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SuMhfARY 

l%e contribution of singlet oxygen , “A 0,) to the photofading of some aninzo- 
anthraquinone dyes in solution is exakined. The rates of the photofading are 
accelerated in the presence of sensitizers of singlet oxygen, e.g. Rose Bengal or 
Methylene BZue. 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 deutetium solvent, the effect of chemical sources of singlet oxygen, 
and the competitive photo-oxygenation with the dyes and NMC. 

1. INl-FtODUCl-ION 

Despite extensive investigations’-9 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, Grifhths and Hawkins’“.l’ reported 
the photochemical oxidation of 4-arylazo-1-naphthols and their analogous 

dyes, and we showed that l-arylazo-2-naphthols,1z indigoI and quino- 
phthalone dyes14 undergo the self-sensitized or dye-sensitized photooxidation 
in solutions. Zweig and Henderson15 have also reported that some amino- 
anthraquinone dyes should be able to produce singlet oxygen. Furthermore, 
the contribue-l-c of singlet oxygen to catalytic fading by some aminoanthra- 
quinone dyes in dye mixtures has been recently reported.*“V*7 However no 
work has been reported in which arninoanthraquinone 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. 

3 -. WERlhlENTAL 

2.1_ Source of mnrerinls 
Dye Nos. 2, 9 and 13 were prepared according to the literature.‘s Dye Nos. 

1, 36 and 11 were commercial reagents. Dye Nos. 7, 8, 10 and l.2 were 
obtained by Soxhlet-extraction with benzene-acetone (1: 1, v/v) from the 
commericial products. 

R 

C+- 
I>’ 

R’ 

1 R = R’ = OH. Y = H (A,,. 4Sl nm in acetone) 
2 R=R’=OCH, Y=H (A,,,, 425nm) 
3 R = NH,. R’ = Y = H (A,;, 474 nm) 
4 R = NH-C,HJn). R’ = Y = H (A,,, 514 nm) 
5 R=R’=NH,. Y=H (A,, 550 and 590nm) 
6 R = NH,. R’ = OH, Y = H (A,,, 525 and 560 nm) 
7 R= NH,. R’ = OH. Y = OCH, (A,,, 510 and 546 nm) 
S R = NH,. R’ = NHCH,. Y = H (A,,, 570 and 614 nm) 
9 R = R’ = NHCH,. Y = H (A”,, 596 and 613 nm) 

10 R = NHCH,. R’ = NHC_H,OH. Y = H (A,,, 593 and 610 nm) 

11 R=R’=NH 
-0-C 

H,. Y = H (A,, 602 and 638 nm) 

u X = S-S-(NH,), (A,, 59s and 641 nm) 
13 X = S.6-he&-(A mu 583 and 624 nm) 

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 (l-OX lO_ mole litre-‘) of the anthraquinone com- 
pound in 200 ml of acetone containing or not containing the additive Rose 
Bengal (20 mg), 1,4-diazabicyclo[2_2_2]octane (DABCO, 890 mg), p-carotene 
(50 mg) or nickel dimethyldithiocarbamate (NMC) (6 mg, 1-O x 10eJ 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 aerobic 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_‘*.13 

In the cases where Rose Bengal or @-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 : l), 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 low4 mole litre-‘) of 1, 9 or 11 in 500 ml of acetone were 

irradiated under an oxygen atmosphere (0, 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.1.c. analysis. It was detectable as phthalic anhydride under 
high column temperature conditions (at lSO”C, iO% silicon OV-17 Column). 
Phthalic acid from 9 was obtained in 8O-85% yields (based on reacted dyes)_ 
Phthalic acid from 1 or 11 was obtained in N&60% yields. 

