The Role of Anthraquinonoid Dyes in the
‘Catalytic Fading of Dye Mixtures—
Substituent-dependent Triplet Yield of
Diaminoanthraquinones

Manfred W.Rembold'and Horst E.A Kramer

Institut flir Physikalische Chemie der Universitat Stuttgart
Pfaffenwaldring 55

D-7000 Stuttgart 80

West Germany

Taking various diaminoanthraquincnes as model compounds
for commercial anthraquinonoid dyes it was found that
the ability of initiating catalytic fading via singlet axygen
mechanism is closely related to the quantum yield of
triplet formation in these dyes.

The quantum yields of triplet formation show a
marked difference between the various diaminoanthra-
quinones. Whereas 1,4- and 1,2-diaminoanthraquinones
have very small quantum yields, the 1,5- and 1,8-derivatives
pass into the triplet state with a fairly high efficiency.
From this it was concluded that catalytic fading occuring
via singlet oxygen mechanism must be expected in dye
mixtures consisting of 1,5- or 1,8-diamino substituted
anthraquinonoid dyes and easily oxidizable azo-compounds.

INTRODUCTION

Many authors have observed that the light fastness of certain
dyes applied alone to textile materials is much better than
when applied as mixtures [1,2,3]. This phenomenon has
been termed catalytic fading. In most cases reported, the
light fastness of blue, violet or red dyes deteriorates when a
yellow dye is added. As has been reported [2], the catalytic
fading of a blue, red or violet dye in admixture with a yellow
or orange dye can have several causes. One possible reaction
mechanism is that energy-transfer processes from the yellow
to the red, violet or blue dye are involved, thus leading to a
higher populdted photoactive state of the latter than by its
direct excitation. In this way the dye mixture may fade
faster.

Another mechanism proposed is that singlet oxygen is
produced in the mixture and reacts with the blue, red or
violet dye. As was recently reported [4], it has been found in
contrast to the above cases an increased fading of some
yellow dyes (azo-compounds) in admixture with blue, red or
violet dyes (anthraquinonoid compounds).

In these cases energy transfer processes can be excluded
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and it was shown that catalytic fading is most likely to occur
via the singlet oxygen mechanism (type |1 photooxygenation
{6]1) where anthraquinonoid dyes act as triplet sensitizers
thus producing singlet molecular oxygen which finally
oxidizes the azo-dyes. The reaction scheme suggested [4] is
given in Figure 1,
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Figure 1 — Simplified reaction scheme of the sensitized
photoooxygenation according to a type !l (singlet oxygen)
mechanism. Anthraquinone dyes as sensitizers (sens), accept-
ors: DMA (9, 10-dimethylanthracene) and NBC (Ni-dibutyl-
dithiocarbamate)

If this mechanism accounts for various anthragquinonoid

dyes the effect of catalytic fading should depend on the
quantum vyield of triplet formation in the anthraquinonoid
dye when the same acceptor is used for all mixtures, and
oxygen quenching of the triplet state dominates intersystem
crossing to ground state
ko, [0;] = kisc see Figure 1.
From this it appears reasonable to investigate formation and
reaction of triplet states of anthraguinonoid dyes as a means
of possibly predicting dye mixtures in which catalytic fading
in the sense described [4] is likely to occur.

Despite the technical importance of anthraguinonoid
dyes only little is known about the efficiency of those dyes
to pass into the triplet state [6], although this photoreactive
state is also supposed to be involved in problems of light
fastness and fibre degradation [7,8].

This paper reports on triplet quantum yields of a series of
diaminoanthraquinones and discusses their ability to induce
catalytic fading.

Furthermore, a comparison between rate constants in
ethylcellulose films [4] and solution is given, indicating that
oxygen diffusion is restricted in polymer matrices as was



suggested by other authors [9].

EXPERIMENTAL

MATERIALS
The following dyes were used:

1,8-diamino-4,56-dihydroxyanthraquinone
1,5-diamino-4,8-dihydroxyanthraguinone
1,8-diaminoanthraquinone
1,6-diaminoanthraguinone
1,2-diaminoanthraguinone
1,4-diaminoanthraquinone

Dyes were purified by recrystallization and chromato-
graphically tested®. Further materials were 9,10-dimethyl-
anthracene (DMA, Merck) and nickei-dibutyl-dithio-carba-
mate (NBC, Dupont} [4], Solvents: Methanol p.a. [Merck],
chloroform p.a. [Merck].

