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could be relevant in the fading of azo dyes.

Irradiation of aqueous solutions of biacetyl (2,3-butanedione), oxygen and a variety of different azo dyes
with light has been shown to result in the rapid oxidation of the dve to phenolic and quinonoid products.
The quantum efficiency values of the dyes and the oxygen consumption during fading of some
commercially available and some laboratory-synthesised azo dyes have been measured. The photo-
oxidation was found to be inhibited by phenolic compounds. Since these compounds are products of the
photo-oxidation of azo dyes, they could play an important role in the determination of the dyes’ light
fastness properties. As keto groups are present in many substrates, the ketone-sensitised photo-oxidation

INTRODUCTION

The light fastness of organic dyes and pigments is an
important feature in their practical application as colorants
to textiles, plastics, paper and in paints, and has been
investigated extensively [1,2]. Nonetheless, even today the
development and use of new colorants with better light
fastness properties is based almost entirely on empirical
considerations and not on photochemical theory. The
main reason for this is that in most cases the results from
photochemical experiments on dyes in solution cannot be
applied to the practical situation of a dyed substrate, in
which light fastness not only depends on the photochem-
istry of the dye itself, but also on the substrate to which it
is attached [3]. Further {actors are: the wavelength distri-
bution of the incident light, the aggregation state of the dye
[4], humidity and the permeability of the dyed substrate to
gases such as oxygen, sulphur dioxide or nitrogen dioxide
[5].

Radiation from the region between 300 and 400 nm
{near w.v.) seems mostly to be responsible for dye fading
[6]. The substrate absorbs this radiation and photochemi-
cal reactions are initiated that result in dye fading. Giles et
al. [7] distinguished between oxidative and reductive fad-
ing and showed that substituent effects can be used to
determine the dominant pathway. In the fading of azo dyes
an oxidative path is preferred on non-protein substrates,
e.g. cellulose, while on protein substrates, e.qg. wool, a
reductive path is preferred.

Chang and Miller [6] used the solvent N-ethylacetamide
as a model for the nylon substrates and compared the
fading behaviour of some anthraquinone and azo dyes in
solution with their fading on nylon under anaercbic and
aerobic conditions. Without oxygen reductive fading of
both classes of dyes occurred, initiated by hydrogen
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abstraction from the solvent. Inthe presence of oxygen the
reduced dye was reoxidised and further oxidation, proba-
bly by peroxy radicals, followed. These peroxy radicals
could be formed by combination of the solvent radical and
oxygen.

Both peroxy radicals and singlet oxygen have been
mentioned as reactive species in the oxidative fading of azo
dyes [8]. Griffiths and Hawkins [9] proved that singlet
oxygen oxidises certain arylazonaphthols, via their tau-
tomeric forms, to naphthoquinones. To some extent these
compounds also show sensitisation of oxygen to form
singlet oxygen, thus causing self-sensitised oxidation. This
was investigated on practical systems by Ball and Nicholls
(10]. Albini et al. [11], on the other hand, showed that aze
dyes that do not exhibit azo-hydrazone tautomerism
physically quench singlet oxygen. In a subsequent paper
[12] they proposed a radical pathway initiated by carbonyl
compounds for fading with peroxy radicals as active
species. Hon [13] proved that carbonyl groups are formed
during the photo-oxidative degradation of cellulose. In
addition to the work of Albini et al. [12]. we now report
results for the aerobic fading of some o-arylazonaphthols
in the presence of photoexcited biacetyl (2,3-butanedi-
one), chosen as a model for non-protein substrates be-
cause its photochemical properties have been studied
extensively [14].

