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ABSTRACT 

Investigations were performed on four acid triphenylmethane dyes, viz. 
Acid Blue 1, Acid Green 9, Acid Blue 1.5, and Acid Violet 17, in order to 
elucidate the complex photochemical reactions occurring on a dyed- 
wool/water/air system, upon exposure to ultraviolet radiation. The studies 
were performed using model systems of dyed poly(viny1 alcohol), methyl- 
cellulose and gelatin @films. In Part I of this work, compounds which 
model protein-bound amino acids, present in wool, were examined for their 
ability to promote or retard dye fading on protein substrates. Part 2 
focuses on three amino acids, L-arginine, L-glutamic acid and L.-aspartic 
acid and examines the role of the amino and carboxylate groups present 
in these compounds in promoting dye fading. The work compares the 
ability of the amino act& to promote dye fading when they exist alone in 
the presence of dye, and when they participate in peptide bonds. The 
guanidino, cu-amino and carboxylate groups of these compounds appear to 
photosensitize dye fading. 

The dye fading mechanism appears to involve an excited triplet-state 
dye molecule and, in the presence of a photosensitizer, possibly an excited 
triplet-state exciplex. It also appears to be governed by (a) the ability of 
the substrate, or residual solvent within the substrate, to donate electrons 
or hydrogen atoms to the dye, (b) the degree of dye aggregation, which 
may be partially determined by (c) the chemical and physical structure of 
the substrate, and (d) the position of the water solubilizing SO; group on 
the dye. 

Eight kinetic mechanisms are proposed and discussed in terms of their 
likelihood of occurring for dye fading in the presence of guanidino and 
carboxylate groups. 
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1 INTRODUCTION 

Triphenylmethane dyes characteristically exhibit low lightfastness on 
many substrates, particularly on natural fibres such as silk, cotton and 
wool. Consequently, the textile application of these dyes has been limited to 
dyeing poly(acrylonitrile), where moderate lightfastness can be attained.1*2 

Due to their outstanding tinctorial strength and brilliant shades of red, 
blue and green, this class of dye possesses commercial potential to 
compete with the bright, fast colours available for acrylic fibres, provided 
they can be rendered less fugitive to light on natural fibres. This necessi- 
tates that a clear understanding of the photochemical reactions promoting 
dye fading be achieved. 

In Part 1 of this work,3 certain amino acid residues present in the 
protein fibre wool were identified as being responsible for sensitizing dye 
fading, whereas other amino acid-residues appeared to have little effect 
or retard dye fading. In particular, it was proposed that guanidino 
groups and carboxylate groups promote dye fading by respectively 
donating hydrogen atoms and electrons to the dye. Part 2 of this work 
focuses more closely on the amino acids L-arginine, L-aspartic acid and 
L-glutamic acid, which appear to promote dye fading on protein sub- 
strates. In particular, the role of the amino and carboxylate groups in 
promoting dye fading is examined. Evidence is sought for the possible 
involvement of excited triplet-state species, exciplexes and electron transfer 
processes. Kinetic analysis considers the likelihood of eight possible 
kinetic mechanisms occurring. Since the dyed wool system is expected to 
promote complex photochemical reactions, the studies presented here 
have been performed on model polymer systems based on methylcellulose 
(MC), poly(viny1 alcohol) (PVA) and gelatin. 

2 MATERIALS AND METHODS 

The four water soluble triphenylmethane dyes selected for study were 
Acid Blue 1 (C.I. 42045; Lissamine Turquoise VN 150, ICI), Acid Green 9 
(C.I. 42100; Sandolan Brilliant Green E-6B 300%, Sandoz), Acid Blue 15 
(C.I.42645; Coomassie Blue FF, ICI), and Acid Violet 17 (C.I. 42650; 
Coomassie Violet R 200, ICI). The purification procedure and structures 
of all dyes relevant to this paper are given in Part 1.3 

Methylcellulose (Fluka) was specified as having a methoxy content of 
27.5 to 32.0% and a viscosity of 350 to 550 mPa . s for a 2% concentration 
at 20°C. PVA (Polyscience) was specified as 99% hydrolyzed, with a 
molecular weight of 133 000 and a viscosity of 28 to 32 mPa . s for a 4% 
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aqueous solution at 20°C. Gelatin was obtained from Ajax Chemicals. 
All were employed without further purification and all films were pre- 
pared, stored and irradiated as described in Part 1.3 

The film additives L-arginine (Fluka), methylguanidine sulphate 
(Eastman Kodak Organic Chemicals, USA), L-arginine methylester 
dihydrochloride (Fluka), L-glutamic acid (BDH Poole, Dorset, UK), 
sodium acetate (BDH Chemicals, Australia), sodium azide (Fluka), zinc 
sulphate heptahydrate (AnalaR, BDH Chemicals, Australia), cadmium 
sulphate octahydrate (Merck Pro Analyst), manganese sulphate mono- 
hydrate (Ajax Chemicals, Sydney, Australia) were used without further 
purification. None of these additives absorb radiation of wavelengths 
greater than 270 nm. All were present at concentrations of (3.3 X lo-’ + 
7%) mol/g polymer unless otherwise indicated. 