FADING APPARATUS

A continuous fading apparatus equipped with a 200-W
mercury lamp was used for continuous iilumination experi-
ments. To isolate lines from the mercury lamp spectrum
either a filter combination transmitting at 578 nm [4] or an
interference filter transmitting at 436 nm was used. Experi-
ments were done in air-saturated solution.

The reaction was monitored by the disappearance of
DMA and the reaction rate was taken from the initial slope.
For actinometric measurements the method,of Hatchard and
Parker was used [10].

LASER ARRANGEMENT
Laser flash photolysis studies were carried out with a dye
laser, Electrophotonics Model 43. Laser dyes were either
Rhodamine 6G (590 nm} or Coumarin 307 (500 nm)
supplied by Lambda Physics. Energy measurements of the
laser output were done with an energy meter RKP 336 (Laser
Precision}. Within one series the laser output was controlied
by measuring the light reflected from a beam splitter
(reproducibility £ 7%]).

The transients were recorded with a waveform recorder
{Biomation Model 805) and evaluated by computer methods.

RESULTS AND DISCUSSION

Continuous Ilumination of 1,5-Diarino-4,8-dihydroxyanth-
raquinone and 1,8-Diamino-4,5-dihydroxyanthraquinone in
Chloroform
The method of competitive photooxygenation is well known
in the lterature and widely used to decide whether a
photooxygenation takes place via singlet oxygen [5,11,12].
In this work 9,10-dimethylanthracene (DMA) and NBC
were used as singlet oxygen acceptors {NBC acts as a
quencher only, while DMA undergoes an oxidation reaction),
and the anthraquinonoid dyes act as sensitizers. From the
reaction scheme (Figure 1), the following expression for the
inverse rate of DMA peroxide formation was derived {4,5]:

—dt dt
d(DMA] d(DMAO, ]

1 (14 kg , Knac (NBC]
ko,?Sens] [0;]1  kpma[DMA] kpma  [DMA]

) (1)

whereby ko,[?0,} » Kisc
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According to Egn 1, linear relationships should be observed
when At/ADMADO, is plotted (a) versus 1/[DMA], provided
that the concentration of NBC is kept constant and (b}
versus [NBC] with the concentration of DMA being kept
constant, The experimental results show both relationships
to be obeyed by the sensitizers. Figures 2 and 3 present the
results for 1,5-diamino-4,8-dihydroxyanthraquinone as sensi-
tizer.
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Figure 2 — Inverse of the rate of formation of 9,10-
dimethyanthracene-peroxide At/A[DMAQ,] as a function of
NBC concentration for different DMA concentrations. Sensi-
tizer: 1,5-diamina-4,8-dihydroxyanthraquinone = 5 x 10°M,
Aexe = 578 nm, solvent: chloraform air-saturated
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Figure 3 — Inverse of the rate of formation of 9,10-dimethy/-
anthracene-peroxide At/A[DMAQ,] as a function of
1/[DMA] for different NBC concentrations. Sensitizer:
1,5-diamino-4,8-dihydroxyanthraquinone = 5 X 1075 M, Noxc
= 578 nm, solvent: chioroform air-saturated
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From the ratios of slope m and intercept b of Figure 3
one gets the ratio of kygc/kpma = 240 and kg/kpma =
5.2 x 10™ M/I. Taking the value of Merkel and Kearns [13]
for the first order decay constant of singlet oxygen
(1/kq = 60us), absolute rate constants can be given.

In these systems it was found that kppa =3.2x 107
I/Mx s. and knge =7.7x10° i/Mx s. This is in good
agreement with the results of other authors obtained with
different sensitizers [5,12,13,14]. These results show clearly
that anthraquinonoid dyes having this substitution pattern
are able to produce singlet oxygen which in dye mixtures
(especially with aryl-azo-pyrazolones) may initiate catalytic
fading by oxidizing the azo-compound [4]. This is also
effectively illustrated by a patent publication [15] in which
an example is given for catalytic fading, the anthraguinonoid
dye having the substitution pattern described.