EXPERIMENTAL

Materials

Phenol (Merck) was used in pro-analytical grade {99.9%),
while biacetyl (Janssen Chimica) was used at 99% purity.
As combined gas chromatographic and mass spectromet-
ric analysis (VG 70 SE, column CP Sit 5 CB) showed no
impurities in significant quantities, the latter was used
without further purification. All commercially available azo




dyes were obtained from ICI, except C.I. Acid Red 4.
which was obtained from Bayer. The other azo dyes used
were synthesised at our laboratory by coupling the diazo-
tised substituted aniline with the specific napthol derivative
i{15]. They were purified by recrystallisation from a satu-
rated aqueous solution of sodium chloride, when neces-
sary followed by recrystallisation from a water/ethanol
mixture (50:50 by volume). All dyes were analysed by thin
layer chromatography on cellulose (2.5% ammonia) and
by h.p.lc. {methanol/water 50:50 by volume, 0.1%
triflucroacetic acid). The analysis showed no aromatic
impurities. Dye content was determined by titration of
aqueous dye solutions at 80°C under nitrogen with the re-
ductant titanium(Ill) chloride [16], using, methylene blue as
redox indicator. Molar extinction coefficients of the dyes
were determined in aqueous solution according to Beer's
law. Structures of the dyes used are given in Figure 1.

Apparatus

A low-pressure 4 W mercury lamp (LAB-Center 1.2746)
with built-in filter transmitting only radiation at 365 nm
(Wood's glass) was used. The reaction vessel had a fused
silica window at the bottom through which the solution was
irradiated. During fading experiments the dye solution was
circulated continuously through a quartz cuvette placed in
a u.v.—visible light spectrophotometer (Shimadzu UV-
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160). Oxygen concentrations were measured and plotted
as a function of time with an Oxygen Analyser {Beckman
Model 0260) connected to a recorder (Kipp BD 40). The
dead volume of tubes and cuvette outside the reaction
vessel made up about 5% of the total volume. which was
about 0.4-0.5 |, depending upon the vessel used. Fading
products were analysed by '*C n.m.r. (Nicolet NT-200
WB. solvent: CDCL).

Fading experiments

An aqueous stock solution of biacetyl (0.5 mol/1} was
prepared and kept in the dark for at least 12 h to allow for
the hydration equilibrium of biacetyl to be established. At
room temperature about 77% of the biacetyl is hydrated
[19] and not photoreactive at 365 nm. After diluting this
solution ten-fold, air was bubbled through for 10 min inthe
dark. Afterwards the solution was stirred for another 10
min and poured into the reaction vessel, which was held at
a constant temperature of 25°C during the fading experi-
ment to ensure a constant ratio between hydrated and
unhydrated biacetyl. The azo dye was added in solid form
or as a concentrated solution after measuring the absor-
bance of the biacety! solution at 365 nm. After the dye had
dissolved, the vessel was filled completely with the biacetyl
solution leaving no air standing above it. When no dye was
added the biacetyl concentration was doubled (0.10
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Figure 1 - Structures of azo dyes 1-12 investigated; the structures show the azo tautomers but in solution these dyes exist

largely as hydrazones (18]
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mel/l) to obtain a solution of simitar absorbance. The dye
solution (107410 mol/l) was then irradiated for 20-40
min. Fading was followed by measuring the absorbance at
the visible absorption maximum of the dye after fixed time
intervals. To correct for the filter factor the absorbance at
the radiation wavelength (365 nm) was measured too.
Anaerobic fading was measured after deaerating the solu-
tion with argon. Phenol inhibition experiments were
carried out with phenol concentrations up to 10 mol/I.
Phenol was added as a sclid or a concentrated solution (1
mol/l) to the aqueous solution of the dye and biacetyl.

Determination of quantum vields of dye fading and
oxygen consumption

The quantum vields (¢) are defined here as the number of
molecules converted upon absorption of one light quan-
tum by biacetyl. They are given by Eqn 1:

_ NV
¢ = I

dc

51 (1)
where N is Avogadro’s number. V the volume of the
solution, Fthe filter factor, I the number of light quanta ab-
sorbed per unit of time by the solution in the reaction
vessel, ¢ the concentration and ¢t the time of irradiation.
During fading experiments total absorbance of the solu-
tions remained high enough to ensure the measurements
were valid. The light intensity was measured by the method
of Hatchard and Parker [20]. using a ferrioxalate acti-
nometer”. The filter factor is defined as the fraction of light,
absorbed by the photo-active compound. biacetyl in this
case. The dye and its oxidation products absorb light at the
wavelength of irradiation tco. As their concentrations are
not constant during the fading experiment, the filter factor
changes. The value of F was calculated from the absor-
bance of the biacetyl solution and the total absorbance of
the fading solution, which was measured at 365 nm during
the experiment after fixed time intervals. Since biacetyl
was used in a large excess compared with the other
components, its absorbance was assumed to be constant
during the fading experiments. The total light dose (QQ) was
obtained by summation of the light doses {F I At) for each
time interval.