Dye fading was assessed in terms of the quantum yield of dye fading 
Q and relative quantum yield of dye fading Q,, in the same manner as 
described in Part 1.3 

3 RESULTS AND DISCUSSION 

3.1 The role of the wzarhoxyl and a-amino groups in free amino acids 

Under physiological conditions, the pH of wool is approximately 6, and 
the a-amino group and the a-carboxyl group of the amino acids partici- 
pate in the formation of a peptide bond, except at the ends of the protein 
chain. Thus, the photochemistry of the dye in the presence of free amino 
acid may differ from when it is in a protein-bound state. This factor was 
overlooked in previous photochemical studies on triphenylmethane dyes 
in the presence of the free amino acid histidine.4 However, the work 
presented by Mason et al.’ provides a good illustration that this may 
occur. 

Table 1 provides a comparison for dye fading in the presence of the 
free amino acids L-arginine and L-glutamic acid and structurally related 
derivatives in order to elucidate the role of the a-amino and cx-carboxyl 
groups in dye fading. 

It is noted that L-glutamic acid does not sensitize the fading of Acid 
Green 9, Acid Blue 15 or Acid Violet 17 more than sodium acetate. At 
first this result seems surprising, given that L-glutamic acid has twice the 
number of carboxylate groups than sodium acetate. However, it must be 
remembered that in a solid substrate the spatial distribution of a dye and 
additive are fixed, and therefore L-glutamic acid should not be expected 
to act bifunctionally, except at very high concentrations. 
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TABLE 1 
Dye Fading in MC in the Presence of Sodium Acetate, Sodium Azide and L-Glutamic 

Acid and L-Arginine and their Derivatives 

Film composition Qx16i15% 
a-band” 

Q,, f 8% 
a-band” 

Acid Blue 1 
Acid Blue 1 + L-arginine 
Acid Blue 1 + L-arginine methylester dihydrochloride 
Acid Blue 1 + methylguanidine sulphate6 
Acid Blue 1 + L-glutamic acid 
Acid Blue 1 + sodium acetate 
Aeid Blue 1 + sodium azide 

Acid Green 9 
Acid Green 9 + L-arginine 
Acid Green 9 + L-arginine methylester dihydrochloride 
Acid Green 9 + methylguanidine sulphateb 
Acid Green 9 + L-glutamic acid 
Acid Green 9 + sodium acetate 
Acid Green 9 + sodium azide 

Acid Blue 15 
Acid Blue 15 + L-arginine 
Acid Blue 15 + L-arginine methylester dihydrochloride 
Acid Blue 15 + methylguanidine sulphateb 
Acid Blue 15 + L-glutamic acid 
Acid Blue 15 + sodium acetate 
Acid Blue 15 + sodium azide 

Acid Violet 17 
Acid Violet 17 + L-arginine 
Acid Violet 17 + L-arginine methylester dihydrochloride 
Acid Violet 17 + methylguanidine sulphateb 
Acid Violet 17 + L-glutamic acid 
Acid Violet 17 + sodium acetate 
Acid Violet 17 + sodium azide 

6.3 1.0 
20.2 3.2 
13.9 2.2 
8.2 1.3 

15.1 2.4 
6.5 1.03 

17.6 2.8 

20.0 1.0 
30.0 1.5 
24.0 1.2 
24.0 1.2 
27.0 1.35 
26.0 1.3 

Very large Very large 

3.6 1.0 
7.2 2.0 
4.3 1.2 
4.0 1.12 
6.5 1.8 
5.8 1.6 

28.8 8.0 

4.3 1.0 
8.2 1.9 
5.2 1.2 
5.15 1.2 
6.9 1.6 
7.1 1.65 

30.1 7.0 

The molar ratio for dye:additive is 1:12; in all cases [dye] = (2.7 + 0.2) X lo4 mol/g MC 
and [additive] = (3.3 f 0.2) X lo-’ mol/g MC. 
a See Table 1 in Part l3 for the wavelengths at which fading was monitored. 
b [Methylguanidine sulphate] = lR[guanidino groups] (see text). 

Interestingly, Acid Blue 1 is the dye most affected by L-glutamic acid, 
but is the dye least affected by the electron donors, sodium azide and 
sodium acetate, also examined in Part 1.3 This seemingly anomalous 
result may be explained by examining the structures of sodium acetate 
and L-glutamic acid and the way each compound interacts with each dye. 
Examination of the dye structures reveals that only Acid Blue 1 has a 
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TABLE 2 
Dye Fading of Acid Blue 1 in MC in the Presence of Methylguanidine Sulphate and 

Sodium Acetate. 

Molar ratio QX16*15% 
a-band” 

Q,, f 8% 
cv-banda 

Acid Blue I : methylguanidine sulphatg 
l:o 
1: 10 
1: 12 
1:15 
1:20 
1:25 
1:30 
1:35 
1:40 

Acid Blue I : sodium acetate 
l:o 
1: 12 
1:18 

6.3 1.0 
8.6 1.36 
8.3 1.32 
8.6 1.37 
9.4 1.49 
9.6 1.53 

10.8 1.72 
10.4 1.65 
11.1 1.76 

6.3 1.00 
6.5 1.03 
8.6 1.36 

[Dye] = (2.7 f 0.2) XIOA mol/g MC. 
a Fading was monitored at the wavelength corresponding to the peak of the a-band (see 
Table 1 in Part 1).3 
’ wethylguanidine sulphate] = %[guanidino groups] (see text). 
Note: for a 1% dyeing of Acid Blue 1 on wool, the molar ratios for dyeguanidino groups 
and dyecarboxyl groups are approximately 1: 28.3 and 1: 66.8 (ignoring asparagine and 
glutamine), respectively.9~“~22 