Comparison of Rate Constants in Ethylcellulese Films and
Chioroform

The ratio of knygc/kpma in ethyleellulose films using
various anthraquinonoid dyes as sensitizers has been reported
previously [56]. Comparing the value kngc/kpma obtained
in chloreformic solution with that given for ethylcellulose
films, (knyge/kpma =16 £4) the latter is about an order of
magnitude smaller.

Since in solution kypc is nearly diffusion controlled
{7.7x10° I/Mx s}, this effect may have its cause in a smaller
diffusion-controlled rate constant in the polymer film, as will
be explained in the following.

According to the reaction scheme:

k12 ka3
A+B = [A..... B] -~ products
ka1

the observable rate constant is given by Eqn 2 [16]
k = kig —— (2)

From this, one can construct a diagram k versus k, . This is
shown in Figure 4, If the diffusion-controlled rate constant
alters by about an order of magnitude (20 is assumed in the
figure for k1, and k,;) this should not alter kpya but
knge and the ratic kpma/knge respectively, From this it
was concluded that in ethyicellulose films oxygen diffusion is
restricted compared with that in solution. This agrees with
the results found by other authors [9].
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Figure 4 — Observable rate constant log k versus fog ki,
according to £qn 2. 0 = measured rate constants ky gc and
kpma in chloroform, x = supposed rate constant ky gc /n
ethylcellulose
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Determination of Triplet Quantum Yields by Continuous
Hlumination in Chloroformic Solution

If triplet energy from the sensitizer is completely transferred
to oxygen and no other pathway of deactivation occurs {(no
physical guenching of the triplet state by oxygen), the
quantum vyield of triplet formation can be expressed in terms
of DMA peroxidation, Under photostationary conditions, the
peroxidation rate is given by Eqn 3 according to the reaction
scheme (Figure 1) {in the absence of NBC).

d[DMAOQ,] 1A *

— = kpma X (DMA] ['0,*] (3)

d(DMA] d[DMAO,] 1
- X

=P X a X (4)
dt dt L abs o p

Formula

kpma [DMA]

o = . k02 [3 02]
kg + kpma [DMA]

Ko + ko, 003

(5)
)

_ labsx At
d[DMAQ,] A[DMA]

apsx dt kg 1

koma * [DMA]

1 1
—x=-{1t
q’isc B

Eqn 3 can be expressed in terms of molecular constants {(kgq,
kpMA, Pisc ) ieading to Eqn 5. Thus, measuring /ps by an
actinometric method (6] and monitoring d[DMAQ,]/dr by
the disappearence of DMA enables one to determine ®;¢.
from the intercept of the straight line given by Egn 5.
Constant values kgq/kppma for different sensitizers ensure
that singlet oxygen mechanism is valid. The result is shown in
Figure & for 1,5-diaminoanthraquinone as sensitizer. From
Figure 5 it was found that $is. = 0.67 and kppya= 4.6 x 107
1/M s. Table 1 gives the results for all sensitizers used.
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Figure 5 — Inverse of the quantum yield of 9,10-dimethy!-
anthracene-peroxide formation as a function of 1/[DMA].
Sensitizer: 1,5-diaminoanthraquinone = 1x 107 M, A\gy. =
435 nm, solvent: chioroform air-saturated

The guantum yields of triplet formation show a marked
difference and depend on the position of the amino
substituents. Whereas the 1,2- and 1,4-diaminoanthraquin-



TABLE1

Quantum Yields of Triplet Formation for Diamino-anthra-

quinones
Solvent: CHCl3 1/kq = 60 us for ' 0, * [13]

Aaxc =435 nm
Dye kpma /M x s] @
1,2-diaminoanthraguinone <0.06
1,4-diamincanthraquinone < 0.05, 0.015*
1,5-diaminoanthraquinone 4.6x 107 0.67
1,8-diaminoanthraguinone 5.0x 107 0.77

*McVie et af. [6]

ones have very small quantum vyields, the 1,5- and 1,8-
diaminoanthraguinones show rather high ones. Preliminary
investigations on the corresponding hydroxyanthraguinones
have shown the same tendency, indicating that this effect
depends more on the position of substitution than on the
nature of the substituents. Diaminoanthraquinanes have been
the object of investigation by many authors [17,18].