We plotted the decrease in dye content against Q and
the initial quantum vield of the fading process was calcu-
lated from the initial slope of this plot by non-linear
regression. In a similar way we obtained the initial quantum
yield of the oxygen demand. The standard deviation in the
quantum vields was estimated to be about 5%.

RESULTS AND DISCUSSION

Biacetyl-sensitised fading of C.1. Acid Orange 7

The irradiation of an oxygen-containing aqueous solution
of Cl Acid Orange 7 (dye 4) and biacetyl with u.v.
radiation (1 = 365 nm) resulted in fast photodegradation
of the dye, as shown in Figure 2 { ). In the absence of
oxygen the initial rate of fading decreased by a factor of 14

“The quantum yield for the formation of iron{ll} {g, = 1.283 mal/einstein
at 363.8 nm) was obtained from ref. 21. 1 einstein being equivalent to
1 mol of photons.
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Figure 2 — Fading of C.I. Acid Orange 7 (Dye 4) in aqueous
solution in the presence or absence of oxygen (0.24 mmol/l),
biacetyl! (0.10 mol/l) and phenol (5 mmoi/l)

(A). Without biacetyl no fading was observed during the
experiment { ). To a certain extent phenol protects the
dye against photodegradation. The initial rate of fading
was lowered by a factor of two (@). As the photo-oxidation
proceeded only if the solutions were irradiated with light
absorbed by biacetyl, it is evident that biacetyl molecules in
excited singlet or triplet states acted as intermediates.
Bouchy and André [22] studied the photo-oxidation of
biacetyl in decane solutions saturated with oxygen under
atmospheric pressure. From inhibition experiments with
anthracene they concluded that oxygen reacts mainly with
the first excited triplet state of biacetyl.

Reaction products of the biacetyl-sensitised fading
of azo dyes

To identify the reaction products of the aerobic fading in
the presence of biacetyl, dyes 1-4 were irradiated. After
exposure, the solutions were extracted with diethylether.
Subsequently this solvent and biacetyl were evaporated
and the residues were dissclved in DMSO and analysed by
n.m.r. The reaction products of the dyes had n.m.r.
spectra that were identical to those of p-nitrophenol, p-
chlorophenol, B-naphthoquinone and a-naphthoquinone
respectively. The photodegradation of azo dyes in aerobic
aqueous solutions of biacetyl therefore follows an oxidative
pathway, which is represented in a general manner for 1-
phenylazo-2-naphthol in Scheme 1.
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Concentration dependence of dye fading and oxygen
consumption

A number of azo dyes were irradiated with u.v. radiation
at a wavelength of 365 nm in the presence of biacetyl and
oxygen. Quantum vields of the dye and the oxygen were
found to be dependent upon the initial dye concentration.
as is demonstrated in Table 1 for C.I. Acid Orange 7.

TABLE 1

Concentration dependence of initial quantum efficien-
cies of the biacetyl-sensitised photo-oxidation of C.I.
Acid Orange 7 at 365 nm

0.5

. mol/einstein

|

[

Initial dye concns (pmoll)

0

A17.9
B312

C51.3
1

D578
E 69.4
F 80.9

30

60

90

Concen e o

(umol /1) {mol/einstein) {mol/einstein) ‘Dox/”’[m

17.9 0.44 0.56 1.3

31.2 0.45 0.55 1.3

51.3 041 0.56 14

57.8 0.37 0.51 14

69.4 0.34 0.51 1.5

80.9 0.21 0.41 2.0
Ot 0.56

22.8% 0.076 0.48 6.3

{a) For comparison oxygen consumption of a 0.10 mol/] biacetyl
solution is given
by Fading products of a previous photo-oxidation were present