SO; group ortho to the central carbon atom. This SOj group will tend to 
stabilize the carbonium form of the dye in which the central carbon atom 
is positively charged. Thus, when sodium acetate is added to the dyed 
polymer system, the carboxylate groups will be prevented from ap- 
proaching the central positive carbon atom of the dye by the negatively 
charged ortho SO, group, and this may prevent the dye from abstracting 
an electron. However, it may be expected that if the concentration of 
carboxylate groups is increased for a fIxed dye concentration, the SO; 
groups of the dye may not prevent all of the carboxylate groups from 
being in close proximity to the electron abstracting centre of the dye. In 
keeping with this argument, Q, was observed to increase when the 
sodium acetate concentration was increased to 4.86 X low5 mol/g MC 
(Table 2). Conversely, if the a-amino group of L-glutamic acid interacted 
with the ortho SO< group of the dye, the positively charged central 
carbon atom of the dye would be more accessible to carboxylate groups. 
This interaction would also allow the y-carboxyl group of the free amino 
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acid to lie in close proximity to the para-nitrogen atom (which has been 
reported to become electron deficient in the excited state6s7) of the dye. 
Thus, if either the central carbon atom or para-nitrogen atoms become 
electron deficient upon irradiation, electron abstraction will be facili- 
tated. Since L-glutamic acid does not appear to act bifunctionally, there 
may only be one electron abstracting centre in the dye molecule. 

Table 1 reveals that, when the cY-carboxyl group is blocked by methyla- 
tion, as is the case for L-arginine methylester dihydrochloride, then sensi- 
tization is reduced from the value obtained using L-arginine. In addition, 
L-arginine methylester dihydrochloride produced the same sensitization 
as methylguanidine sulphate for all dyes except Acid Blue 1. It should be 
noted here that methylguanidine sulphate has the molecular formula 
(CH,NHC: NHNH,), . H,SO, and so all films containing this compound 
have twice the number of guanidino groups as those films containing 
the additives L-arginine HN : C(NH,)NH(CH,),CH(NH2)COOH and 
L-arginine methylester dihydrochloride HN : C(NH,)NH(CH,),CH(NH,) 
COOCH, . 2HCl. However, examination of Table 2 reveals that &I is 
essentially constant for mole of dye to mole of methylguanidine sulphate 
ratios below 1 : 20. Consequently, all tables presented in the text have 
been interpreted based on this and that the observed trends are not 
attributable to differences in the concentrations of groups modelling 
amino-acid residues. The results therefore show that the cY-carboxyl 
group of L-arginine is capable of sensitizing dye fading. In the case of 
Acid Blue 1, not only is it apparent that blocking the a-carboxyl group 
removes some of the sensitization observed in the presence of L-arginine, 
it is also apparent that the a-amino group sensitizes dye fading. Here it is 
seen that Qrel in the presence of the methylester is larger than in the pres- 
ence of methylguanidine sulphate. Again, the most plausible explanation 
involves the interaction of the positively charged a-amino group with the 
SO; groups of the dye. It is proposed that when the interaction between 
a positively charged group of the additive and the o&o-sulphonate 
group is strong, the positive charge on the dye spends more time on the 
para-nitrogen atom than when the interaction is weak, since in the latter 
case the ortho SO; group would tend to stabilize the carbonium form of 
the dye. 

In contrast to the situation for Acid Blue 1, L-arginine methylester 
dihydrochloride would not be expected to sensitize the fading of the 
other dyes more than methylguanidine sulphate, because the interaction 
between the positive groups of the additives and the SO; groups on these 
dyes does not favour any particular resonance structure of the dye. 

For Acid Green 9, Acid Blue 15 and Acid Violet 17, the reduction in 
Qre, caused by blocking the carboxyl group of L-arginine is essentially the 
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same magnitude as the increase in Q,, caused by the presence of sodium 
acetate (Table 1). This implies that the zwitterionic and guanidino 
moieties of L-arginine act independently and additively when sensitizing 
dye fading and that L-arginine, unlike L-glutamic acid, is able to act 
bifunctionally. This difference may arise firstly, because the probability 
of L-arginine being located in close proximity to the dye during the film 
drying process could be greater than for L-glutamic acid (owing to more 
favourable ionic attraction), and secondly, because the interaction 
between the dye and L-glutamic acid involves one mechanism, whereas 
with r_,-arginine two different mechanisms could be involved. In order to 
examine this point further, sodium acetate was added to MC films 
containing L-arginine methylester dihydrochloride or methylguanidine 
sulphate in the presence of dye (Table 3). 

