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SUMAMARY

The photofading of two anthraquinone dves has been studied in agqueous solution using
ultraviolet—visible absorption spectroscopy and flash photrolvsis. The influence of
alcohel concentrarion, pH, atmosphere, photosensitisers and stabilisers have been
exanuned and these lead 1o some important conclusions on the mechanism of die
fading Essentially. the results indicate the photoexcuted tiiplet state of the dve
undergoes a process of either electron or hydrogen-atom abstractiondepending on the
natui e of the environment. Other factors such as aggiregation and singlet oxygen also
appear 1o play an impoiitant role i solunion photofading. The relevance of these
results 10 phorofading m a polvmeric phase is discussed

1 INTRODUCTION

Anthraquinone derivatives are a commerciaily important class of compounds used
as dyes for synthetic fibres !*2 One of the most important criteria used 1n assessing
the commercial use of a dye 1s its stability to hght.®** The photofading of
anthraquinone dyes has been widely studied and through the use of modern
photochemical techniques their behaviour s reasonably well understood.?
However, the relative importance of various mechanisms that have been put forward
over the years 1s still a topic of wide interest. For example, various workers have
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argued the contrbution of aggregation.®~7 singlet oxygen®~'° and electron or
hydrogen-atom abstraction.? * ° !'! The nature of the polymer and the structure of
the dye are probably the two most important factors in controlling the relative
contribution of these processes 1n photofading.*

To examine the contribution of the above processes we have studied the influence
of alcohol concentration, atmosphere, pH. sensitisers and stabilisers on the
photofading of two commercial anthraquinone dyes, namely 1-amino-4-(3’-amino-
4-sulphonyl)anmihino-9.10-anthraquinone-2-sulphomc acid disodium salt and 1-
amino-4-anihino-9,10-anthraquinone-2-sulphonic acid of the structures I and 1L,
respectively

O NH, O NH,
S03Na

(11 SO0
O NH SO,Na o NH—-@

NH,
(m an

In this case photofading was carried out 1n agueous solution since many of the
above condiuions cannot be conveniently studied 1n a polymeric phase Irradiation

of the dyve solutions was carried out using repetitive flash photolysis on a
conventional apparatus

2 ENPERIMENTAL

21 Marenals
The dyes used 1n this study of structures I and Il were supplied by the Fine
Chemucals Service of ICI Ltd Both dyes were purified by dissolution 1n
dimethylformanmde. filtration. and finally precipitation by addition of chloroform
All the reagents used were of ANALAR grade, and water distilled from alkaline
permanganate was used throughout

22 hradianon

The dye solutions were irradiated using repetitive flash photolysis The lamps
were xenon filled. each flash having an energy of 450J The reaction vessel used was
a modified 1 cm path-length rectangular fluorimeter cuvette. The top of the cell was
fitted with a T-shaped neck having a ‘Rotaflow’ PTFE tap. The cell was suspended 1n
the flash chamber by trapping its neck in the chamber hd.



PHOTOFADING OF ANTHRAQUINONE DYES 221

Dye solutions were 1n the range 10~*—10~°M Deoxygenation was performed by
bubbling the solution with nitrogen (<35 ppm oxygen).

Ultraviolet—visible absorption spectra were recorded using a Perkin-Elmer
Model 554 spectrophotometer. Relative percentage fading was determined by
monitoring the changes in absorbance of the longest wavelength absorption band of
the dye after exposure to a suitable number of photoflashes.

Ao — 4,

Relative % fading = y
o]

where A, = absorbance at i, before flashing and 4, = absorbance at A, after
flashing

3. RESULTS AND DISCUSSION

31 Effect of Alcoho! Concentrarion

In this study we carried out an examination on the effect of prcoan-2-ol
concentration on the photofading of the dyes 1 and I 1n the presence of oxygen. The
results are summarised 1n Table 1 where 1t 1s seen that with increasing alcohol
concentration there 1s an increase in the percentage fading of the dyes after five
photoflashes On the basis of earlier work this effect would be expected since 1n

TABLE 1
EFFECT OF PROPAN-2-OL CONCENTRATION ON PHOTOFADING
Concentration °r Fading after 5 photofiashes
of propan-2-ol (M) Die l Die H1
0 105 36
0 654 365 2
327 527 242

alcohols anthraquinone dyes are highly susceptible to photoreduction * !

