated (A >430 nm) under identical conditions, it was
found that after 300 min the deuterated solutions showed 43-1% conversion,
whereas the undeuterated solutions showed only 5-7% conversion. A similar
result with 13 (2-5x 107 m) was observed (Table 2). Thus the photo-oxidation
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TABLE 1
FADING OF ANTHRAQUINONE DYES IN SOME SOLVENTS

Fading (%) with

Photofading (%) with the visible light® H.O.~-NaOCl*
Additive® Additive
DABCO
Dve- Light None RB or NMC<
compound Solvent (nm) 5h 8h Sh 8h S5h Solvent None DABCO*

1 CH.Cl,-McOH  >390 0 32-0 532
DMSO >390 0-8 2-9 336
CH.Cl,-McOH  >520

2-3 Me;c.S } 0 0 MeOH o

CH.Cl.-MeOH =530

5 MeCO >520 0 0 McOH 0
DMSO =320

(3 Me.CO >520 1-0 302 50-3 0

7 Me-CO >420 1-2 24 67-3 947
CH.Cl.-MeOH  >520 1-6 1-9 13-7 23-0 (V]

8 Me.CO >520 Q-7 1-1 11-9 18-4 MeOH 49-5 V]
DMSO >320 1-3 2:0 16-:2 26-8
CH.Cl.-MecOH  >520 0-7 1-4 11-7 18-2

o {Mc:CO >520 0-7 -6 28-1 38-0 o MecOH  48-2 7-1
DMSO >520 1-8 3-0 537-0 720

10 DMSO >520 Q-5 0-8 20-2 33-0 MeOH 37-3 2-6
CH,Cl.-McOH =520 0-7 5-3 10-6

11 Me.CO >520 0-7 6-0 12:6 MeOH 17-9 7-0
DMSO >520 1-2_(75-4)¢ 7-9"
CH.Cl.-McOH >520 2-0 2-8 13-4 21-2

12 Me.CO >520 1-2 1-4 16-3 26-0 MeOH 97-1 11-6
DMSO >520 112 165 (87-1)® 0

“ The solutions (200 mt of 1-0x 107 a1) were irradiated with filtered light (a 500 W high-pressure
mercury lamp source) from outside at 22-25°C under an oxygen atmosphere (O, gas, 10 mi min™?).
P Each solution (100 ml of 2:0x107* M) was allowed to react for 2 h at 0°C with singlet oxygen
formed from hydrogen peroxide and sodium hypochlorite.

© Rose Bengal (20 mg/200 ml of solution), DABCO (890 mg) or nickel dimethyldithiocarbamate
(NMC. 6 mg) were used.

4 NMC (6 mg) was added.

* DABCO (1-33 g) was added.

f Rosc Bengal (20 mg) and DABCO (890 mg) were added.
* After irradiation for 2 h.

of these dyes proceeds predominantly by a singlet oxygen mechanism. However,
the dye 5 did not react in either the deuterated or the undeuterated media, as
much as when a chemical source of singlet oxygen was present.

When a mixture of 6 with quinophthalone [2-(2-quinolyl)indane-1,3-dione,
Amax 418 and 442 nm] was irradiated with filtered radiation (A > 520 nm, which
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TABLE 2
DEUTERIUM EFFECTS ON THE PHOTOFADING OF SOME ANTHRAQUINONE DYES®

Conversion (%)

CH,OH-H,O Cb,0D-D,O
Dye compounds (I:1) (1:0) Ratio
b 0 0 —_
o< 5-7 43-1 7-6
134 8-7 44-5 5-1
Azo-dye* 14 64 4-6

“ Dye solutions containing Rose Bengal (mole ratio. Rose Bengal: Dye=0-2)
were irradiated with filtered radiation (A > 430 nm) at 15-16°C.

b Dye concentration. 5-0 % 1075 a1, irradiation for 150 min.

< Dye concentration, 1-3x 107° M, irradiation for 300 min.

< Dye concentration, 2-5% 107 M, irradiation for 100 min.