The results of this experiment (Table 3) confirm that L-arginine sensi- 
tizes the fading of Acid Green 9, Acid Blue 15 and Acid Violet 17 to 
essentially the same degree as L-arginine methylester dihydrochloride and 
methylguanidine sulphate, each in the presence of sodium acetate. The 
result for Acid Blue 1 in the presence of L-arginine methylester dihydro- 
chloride and sodium acetate also confirms the result that the zwitterionic 
moiety and the guanidino group in arginine act independently when 
sensitizing dye fading. This result and that obtained for the fading of 
Acid Blue 1 in the presence of both methylguanidine sulphate and 
sodium acetate indicate that, at this concentration, sodium acetate is able 
to sensitize dye fading. This seems to contradict the result obtained for 
dye fading in the presence of sodium acetate alone (Table 3). However, it 
may be argued that both model amino-acid compounds, containing 
guanidino groups, possess at least one positive charge and so they may 
attract the negatively charged acetate ion or interact with the SO; groups 
on the dye, while the film is still in the liquid state. By virtue of either 
interaction, the local concentration of the acetate groups in the proximity 
of the dye molecules (after film solidification) may be higher than that 
in the absence of these positively charged model amino-acid compounds, 
or the relative spatial orientation of the compounds may help promote 
sensitized dye fading. 

3.2 A test for electron transfer processes occurring between compounds 
sensitizing dye photodegradation and dyes in MC 

In order to test the proposal that electron transfer processes are occur- 
ring between the dye and a sensitizing group, cadmium sulphate octa- 
hydrate was incorporated into films containing dye in the presence of 
sensitizer. Where such electron transfer processes occur, QEl would be 
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TABLE 3 
Dye Fading in MC in the Presence of Sodium Acetate and Either r.-Arginine Methylester 
Dihydrochloride or Methylguanidine Sulphate Compared to Dye Fading in the Presence 

of L-Arginine or Sodium Acetate 

Film composition Q x16+ 15% Qn,k8% 
a-band’ cy-bandb 

Acid Blue 1 
Acid Blue 1 + L-arginine 
Acid Blue 1 + sodium acetate 
Acid Blue 1 + L-arginine methylester dihydrochloride 

6.3 1.0 
20.2 3.2 

6.5 1.03 
18.9 3.0 

+ sodium acetate 
Acid Blue 1 + methylguanidine sulphateb + sodium acetate 11.4 

Acid Green 9 
Acid Green 9 + L-arginine 
Acid Green 9 + sodium acetate 
Acid Green 9 + L-arginine methylester dihydrochloride 

20.0 1.0 
30.0 1.5 
26.0 1.3 
29.0 1.45 

+ sodium acetate 
Acid Green 9 + methylguanidine sulphateb + sodium acetate 31.0 

Acid Blue 15 
Acid Blue 15 + L-arginine 
Acid Blue 15 + sodium acetate 
Acid Blue 15 + L-arginine methylester dihydrochloride 

3.6 1.0 
7.2 2.0 
5.8 1.6 
6.8 1.9 

+ sodium acetate 
Acid Blue 15 + methylguanidine sulphate’ + sodium acetate 6.7 

Acid Violet 17 
Acid Violet 17 + L-arginine 
Acid Violet 17 + sodium acetate 
Acid Violet 17 + L-arginine methylester dihydrochloride 

4.3 1.0 
8.2 1.9 
7.1 1.65 
7.8 1.8 

+ sodium acetate 
Acid Violet 17 + methylguanidine sulphateb + sodium acetate 9.0 

1.8 

1.55 

1.85 

2.1 

The molar ratios for dye : sodium acetate : additives are 1: 12 : 12. The molar ratio for dye: 
L-arginine (or sodium acetate) for films containing L-arginine (or sodium acetate) is 1: 12. 
[Dye] = (2.7 f 0.2) X I@ mol/g MC and [additives] = (3.3 k 0.2) X 10e5 mol/g MC. 
’ See Table 1 Part l3 for the wavelengths at which fading was monitored. 
b [Methylguanidine sulphate] = 1/2[guanidino groups] (see text). 

expected to be reduced more than can be accounted 
cadmium sulphate octahydrate scavenging electrons 
system. 

for by the effect of 
from the MC/H,0 

The Q,,, values obtained for dye fading in the presence of both sensi- 
tizer and cadmium sulphate octahydrate are presented in Table 4. A 
comparison between Tables 1 and 4 reveals that for all dyes cadmium 
sulphate octahydrate reduces the sensitization caused by L-arginine 
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The Effect of Cadmium Sulphate on Dye Fading in MC and in the Presence of Dye 
Fading Sensitizers 

Film composition Column 1 Column 2 

Q X 16 f 15% Q,, f 8% Reduction in Q,: 
a-banda a-banda a-band” 

Acid Blue 1 
Acid Blue 1 + cadmium sulphate 
Acid Blue 1 + sodium acetate 

+ cadmium sulphate 
Acid Blue 1 + L-arginine methylester 

dihydrochloride + cadmium sulphate 
Acid Blue 1 + methylguanidine sulphate’ 

+ cadmium sulphate 

Acid Green 9 
Acid Green 9 + cadmium sulphate 
Acid Green 9 + sodium acetate 

+ cadmium sulphate 
Acid Green 9 + L-arginine methylester 

dihydrochloride + cadmium sulphate 
Acid Green 9 + methylguanidine sulphate’ 

+ cadmium sulphate 

Acid Blue 15 
Acid Blue 15 + cadmium sulphate 
Acid Blue 15 + sodium acetate 

+ cadmium sulphate 
Acid Blue 15 + L-arginine methylester 

dihydrochloride + cadmium sulphate 
Acid Blue 15 + methylguanidine sulphate’ 

+ cadmium sulphate 

Acid Violet 17 
Acid Violet 17 + cadmium sulphate 
Acid Violet 17 + sodium acetate 

+ cadmium sulphate 
Acid Violet 17 + L-arginine methylester 

dihydrochloride + cadmium sulphate 
Acid Violet 17 + methylguanidine sulphate’ 