The inhibition of dye fading with increasing initial dye
concentration indicates that C.I. Acid Orange 7 quenches
one of the excited states of biacetyl. In view of the lifetimes
of the excited states of biacetyl [14] and the results of
Bouchy and Andre {22], it seems likely that C.I. Acid
Orange 7 quenches the triplet state of biacetyl. In a
subsequent article we hape to present phosphorescence
measurements that confirm this assumption.

The effect of inhibition with increasing concentration
was also observed with C.I. Acid Violet 7 (dye 10). The
other azo dyes investigated did not show this effect,
probably because the initial concentrations used were too
low.

The quantum yield of the oxygen consumption was
slightly lowered at the higher dye concentrations, relative
to that of a biacetyl solution without dye. The result was an
increase in the ratio of the quantum vield of oxygen
consumption to that of dye consumption. as seen in the
fourth column of Table 1. This indicates that oxygen-
consuming reactions exist that were not inhibited by the
dye. The radiation used in our experiments had enough
energy {about 330 kJ/mol) to cause decomposition of
biacetyl in acetyl radicals (@bout 290 kJ/mol is needed to
rupture the inter-carbonyl bond [23]). These acetyl radicals
could then react with ground-state oxygen, thus causing
extra oxygen consumption.

Influence of fading products on dyve fading and
oxygen consumption

In Figure 3 quantum vyields during six different fading
experiments with C.1I. Acid Orange 7 are plotted against

Dye conen, umok|

Figure 3 — Concentration dependence of dye fading during
aerobic fading of C.I. Acid Orange 7

dye concentration: three effects can be seen. The first is
the lowering of the starting value of the quantum yield with
increasing initial dye concentration. This effect is due to
the inhibiting influence of the dye itself, already men-
tioned. The second effect is the decrease of the quantum
vield during each experiment, contributary factors being:
(a) The products of the photolading of the dye also quench
the triplet state of biacetyl
{b) Further oxidation of the primary products either from
the dye or from biacetyl is directly competing with dye
fading.

The inhibiting influence of the products is also evident
when the first and the last line in Table 1 are compared.
The initial quantum vield of the dye consumption is
lowered by about 83% by oxidation products from a
previous lading experiment. Oxygen consumption is
lowered less drastically. by about 14%, indicating that
oxygen-consuming side reactions. e.g. the reaction of
acetyl radicals with ground-state oxygen already men-
tioned. are not inhibited by the products.

The third effect seen in Figure 3 is the decrease in the
overall slope with increasing initial dye concentration
during each fading experiment. Note that, with fading.
inhibition by the dye itself decreases, but inhibition by the
products increases. The observed effect is the result of the
combination of these two influences with that of a decreas-
ing oxygen concentration.

During the fading process the oxygen consumption
through side reactions which are not inhibited by the
products from the dye becomes more important. as
indicated by Figure 4.

Considering the results presented in Figure 2, phenol
derivatives are likely to be the inhibiting fading products of
the azo dyes.

Dye fading and oxygen consumption of different
azo dyes
Fading of azo dyes 4-12 (Figure 1) in aerobic aqueous
biacetyl solution was studied over a concentration range at
which inhibition of fading by the dye was small. In Table 2
the initial quantum vields of dye fading and oxygen
consumption, as well as their ratios, are summarised.
The ratios given in the last column of Table 2 are all
higher than unity. This could be explained by competition
between oxidation of the dye and of biacetyl. An interest-

JSDC Volume 106 May/June 199¢ 179



100

T T TTTTT

-

©ox ' Pave

100

0 20 40 60 80

Dye consumed. %

Figure 4 — Ratic of oxygen- to-dye consumption as a function
of the fraction of dye (C.I. Acid Orange 7) consumed (initial
concn: 57.8 pumol/l)

TABLE 2

Initial quantum yields of the biacetyl-sensitised photo-
oxidation of some azo dyes at 365 nm