< Results for 1-p-tolylazo-2-naphthol (Sensitizer: Methylene Blue) were cited
from reference 10.

only 6 absorbs) in acetone, the phenomenon of catalytic fading of
quinophthalone by 6 was observed and this was suppressed by the presence of
a singlet oxygen quencher such as DABCO or NMC. The relative percentage
fading of 6 was much less in the mixture than in the single case. Similar
catalytic fading was also observed in a mixed system with 1-(p-
aminophenylazo)-2-naphthol (A.. 435 and 478 nm) and 9. These results
indicate that the catalytic fading may be caused by sensitized photo-oxidation
according to the singlet oxygen mechanism, where aminoanthraquinone dyes
act as sensitizers.

3.2. Photofading of some hydroxyanthraquinones in alkaline solution

Figure 1 shows the photofading behaviour of 1-amino-4-hydroxyanthra-
quinone 6 on exposure to visible filtered radiation (A > 520 nm) in methanol. A
solution of 6 in methanol did not show any significant photochemical change on
exposure to visible filtered radiation. On the other hand, the solutions contain-
ing sodium hydroxide faded rapidly. In alkaline solutions hydroxy groups in
some hydroxyanthraquinones are capable of giving rise to phenoxy anions, thus
increasing the electron density on the anthraquinone ring system. It is well-
known that singlet oxygen has a mild electrophilic property”** and consequently
it is possible that the greater reactivity of hydroxyanthraquinones in alkaline
solution is due to contribution of singlet oxygen.

The rates of photofading of 1 and 7, having a hydroxy group, were also
accelerated in alkaline methanolic solution.



140 N. KURAMOTO. T. KITAO

100

804

(% )

604 -
s o/
‘» /
s 40 ®
>
g /
[ ]

201

0

' 6 8
(NaOH)l, mot x 103
Fig. 1. Photofading behaviours of 1.4-dihvdroxyanthraquinone (1), 1-amino-4-hydroxyanthra-

quinone (6) and l-amino-2-methoxy-4-hydroxyanthraquinone (7) in alkaline methanolic solution.

The solutions containing these dyes (1-0% 1073 mole litre™!) and sodium hydroxide in 200 ml of

methano!l were irradiated for 3 h with filtered radiation from outside the vessel at 21-23°C under

an oxygen atmosphere (O, gas. 10 ml min~!). —@—Dye No. (1), filtered radiation (A > 390 nm);

—@—Dye No. (6), filtered radiation (A >520nm): —O—Dye No. (7), filtered radiation (A >
420 nm).

3.3. Competitive photo-oxvgenation experiments with dye and NMC as acceptors

Several methods are described in the literature to determine whether photo-
oxygenation takes place via singlet oxygen.!'®-1623-25 To obtain additionai
evidence for the intermediacy of singlet oxygen, a method of competitive
photo-oxygenation with two different substrates as described by Wilson?® was
applied. In this work, an aminoanthraquinone dye (D) and NMC (Q) were used
as acceptors (NMC acts as a quencher only, while the dye undergoes an
oxidation reaction as well as acting as its own sensitizer).

Assuming steady states for D™ and 'O, concentrations, the reciprocal of the
rate of decomposition of dye and the concentration of NMC were found to
have a linear relationship, which leads to a value of ko/kp (relative rate
constant for the reactions with singlet oxygen'*'?) of 16-4 for 6 and 8.7 for 9.

This it is reasonable to assume that the photochemical oxidation of these

dyes in the solvent proceeds entirely via singlet oxygen by a self-sensitized
process.

3.4. Contribution of the superoxide ion

The photochemical formation of singlet oxygen from sensitizers such as Rose
Bengal or Methylene Blue is well-known, and these sensitizers have been used
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for many years as the source of singlet oxygen in dye-semnsitized photo-
oxygenation. Recently, however, Srinivasan et al?® have reported that the
superoxide ion (O,~) may be also produced competitively with singlet oxygen
from irradiated Rose Bengal in the presence of oxygen. In our preliminary
study,”” Rose Bengal and Methylene Blue were found to generate the super-
oxide ion competitively with singlet oxygen on irradiation of the solution.
However, when solutions containing epinephrine (which is oxidized to ad-
renochrome by the superoxide ion?®?®) and 6, 9, 10 or 11 were irradiated with
filtered radiation, the new absorption peak (A, .« 480 nm) of adrenochrome in
visible spectra did not appear in all cases. Thus it seems that aminoanthra-
quinone dyes largely lack the ability to generate the superoxide ion.
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