+ cadmium sulphate 

6.3 1.0 
5.2 0.83 
5.5 0.87 

10.4 1.65 

6.6 

20.0 1.00 
12.4 0.62 
14.5 0.73 

17.2 

16.0 

3.6 1.00 - 

1.95 0.54 0.46 f 0.04 
2.3 0.63 0.97 f 0.20 

3.0 

3.1 

4.3 
1.7 
1.9 

3.0 0.69 

3.0 

- 

1.05 

- 

0.17 f 0.07 
0.16 f 0.15 

0.55 f 0.30 

0.25 f 0.20 

0.86 

0.80 

- 

0.38 f 0.05 
0.57 f 0.15 

0.34 f 0.15 

0.40 f 0.15 

0.84 0.36 + 0.15 

0.87 0.25 + 0.15 

1.0 
040 
0.43 

0.70 

- 

060 f 0.03 
1.22 Z!Z 0.15 

0.51 + 0.15 

0.50 * 0.15 

- 

The molar ratios for dye : fading sensitizer: Cd*+ are 1: 12 : 12. [Dye] = (2.7 f 0.2) X lo4 moVg 
MC. pye fading sensitizer] = [Cd”] = (3.3 f 0.2) X lo-’ mol/g MC. 
a gee Table 1 in Part13 for the wavelengths at which fading was monitored. 
b This corresponds to the amount Qrel is reduced from its value for dye fading in the 
presence of sensitizer alone. 
’ [Methylguanidine sulphate] = %[guanidino groups] (see text). 
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methylester dihydrochloride, methylguanidine sulphate and sodium acetate. 
Each result presented in column 2 of Table 4 has been calculated by 
substracting each value of Qrel presented in column 1 of Table 4 from its 
corresponding value of Qrel for dye fading in the presence of sensitizer 
alone (Table 1). 

The evidence does not prove conclusively that electron transfer occurs 
between each dye and each compound containing guanidino groups. This 
conclusion is reached because, in view of the experimental errors, most 
reductions in Qrel must be considered to have the same magnitude as 
those observed for dye fading in the presence of cadmium sulphate 
octahydrate alone (Table 4), and in the latter case it is believed that 
cadmium sulphate octahydrate scavenges electrons from the substrate/ 
HZ0 system, as examined in Part I of this work3. 

The results for Acid Blue 1 in the presence of both L-arginine 
methylester dihydrochloride and cadmium sulphate octahydrate, and 
Acid Blue 15 in the presence of both methylguanidine sulphate and 
cadmium sulphate octahydrate appear to show that cadmium sulphate 
octahydrate scavenges more and less electrons, respectively, than in the 
presence of dye alone. However, these trends must be considered to be 
barely significant in view of the experimental errors. 

Similarly the results do not show unequivocally that electron transfer 
occurs between sodium acetate and the dyes Acid Blue 1 and Acid Green 
9. In contrast, the results for Acid Blue 15 and Acid Violet 17 (Table 4) 
indicate that this process takes place, because each Q,,, for these dyes in 
the presence of sodium acetate is reduced more by the addition of 
cadmium sulphate octahydrate than can be accounted for by the ability 
of Cd*+ to scavenge electrons from the substrate/H,0 system. 

3.3 Excited triplet state quenching 

Triphenylmethane dyes are characterized by an exceptionally high ab- 
sorptivity in the visible region of their spectrum. Such strong absorption 
implies very short radiative lifetimes, and accordingly these molecules are 
almost entirely non-fluorescent in fluid media.* The weak fluorescence is 
attributed to an extremely rapid non-radiative deactivation process which 
is brought about by intramolecular rotation of the flexible aryl groups. 
This process has been recently reviewed.’ There are a number of ways in 
which the molecular motion may be suppressed, e.g. by introducing 
bulky substituents into the dye structure, or a high molecular weight 
polymer to which the dye can bind, or, as is relevant here, by incorporat- 
ing the dye into a solid substrate. The latter will also reduce collisional 
quenching of the excited states. 
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Reduced molecular motion will diminish the competitive radiationless 
internal conversion process and enhance fluorescence. The increased life- 
time of the first excited singlet state will similarly enhance intersystem 
crossing to the excited triplet state, perhaps resulting in increased dye 
photodegradation or phosphorescence to regenerate the ground-state dye 
molecule. Fluorescence of certain triphenylmethane dyes has been ob- 
served in solid polymeric media such as nylon.” On the basis of this, the 
involvement of the excited singlet-state dye or exciplex is possible. How- 
ever, no reports could be found for a specific excited singlet-state 
quencher of triphenylmethane dyes, and tests to determine whether a 
number of known singlet-state quenchers were able to quench this 
excited state could not be performed due to lack of available facilities 
to measure dye luminescence. Instead, attention was directed towards the 
involvement of excited triplet-state species. 

Paramagnetic metal ions and heavy atoms have been reported to 
quench triplet states.“-I6 Of these species, the metal ions, Zn2+,Cd2+ and 
Mn2+ have been reported as poor singlet-state quenchers.” In particular, 
only Mn2+ is paramagnetic and it has been reported to quench the triplet 
state of the triphenylmethane dye Acid Blue 7, when in the form of 
manganese sulphate. 5 Accordingly, in order to ascertain whether dye 
fading in MC occurred via the excited triplet-state dye molecule, the 
effect of manganese sulphate monohydrate on dye fading was examined. 
The results are reported in Table 5 and show that, for all dyes, 
manganese sulphate monohydrate reduces Qrel from the value obtained in 
the absence of quencher. This implies that the excited triplet-state dye is 
involved in dye photodegradation. 