Conen P ¢,
Dye {(umol/l} (mol/einstein) (mol/einstein) ¢/

5 14.5 0.10 0.35 3.5
6 18.4 0.11 0.33 3.0
7 19.2 0.15 0.39 2.6
8 16.0 0.17 0.41 24
9 14.8 0.10 0.40 3.8
10 15.4 0.18 0.43 24
11 17.7 0.15 0.42 2.8
12 17.7 0.21 0.54 25
4 17.9 0.44 0.56 1.3

ing graph is obtained by plotting quantum vields of the
oxygen consumption against those of the dye consump-
tion (Figure 5).

Assuming that all dyes investigated fade by the same
mechanism, an extrapolation can be made for a theoreti-
cal dye with a quantum yield of 1 for dye fading. Figure 5
shows that in this case one molecule of oxygen is con-
sumed per molecule of dye. This indicates that a singlet
oxygen mechanism is followed here, as described by
Griffiths and Hawkins [9). Singlet oxygen is produced in
the quenching by oxygen of the first triplet state of biacetyl.
as shown by Sawaki [24]. From product analysis he
concluded that two types of reaction occurred competi-
tively. The first was the formation of singlet oxygen (‘O,)
by energy transfer from triplet biacetyl to oxygen (Scheme
2). The second type of reaction was the formation of
acylperoxy radicals by reaction of the triplet diketone with
oxygen {Scheme 3). According to Griffiths and Hawkins
[9] singlet oxygen abstracts a hydrogen from the NH group
in the hydrazone tautomer (Scheme 1). The hydroperox-
ide radical combines with the resultant hydrazyl radical and
the adduct decompaoses to the products shown in Scheme
1. A peroxy radical can also abstract a hydrogen, but the
second step of the mechanism mentioned above would
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Figure b — Initial quantum yield of oxygen consumption as a
function of that of dye consumption in the biacetyl-sensitised
photo-oxidation of azo dyes 4-12 (concns: as in Table 2, 95%
confidence region between dashed lines)

afford another peroxy radical. This mechanism would lead
to an initial ratio of two oxygen molecules per molecule of
dye consumed.
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As Sawaki found, singlet oxygen formation accounted
for the greatest part (71%) of the quenching of triplet
biacetyl. The remainder was oxidised to acylperoxy radi-
cals. This could explain the residual oxygen consumption
at the intercept (¢ = 0.3 mol/einstein) in Figure 5.

The data presented in Table 2 show that substituent
effects play a part. They can influence the electron density
at the hydrazone group, the azo—hydrazone equilibrium
and the quenching of triplet biacetyl by the dye. No attempt
has been made to unravel the relative influence of these
effects on photostability in the system studied.

CONCLUSIONS

The irradiation of azo dyes in aqueous oxygen-containing
solutions of biacetyl results in the fast oxidation of the dyes
to phenolic and quinonoid products. In the absence of
oxygen some fading of C.I. Acid Orange 7 was also
observed. Phenol inhibits the oxidation, possibly by quench-
ing photo-excited biacetyl. Therefore the photo-oxidation
products of azo dyes in practical systems should be taken
into consideration when light fastness is discussed. The
initial ratio of molecules of oxygen consumed per molecule
of dye is higher than unity for all dyes investigated. Thus
fading is in competition with oxygen-consuming side
reactions. Extrapolation of this ratio to a theoretical dye
with aquantum yield of 1 {no side reactions) leads to a value
of one molecule of oxygen consumed per molecule of dye.
The biacetyl-sensitised photo-oxidation of o-arylazona-
phthols is therefore likely to proceed via a singlet oxygen
mechanism. Substituents have an influence on the photo-
stability via a change in electron density on the hydrazone



group. the azo-hydrazone equilibrium or the enhanced
quenching power of the dye. Finally. it can be stated that
the model system of an azo dye irradiated in an oxygen-
containing agueous biacetyl solution provides valuable
information about the chemical factors that determine
light fastness of dyed substrates in practice.
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