Recently McVie et a/, [6] have reported on guantum
yields of triplet formation for 1,4-diaminoanthraquinone and
other 1,4-substituted anthraguinones. In all cases quantum
efficiencies were below 0.05 which is in good agreement with
the result,

Laser Flash Photolysis Studies in Methanolic Solution

The triplet species of the anthraquinonoid dyes were found
to decay by first order kinetics comparable with those given
by McVie et a/. {6] for the 14-anthraquinone derivatives
(Table 2). The 1,2- and 1,4-diaminoanthraquinones gave only
very weakly absorbing transients, indicating that quantum
yields were likely to be low as was also found from
continuous illumination experiments. Therefore, no precise
decay data are given in this work. In contrast to the 1,2- and
1,4-derivatives the 1,5- and 1,8-diaminoanthraquinones give
strongly absorbing transients which must be expected for
high quantum vields in accordance with the results from
continuous illumination experiments,

TABLE 2

Triplet Lifatimes and Quenching Constants of Oxygen for
Triplet States of a Series of Diaminoanthraquinones in
Methanol

ko2
71 [wsl (/M x s] Dy
1,2-diaminoanthraquinone < 0.05
1,4-diaminoanthraquinone 4.5 {a);10 (b} < 0.06
0.0156(b)
1,5-diaminoanthraquinone 10 *1 2.1x10° 067"
1,8-diaminoanthraquinone 10 1 28x10° 077%

*disc values from continuous illumination in chloroform,
(a) ref [17]

(b} ref [6]

If formation of molecular singlet oxygen by the triplet
state of these dyes is the main oxygen gquenching process, the
rate constant of this energy transfer reaction should be 1/9
of the diffusional-limited rate constant {19,20,21]. The
result is given in Table 2 for 1,56- and 1,8-diaminoanthraqui-
none. Both dyes show rate constants of 1/9 kg;¢¢ within
experimental arror, thus indicating that in fact formation of
molecular singlet oxygen is the dominating process when the

triplet state of the dyes is quenched by ground state oxygen.
Initial experiments to determine &5, by laser flash photo-
lysis gave a lower limit of @i (@jsc > 0.5) for the 1,5-and
1,8-diaminoanthraguinones; but further investigations will be
necessary and are to be done in evaluating more precise data
for the quantum vield of triplet formation of these dyes by
laser flash photolysis studies,

CONCLUSION

Several mechanisms are discussed in the literature [1,2,3] for
catalytic fading of dye mixtures, indicating that this is a
problem of high complexity. For this reason, there has been
an attempt to elucidate the mechanism of catalytic fading for
special dye mixtures consisting of a yellow azo-dye and a
blue, red or violet anthraquinonoid dye [4]. These mixtures
show strong catalytic fading of the azo-dyes in contrast to
most catalytic fading phenomena published [1,2,3,22],
where blue vat dyes undergo catalytic fading on admixture
with yellow dyes.

The mechanism of the reaction has been shown to occur
most likely via type |} photooxygenation (singlet oxygen
mechanism}, the triplet states of the anthraquinonoid dyes
producing singlet oxygen and the azo dyes being oxidized by
singiet molecular oxygen.

From this it appears reasonable that low guantum yields
of triplet formation by the anthraquinonoid dyes are
desirable to avoid catalytic fading in such dye mixtures. As
diaminoanthraguinones form the basis of a widely used class
of disperse dyes, knowledge about the formation and
behaviour of their triplet states seems to be of considerable
importance,

The results show that the quantum yield of triplet
formation depends highly on the position of the diamino
substituents. Whereas 1,2- and 1,4-diamincanthraquinones
show only small quantum yields of triplet formation, the 1,5-
and 1,8-diaminoanthraquinones have quantum vyields of
triplet formation which are at least an order of magnitude
higher (Table 1). From this it must be expected that catalytic
fading occurs in dye mixtures consisting of 1,5- and
1,8-diaminoanthraquinone and an azo-dye which is easily
oxidized by singlet motecular oxygen. This condition appears
to be especially well satisfied for azo-dyes of the aryl-
azopyrazolone type [4]. Furthermore, the results indicate
that additional substitution of hydroxy groups leading to
1,8-diamino-4,5-dihydroxy and 1,5-diamino-4,8-dihydroxy-
anthraquinone does not significantly alter the efficiency of
triplet formation, thus for both dyes in admixture with the
appropriate azo dyes catalytic fading is to be expected. This
is effectively demonstrated by the work of R, Gross et al.
[15] where an example of catalytic fading of commercial
dyes is given.
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