The reduction in Qrel for Acid Green 9 is not as large as that observed 
for the other dyes. This may suggest that the triplet state of the dye is 
not significantly involved in the photodegradation and that perhaps the 
excited singlet state is more important. Alternatively, since this dye fades 
the fastest of all dyes in the absence of additives (Table 5) there may be 
insufficient manganese sulphate monohydrate in the film to observe an 
effect on fading. This latter hypothesis is supported in view of the fact 
that when a higher concentration of Mn2’ ((6.6 + 0.5) X 10d5 mol/g MC) 
was incorporated into the film a significant reduction of Qr,, was 
observed (see results in parentheses in Table 5). 

By comparing the results in Table 5, it can be seen that the electron 
scavenger cadmium sulphate octahydrate reduces the fading of Acid 
Green 9 and Acid Violet 17 more efficiently than the triplet-state 
quencher manganese sulphate monohydrate. 

By analogy with the quenching effect manganese sulphate mono- 
hydrate exerts on the triplet-state dye monomers in MC, Mn2’ may be 
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TABLE 5 
Dye Fading in MC in the Presence of Cd*‘, Mn” and Zn2+, and Dye Fading in PVA in 

the Presence of Cd2+ and Mn2+ 

Film composition Substrate Qxlo’kl5% Q,l 

a-band” /l-band” a-band’ P-band 

Acid Blue 1 MC 6.3 - 1.0 
Acid Blue 1 + Cd’+ MC 5.2 - 0.83 f 8% 
Acid Blue 1 + Mn2+ MC 5.0 - 0.79 f 8% 
Acid Blue 1 + Zn2+ MC 4.6 - 0.73 f 8% 
Acid Blue 1 PVA 7.0 - 1.0 
Acid Blue 1 + Mn2+ PVA 6.5 - 0.93 f 8% 

Acid Green 9 MC 20.0 - 1.0 
Acid Green 9 + Cd” MC 12.4 - 0.62 rf: 8% 
Acid Green 9 + Mn2+ MC 17.6 - 0.88 f 8% 
Acid Green 9 (+ Mn2+)b MC ( 14.6)b - (0.73 f 8%)b 
Acid Green 9 + Zn2+ MC 13.8 - 0.69 f 8% 
Acid Green 9 PVA 14.2 - 1.0 
Acid Green 9 + Mn2+ PVA 12.8 - 090 + 8% 

Acid Blue 15 MC 3.6 
Acid Blue 15 + Cd’+ MC 1.95 
Acid Blue 15 + Mn2+ MC 2.2 
Acid Blue 15 + Zn2+ MC 2.15 
Acid Blue 15 PVA 2.65 
Acid Blue 15 + MnZf PVA 1.70 

- 
- 
- 

6.1 
3.7 

1.0 
0.54 f 8% 
0,62 f. 8% 
0.6 f 8% 
1.0 
064 f 8% 

Acid Violet 17 MC 4.3 - 

Acid Violet 17 + Cd2+ MC 1.7 - 

Acid Violet 17 + Mn2+ MC 2.6 - 

Acid Violet 17 + Zn2’ MC 2.1 - 

Acid Violet 17 PVA 2.4 6.8‘ 
Acid Violet 17 + Mn2+ PVA 1.7 4.8 

1.0 
0.40 f 8% 
0.61 + 8% 
0.49 f 8% 
1.0 
0.70 f 8% 0.71 + 8%’ 

- 
- 
- 
- 
- 

- 
- 
- 
- 

- 

1.0 
- 

- 

1.0 
0.61 f 8% 

- 
- 

1.0 

a See Table 1 in Part l3 for the wavelengths at which fading was monitored. 
b For this film the molar ratio for dye: Mn2+ was 1:24 and [Mn2’] = (6.6 f 0.5) X 

lo-’ mol/g MC. 
’ For fading at 35 min exposure to radiation (see text). 
[Dye] = (2.7 f 0.2) X lo4 mol/g polymer, [additive] = (3.2 f 0.2) X 10e5 moVg polymer; 
thus, the molar ratio for dye : additive was 1: 12. 

expected to quench triplet-state dimers. Part 1 of this work3 revealed that 
the triaminotriphenylmethane dyes Acid Blue 15 and Acid Violet 17 
show a propensity to dimerize, particularly in PVA and gelatin. Unequiv- 
ocal evidence for the participation of the dimer in photodegradative 
mechanisms of Acid Blue 15 and Acid Violet 17 is difficult to obtain 
without spectrally deconvoluting the dye spectra to monitor fading at the 
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TABLE 6 
Quantum Yields and Relative Quantum Yields of Dye Fading in Gelatin in the Presence 

of Various Metal Ions 

Film composition a-band’ pband’ 

Q xl@kl5% Q,,klO% Qx16k15% Q,,klO% 

Acid Blue 1 

Acid Blue 1 + Cd’+ 
Acid Blue 1 + Mn2+ 
Acid Blue 1 + Zn” 