However, one of the most interesting features of the results obtained here was the
observation of an increase 1n the m:tial absorbance of the dyes with increasing
alcohol concentration This effect 1s shown 1n Fig 1 and could be associated with
disaggregation of the dyes * 7 The unusual behaviour with dye I is probably due
to the formation and breaking of aggregates Thus, apart from an increase n
photoreduction, disaggregation of the dyes may also contribute to their increased
rate of photofading This effect would be consistent with the earlier findings of Giles
and coworkers >~ 7

3.2. Effect of pH
Figure 2 shows the effect of ten photofiashes on the absorption spectra of air-
saturated and nitrogen-saturated solutions of dye I 1n aqueous 1 5M-sodium
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Fig 2 Absorpuon spectra of dye 1m 1 5M-NaOH (a) ( ) mitrogen-saturated before flashing, (b)
(- — -) mtrogen-saturated after 10 photoflashes, (c)(—)mna corresponding air-saturated solution after

10 photoflashes
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hydroxide. It 1s seen that in de-oxygenated solution the dye 1s much more stable to
light than 1n a corresponding air-saturated solution. Also, in the absence of oxygen a
new absorption peak appears at ca 505nm which 1s associated with the
hydroquinone form of the dye formed by hydrogen-atom abstraction On shaking
with oxygen this absorption, as expected, disappears and the dye is regenerated This
1s a well-known phenomenon with anthraquinone dyes.*!! The same results were
obtained with dye IL

In a further set of experiments, the effect of increasing alkali concentration on dye
fading was examned Air-saturated solutions containing between 0 OMm- and 4-OM-
sodium hydroxide were exposed to a series of photoflashes and the absorbance was
recorded after two photoflashes. All the solutions had an imitial absorbance of 0 281.
Frgure 3 shows a plot of the fraction of dye remaining after each double flash against
the total number of flashes. It 1s seen that the fraction of dye remaining after ten
photofiashes decreases as the alkali concentration 1s increased. The imitial rates of
fading also followed this pattern.

It 1s apparent from these results that the light stability of the dye 1s markedly
influenced by the alkalimity of i1ts environment Under these conditions
photoreduction through electron abstraction would be increased.* ' However. the
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Fig 3 Photofading of dye I1n air-saturated aqueous solution containing (a) 0 OMm, (b) 0 005M:(c) 0 5Mm,
(d) 1 5M, and (e) 4 OM-NaOH.
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above results also indicate that singlet oxygen plays an important role in dye fading
in solution In a polymeric phase, oxygen diffusion 1s minimal and under these
conditions the photostabiulity of the dye would be enhanced. This 1s exactly what 1s
observed 1n solution (Fig 2)

Figure 4 shows the effect of ten photoflashes on the absorption spectrum of dye I
1n agueous solutions of 0 005M- and 4 Om-hvdrochloric acid 1t 1s seen that for each

RELATIVE ABSORBANCE

WAVELENGTH nm

Fig 4 Absorpuon spectra of dye H1n 4M-HCl ( ) mirogen-saturated before photoftashing, (—- )

nitrogen-saturated after 10 photoffashes (- x—x)air-saturated after 10 photoflashes and in 0 005M-HCl

(- - -) nmitrogen-saturated before photofiashing, ( ) nitrogen-saturated after 10 photoflashes, and
(— — ) air-saturated after 10 photoflashes

acid concentration the dye fades faster in awr-saturated solution than 1n a
deoxygenated one Dye fading also increases with increasing protonation although
the effect 1s not so marked as with sodium hydroxide

The effect of pH was also examined on dye Il and the results are summarised 1n
Fig 5 Here the relative percentage fading 1s plotted against pH. It 1s seen that 1n
strongly acid or alkali solutions the rate of fading of the dye 1s significantly greater
than in neutral or weakly acid solutions From these results it would also appear that
protonation of the dye is important in photofading
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Fig 5 Effect of pH on the photofading of dye 1I in air-saturated aqueous solution
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Fig 6 Absorptionspectra odye Il11n the presence of benzophenone (10 ~3m) 1n nitrogen-saturated 3-2
v/v propan-2-ol-water (a) before photoflashing, (b), (c), (d), (e), (f) and (g) after each successive flash
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3.3. Effect of sensttisers and stabilisers

The effect of a well-known triplet sensitiser, benzophenone, on the photofading of
dye Il 1s shown in Fig. 6. The dye was dissolved in a 3.2 v/v propan-2-ol:water
mixture to give an mitial absorbance of 0 12. Aliquots of 0 IM-benzophenone in
propan-2-ol were added to give an effective benzophenone concentration of 107 3m.
The Figure shows that in nitrogen-saturated solution fading of the dye occurs
rapidly after each successive photoflash compared with the dye alone (see Fig. 7).
The fading 1s also accompamed by the appearance of a new absorption peak at
410nm which 1s associated with the hydroquinone form of the dye. This was
confirmed for the control fading experiment shown in Fig 7 where 1t 1s seen that
anthra-hydroquinone, chemically produced using sodium dithionate as a reducing
agent.® showed anidentical peak at ca 410 nm Thus, it1s apparent from these results
that the triplet state of the dye 1s important 1n photofading A chemical interaction
between the benzophenone ketyl radical and the dye would appear under these
conditions to be unimportant '? This conclusion 1s supported by the effects of
another triplet sensitiser (see Table 2).