2.4. Competitive photo-oxygenation experiments 
A solution (5-0X lo-’ mole litie-‘) 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 10x 60 mm) with a stopper, and irradiated with 
filtered radiation (A >420 nm) from outside the vessel. After the irradiation in 
each case, the relative percentage fading of dye was determined spectiophoto- 
metrically. The irradiation time was kept constant (5 h) for a given concentra- 
tion of NMC, and the relative percentage fadin g 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 

tetradeuteriornethanol-deuten.um oxide 

A solution of 9 (3-O mg) and Rose Bengal in methanol-water (1: 1. v/v) was 
prepared. Samples (1-O ml) were added to oxygenated mix-tures of CH,OH 
(1-O ml) and H,O (1-O ml) or CD,OD (1-O ml) and D20 (1-O ml) in sealed 
Pyrex cells. The absorbances of the solutions (1-3 x lo-’ mole litre-‘) were 
recorded directly at the absorption ma,Gnum of 9, and the solutions were then 
immersed in a bath containing a filter solution (5% NaNO-, aq.). The dye- 
solutions were irradiated at 1516°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 (2.0 X lOma mole litre-‘) of 5.3 mg 9 in 100 ml of methanol was 
cooled to 0°C and aqueous hydrogen peroxide (6-0X lo-’ mole of HzOZ in 
1.0 mi distilled water) was added. The solution was stirred and 20 ml of sodium 
hypochlorite solution (5-O x lo-’ mole amounts in 20 ml of distilled water) was 
added dropwise over 90 min. The absorption spectra of the dye solutions were 
measured, and the relative percentage fadin g (48.2%) was determined by the 
method described in Section 2.2. When the reaction was repeated in the 
presence of DABCO (O-12 hl). the extent of osidation 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 arninoanthraquinone 
dyes 

A solution of epinephrine (2-5 x 1O-3 mole litre-‘) and 9 (4-O x 

lo-’ mole Ii&e-‘) in 200 ml of CH,cN-0.024~ aq. I-ICI (9: 1, v/v) was pre- 
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pared. The solution was irradiated under an aerobic condition with filtered 
radiation (A >520 m-n) fr-om 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. RESLZTS .XVo 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 (DMSO) 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 photochemicaI oxidation of the dyes 6-n. 

Additional evidence for the intermediacy of singlet oxygen was obtained by 
examining the effect of chemical sources of singlet oxygen on these dyes. Thus 
the dyes 4-12 were oxidized by singlet oxygen formed from hydrogen peroxide 
and sodium hypochlorite,‘g 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_‘O,” and Gr-ifhths and Hawkins.” these authors noted that the lifetime of 
singlet oxygen (‘A,) in D20-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 (1-3 x lo-’ M) in 
1: 1 D&FCD,OD and in 1: 1 H20-CH30H containing equivalent amounts of 
Rose Bengal were irradiated (A >430 run) under identical conditions, it was 
found that after 300 min the deuterated solutions showed 43-l% conversion, 
whereas the undeuterated solutions showed only 5.7% conversion_ A similar 
result with 13 (2-5 x 10m4 M) was observed (Table 2). Thus the photo-oxidation 
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TABLE 1 
FADING OF ANi-HRAQUINONE DYES IN SOME SOL- 

Dye - 
compound 

Fading (%) with 
Phorofading (“A) with rhe uisihfe light” H-O,-NnOC:” 

AdditiLW’ Addiliw 

DABCO 
Light NO?IC RB or NhlCd 

Sdurnt (nm) 5h s II 5h Sh 5 I: solLw?It NOW DABCO’ 

1 

2-4 

9 

10 

11 

I2 

CH-Cl:-hkOH 
DMSO 

t 

CHJ&-McOH 
hle,CO 

CH-Cl,-hleOH 

t 

hle,CO 
Dh(SO 

h+CO 
Me,CO 
CH:CI,-MeOH 

1 

hYcJI0 
DhlSO 

CHJZl,-hlcOH 

-t 

Mc,CO 
DhfSO 

DhlSO 

CH,Cl,-hlcOH 

.I 

hfe=CO 

DMSO 

>390 
>390 

>S20 

Z-520 1 >520 
s520 
z-w0 
>520 
>52O 
>520 
>520 
>520 
>520 
B520 
=-57-O 
b520 
B520 
>520 
>520 
>S20 

0 

0.S 

I.2 
I .6 

o-7 

1.3 
0.7 

0.7 
l-8 

0.5 

3-O 

1-2 

11-2 

2-9 

0 

0 

1.0 

24 

l-9 

l-1 

2.0 

I.4 

I-6 

3.0 
0.8 
o-7 
0.7 

32.0 
33.6 

53.1 

0 MeOH 

0 McOH 

30.2 so-3 

67.3 94-7 

13-7 23.0 

11.9 18.4 

16-Z 26.S 

11-7 15-2 

2% 1 36.0 

57.0 72.0 

20-2 33.0 

5.3 10.6 

6.0 12.6 

l-2, (7.54Y 
2.8 13-4 21.2 

14 16.4 26.0 
16.5 (S7-1)’ 