Acid Green 9 
Acid Green 9 + Cd=+ 

Acid Green 9 + Mn” 
Acid Green 9 + Zn” 

Acid Blue 15 
Acid Blue 15 + Cd” 
Acid Blue 15 + Mn2+ 
Acid Blue 15 + Zn’+ 

Acid Violet 17 
Acid Violet 17 + Cd=+ 
Acid Violet 17 + Mn2+ 
Acid Violet 17 + Zn2+ 

14.6’ 1 - - 

11.8’ 0.81’ - - 

11.7b 0.80’ - 

12.3b 0.84b - 

20@ 1 - - 
16.66 0.83’ - - 

16.4’ 0.82’ - - 
16@ 0.806 - - 

3.6 1 4.2 1 
2.8 0.78 3.3 0.79 
3.0 0.84 3.7 0.88 
2.6 0.73 3.3 0.79 

3.5 1 4.7b 1 
2.6 0.73 3.2 0.69’ 
2.5 0.72 3.5 0.75b 
2.2 064 3.4 0.72’ 

The molar ratio for dye : additive is 1: 96. [Metal ion] = (2.6 f 0.2) X l@ mol of metal/g 
gelatin; [dye] = (2.7 f 0.2) X lo-6 mol of dye/g gelatin. 
a gee Table 1 in Part l3 for the wavelength at which fading was monitored. 
b For fading at 35 min exposure to radiation (see text). 

a-band (where monomeric dye absorbs) independently of the @band 
(where the dimer absorbs). Nevertheless, these preliminary results do 
show that Qrer measured at the P-band is reduced by the presence of 
Mn2+ in both PVA (Table 5) and gelatin (Table 6). This suggests that 
excited triplet-state dye dimers may participate in the photodegradation 
mechanism, as suggested in Part 1 of this work.3 

For Acid Blue 1 and Acid Green 9 (the two fastest fading dyes) 
in PVA the values of Qre, show that, at the concentration employed, 
manganese sulphate monohydrate does not significantly reduce either 
quantum yield of dye fading. 

Furthermore, Tables 5 and 6 show that Qrel is also reduced by the 
transition metal ion Zn2’. This result is interesting from the perspective 
that Zn2+ is less toxic than Cd” and Mn2+ 17-19 and so, if it can be applied 
to wool in a suitable manner, it may represent a basis for a commercial 
treatment to retard dye fading on wool. 
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3.4 Excited triplet state quenching in the presence of photosensitizers 

3.4.1. sensitized dye fading in MC 
To ascertain whether photosensitization occurs via an excited triplet-state 
dye molecule or excited triplet-state exciplex formed between the dye and 
the photosensitizer, manganese sulphate monohydrate was incorporated 
into MC films containing dye and various photosensitizers. The results 
for this experiment are shown in Table 7. A comparison between these 
results and those presented in Table 1 indicates that for every dye-addi- 

TABLE 7 
The Effect of Metal Ion on Dye Fading in MC in the Presence of Dye Fading Sensitizers 

Film composii~on Cd=+ Iwlz+ Zn2’ 
before . 

addition 
of metal ion 

Qx 16 Qre~ Q xl@ Q,I Q Xl@ Qrel 
+ 15% f8% f 15% 3~8% f 15% +S% 

a-band” a-band” a-banda a-band” a-band’ a-band” 

(Acid Blue I)* 6.3 1.00 
Acid Blue 1 + LAMED 10.4 1.65 
Acid Blue 1 + MGS’ 6.6 1.05 
Acid Blue 1 + NaAc 5.5 087 

(Acid Green 9)b 20.0 1 .oo 
Acid Green 9 + LAMED 17.2 0.86 
Acid Green 9 + MGS’ 16.0 080 
Acid Green 9 + NaAc 14-5 0.73 

(Acid Blue 15)b 3.6 1 .oo 
Acid Blue 15 + LAMED 3.0 084 
Acid Blue 15 + MGSC 3.1 0.87 
Acid Blue 15 + NaAc 2.3 0.63 

(Acid Violet 17)’ 4-3 IQ0 
Acid Violet 17 + LAMED 3.0 0.69 
Acid Violet 17 + MGS” 3.0 0.70 
Acid Violet 17 + NaAc 1.9 0.43 

6.3 IQ0 
7.0 1.11 
6.7 1.07 
5.5 0.87 

20.0 1.00 
23.4 1.17 
19.6 O-98 

[ 18,01d [0*90? 