Table 2 summarises the results of a series of experiments carried out to observe the
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Fig 7 Absorpuon spectra of dye M in nitrogen-saturated aqueous solution (a) before photoflashing.
{b) atter 2 photoflashes (c) after 5 photofiashes and (d) (- ~ ~ ) after reduction with sodium dithionate
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TABLE 2
EFFECT OF SENSITISERS AND STABILISERS ON THE PHOTOFADING OF DYE II 1N
N,-SATURATED 3 2Vv/V PROPAN-2-OL WATER MIATURES

Additne” S, Fading afier 10 photofiashes

Control 40
DABCO 293
Ethylenediamine 224
Potassium thiocyanate 236
Benzophenone 99 2
o-phenyiphenol 195
p-phenylphenol 230
Diphenyl 78 3
Tetracyanoethylene 46
4-hydroxy-2.2,6,6-tetramethyl

N-oxypipendine 29

< 1 x 10~ *M concentration

effect of various sensitisers and stabilisers on the extent of fading of dye II 1n
nitrogen-saturated solution after ten photoflashes The dye solutions had an imtal
absorbance of 0 85 and all the reagents were 107 3m.

It 1s seen from the results that another triplet sensitiser apart from benzophenone
1s diphenyl. The sensiusing effect of this compound may also be due to trniplet energy
transfer from the diphenyl to the dye For this process to occur the triplet
energy of diphenyl must he above that of the dye Diphenyl has a triplet energy of
270 kI mole ™ '.'3 Although the triplet energy level of the dye 1s not known, 1t can
safely be assumed to lie below that of 1ts first excited singlet state. The energy of the
first excited singlet state of the dye for a wavelength of maximum absorption of
632 nm was calculated to be 189 52kJmole~! The corresponding triplet energy
would be lower than this Since this lies below the triplet energy level of diphenyl,
energy transfer from the latter to the former 1s very likely

All the other chemical compounds histed 1n Table 2 acted as stabilisers to varying
extents The influence of DABCO, a well-known singlet oxygen quencher,!? was at
first very surprising since the fading experuments were carried out in de-oxygenated
solutions. DABCO. however, 1s an amine and the inhibiting effect 1n this case 1s
most likely to be due to its ability to quench the excited states of the dye either
through electron transfer!* or collisional quenching This would appear to be
confirmed by the stabilising effect of ethylene diamine also shown in the Table

The effects of o- and p-phenylphenol are interesting since these compounds are
used as carriers in the dyeing of polyester fibres * Some disperse dyes have their
lightfastness impaired by carriers,?>**7 but 1n this case they are protective. These
carriers have high absorbances 1n the ultraviolet region of the spectrum and their
action here may be due to a screeming effect Their ability to act as radical traps
would be expected to be low since they are not hindered phenols

The stabihsing effect of potassium thiocyanate 1s interesting since this seems to
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suggest that the photofading of the dye in alcohol/water mixture involves hydroxyl
radicals. Potassium thiocyanate 1s a well-known hydroxyl radical trap'® and in this
experiment the degree of photofading was reduced by ca 50%,.

Finally. the powerful stabilising effects of tetracyanoethylene and the /N-oxy
radical compounds are worthy of some detailed discussion The former 1s a well-
known electron trap'® and the latter is an efficient radical trap.'? Both stabilising
mechamsms are consistent with the photofading mechanisms of anthraguinone
dyes.® The powerful electron-trapping ability of the tetracyanoethylene clearly
suggests that electron transfer, to give the radical amion (A7), 1s important in the
photofading of anthragquinone dyes The powerful stabilising effect of the N-owy
radicalis clearly due to its efficient radical trapping ability Previous work by one of
the authors with anthraguinone'® has shown that the N-oxy radical inhibits
transient formation on flash photolysis due to the semiguinone radical (AH )
Inhibition was attributed to two possible mechanisms The first involves direct
trapping of the sesmiquinone radical (AH ) by the N-owy radical to give an unstable
molecule The semiquinone radical 1s formed by hydrogen-atom abstraction by the
photoexcited triplet state of the anthraquinone

hy

A Do tA B A BT AH- + R (1)
where R——H 1s solvent
B OH B
~N /
AH- + N—O- — AH—O—N @‘0 )
ye ~
unstable
O
] e
i O—N_ K

The second mechanism involves a hydrogen atom transfer from the semiquinone
radical to the N-owy radical regenerating the anthraquimone and producing a
hydrovylamine

AH + DN_O — A+ ON_OH 3)

7 s

Of the two mechanisms i1t would appear that the second 1s more important for the
dye since 1t involves a regeneration process and would therefore act in a protective
manner In the case of anthraquinone the first mechanism 1s important since the
presence of the V-oay radical did not inhibit the photolysis of the anthraquinone !°

t Intersystem crossing
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4. CONCLUSIONS

It may be concluded from the above that a number of factors are important in the
photofading of anthraquinone dyes. The presence of dye aggregates would almost
certamnly result in some enhancement of light stability. The nature of the
environment however, would appear to play a major role 1n controlling light
stabiiity and from the above results pH has a powerful influence on photofading
Thus, the washing of fibres to remove residual acid or alkali could be important
Regarding the photofading mechanism 1t would appear that electron and/or
hydrogen-atom abstraction are important processes On a more technological note,
the powerful stabilising effects of tetracyanoet*ylene and the N-oxy radical would
seem to suggest that they could be useful as postdyeing treatments to enhance the
hightfastness of dyed fabrics
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