0 

0 

Od 

7.9’ 

0 

hleOH 

MeOH 

MeOH 

MeOH 

MeOH 

0 

0 

39-5 0 

ass-2 7-1 

37.3 2.6 

17-9 7.0 

97.1 11.6 

a The solutions (200 ml of 1.0 x lo4 ht) were irradiated with filtered light (a 500 W high-pressure 
mercury lamp source) from outside at 22-35°C under an oxygen atmosphere (0, gas, 10 ml min-I). 
’ Each solution (100 ml of 2-O x lOWJ hr) was allowed to react for 2 h at 0°C with singlet oxygen 
formed From hydrogen peroxide and sodium hypochlorite. 
c Rose Bengal (20 mgE00 ml of solution), DABCO (890 rn3 or nickel dimethyldithiocarbamate 
(NMC. 6mg) were used. 
d NhK (6 mg) was added. 
* DABCO (l-33 g) was added. 
’ Rose Bengal (20 ms) and DABCO (690 mg) were added. 
c 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 mix-ture of 6 with quinophthalone [2-(2-quinolyl)indane-1,3-dione, 
h max 418 and 442 run] was irradiated with filtered radiation (A > 520 run, which 
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TABLE2 
DE--M EFFECTS Oh' THE PtlOTOFADINC OF SOME ANTHTwQX_KN3NE DYES” 

Dye con~pounds 

Conuersion (%) 
CH,OH-H,O CD,OD-D,O 

(1: 1) (1: I) Ratio 

5b 

l% 
.4zo-dyec 

0 0 - 
5-7 43-l 7-6 
s-7 44.5 5-l 

14 64 4-6 

n Dye solutions containing Rose Bengal (mole ratio. Rose Bengal: Dye= O-2) 
were irradiated with filtered radiation (A ~-430 nm) at 1%16°C. 
b Dye concentration. 5.0 X lo-’ hi, irradiation for 150 min. 
c Dye concentration, 1-3X 10m5 h%. irradiation for 300 min. 
d Dye concentration. 2-5 X 104 M. irradiation for 100 min. 
c Results For 1-p-tolylazo-2-naphthol (Sensitizer: Me*ylene 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 l-(p- 
aminophenylazo)-2-naphthol (h,, 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 hydroxyanthraquirzones 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 propertf2 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 hyciroxy group, were also 
accelerated in alkaline methanolic solution. 
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0 L 6 6 

CNaOHI . mol i’x lo3 

Fig. 1. Photofading hehaviours of 1.4-dihydroxyanthraquinone (1). 1-amino-4-hydroxyanthra- 
quinone (6) and 1-amino-2-methoxy-4hydroxyanthraquinone (7) in alkaline methanolic solution. 
The solutions containing these dyes (1.0 x lo-’ mole litre-t ) and sodium hydroxide in 200 ml of 
methanol were irradiated for 3 h with filtered radiation from outside the vessel at 21-23°C under 
an oxygen atmosphere (0, gas. 10 ml min -I). -Q-Dye No. (1). filtered radiation (A > 390 nm); 
&Dye No. (6), filtered radiation (A >520 nm): -C--Dye No. (7). filtered radiation (A> 

420 nm). 

3.3. Cotnpetitive photo-oxygenation experiments with dye and NMC as acceptors 
Several methods are described in the literature to determine whether photo- 

oxygenation takes place via singlet oxygen.L5*16-~-25 To obtain additional 
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 (NTvlC 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 ‘0, 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 k&/c, (relative rate 
constant for the reactions with singlet oxygen 13-i7) 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-sensitized photo- 
oxygenation. Recently, however, Srinivasan et aL26 have reported that the 
superoxide ion (02y) may be also produced competitively with singlet oxygen 
from irradiated Rose Bengal in the presence of oxygen. In our preliminary 
study,27 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 ail cases. Thus it seems that aminoanthra- 
quinone dyes largely lack the ability to generate the superoxide ion. 
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