3.6 1.00 
2.8 0.79 
3.0 0.83 
1.9 0.54 

4.3 l@O 
3.5 0.82 
3.6 0.83 
3.8 0.88 

6.3 1 .oo 
9.5 1.50 
6.7 1.07 
4.6 0.73 

20.0 1.00 
19.0 0.94 
16.0 0.80 
16.0 0.80 

3.6 1.00 
2.8 0.78 
2.2 0.61 
2.2 0.61 

4.3 
3.3 
3.3 
185 

1.00 
0.77 
0,77 
0.43 

The symbols LAMED, MGS and NaAc refer to L-arginine methylester dihydrochloride, 
methylgua~dine sulphate and sodium acetate, respectively. 
The molar ratios for dye : dye fading sensitizer : metal ion are 1: 12 : 12. @ye] = (2.7 2 0.2) 
X 10d mol/g MC; [dye fading sensitizer] = [Cd”] = [Mn*‘] = [Zn*‘] = (3.3 f 0.2) X 
10m5 moYg MC. 
* Fading was monitored at the wavelength corresponding to the peak of the a-band (see 
Table 1 in Part 1’). 
b These values correspond to dye fading in the absence of any additives. 
c [Methylgu~idine sulphate] = ~2~u~idino groups] (see text). 
’ For this film the molar ratios for dye : sodium acetate : Mn2* are 1: 12 : 24 with [Mn*‘] = 
(6.6 f 0.5) x 1O-5 mol/g MC. 
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tive combination tested (except Acid Green 9 in the presence of both 
L-arginine methylester dihydrochloride and manganese sulphate mono- 
hydrate), manganese sulphate monohydrate reduces Qr, from the value 
obtained in the presence of photosensitizer alone (compare Tables 1 and 
7). These results show that in all cases except one, dye photodegradation 
occurs via a triplet-state species in the presence of the additives which 
model protein-bound amino acids in wool. However, since Q, was 
reduced by the same amount as it was in the absence of these additives 
(compare Tables 5 and 7), an increase in triplet-state species was not 
observed. 

For Acid Green 9 in the presence of L-arginine methylester dihydro- 
chloride, the addition of manganese sulphate monohydrate does not 
reduce the sensitization caused by the methylester (compare Tables 1 
and 7). In this case it would seem that there may be insufficient Mn2+ 
present to observe a reduction in Qre,, or that a triplet-state species 
is not involved in the photodegradation process. In the presence of 
methylguanidine sulphate, however, the sensitization is reduced by 
manganese sulphate monohydrate, and this therefore suggests that 
protein-bound arginine would sensitize dye fading via an excited triplet- 
state species. 

In three notable instances, namely Acid Blue 1 in the presence of 
L-arginine methylester dihydrochloride and Acid Blue 15 and Acid Violet 
17 both in the presence of sodium acetate, Qre, is reduced more by the 
addition of Mn2+ than for dye fading in the absence of photosensitizer 
(compare Tables 5 and 7). Assuming that Mn” has the same quenching 
potential in the presence and absence of photosensitizer, then in these 
three cases a higher concentration of excited triplet-state species is gener- 
ated in the presence of photosensitizer than in its absence. An increase in 
the concentration of excited triplet-state species suggests that, in these 
cases, dye fading may proceed via an exciplex mechanism. In an exciplex 
mechanism the extra excited triplet-state species may be either the excited 
triplet-state exciplexes formed between the dye and the photosensitizer, 
or excited triplet-state dye molecules whose formation is facilitated by 
the dissociation of the excited triplet-state exciplex. 

3.4.2 Sensitized dye fading in gelatin 
Part 1 of this work revealed that both electron transfer and hydrogen 
atom transfer would be expected to occur simultaneously in gelatin and 
that the substrate promotes dye aggregation.3 The results presented in 
Table 6 further reveal that electron transfer processes and excited triplet- 
state species are involved in dye degradation in the protein substrate, 
since the respective metal ions Cd2’ and Mn2+ reduce the fading of each 
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dye. Furthermore, they also show that Zn2+ is successful in reducing 
dye fading in gelatin and may reduce dye fading in wool if it can be 
appropriately applied to the fibre. It is to be noted here that, when the 
same concentration of moles of metal ion/g substrate as used in MC and 
PVA (e.g. (3.2 f 0.2) X 1O-5 mol metal ion/g substrate) was incorporated 
into gelatin, no reduction in dye fading was observed. This is believed to be 
due to the fact that in gelatin, the number of moles of amino acid residues 
sensitizing dye fading is larger than the number incorporated into the 
other films. Thus, it would appear that insufficient metal ion is present in 
gelatin to overcome the sensitizing effect of the amino acid residues. For 
example in gelatin there is at least 1.7 X 1c3 mol of sensitizer/g of dry 
substrate,2o whereas in MC and PVA films (3.3 & 0.2) X 10e5 mol of 
sensitizer was added per gram of substrate. In accordance with this, 
the metal ion concentration needed to be increased to (26 f 0.2) X lo4 
mol of metal ion/g gelatin in order to observe the trends presented 
in Table 6. 

3.5 Elucidation of the kinetics of dye fading in MC in the presence of 
photosensitizers 

It has become apparent that in MC, the monomeric form of the dye 
predominates, and that during dye photodegradation in the presence of 
photosensitizers, the dye monomer is able to abstract either an electron 
or a hydrogen atom from the photosensitizer. In addition, the dye 
can abstract an electron, and possibly also a hydrogen atom, from the 
substrate/residual solvent system. In each case, it appears that the excited 
triplet-state dye molecule is involved in the reaction, and possibly an 
excited triplet-state exciplex formed between the dye and the photo- 
sensitizer, since this may be quenched in a similar manner as the excited 
triplet-state of the dye. 

Since the photosensitizers used in this study did not absorb radiation 
above 270 nm, the fluorescence spectrum of the dye and the absorption 
spectrum of the photosensitizer will not overlap. This precludes energy 
transfer processes between the dye and the additive. 

There are, however, eight possible mechanisms which may be proposed 
to explain the observed photodegradation of the dye monomer. They 
are presented in Figs 14. In these mechanisms it has been assumed 
that the primary photochemical reactions lead directly to the formation 
of colourless photoproducts. Reactions in which the highly reactive dye- 
radical species replenish the dye concentration have been considered 
negligible by comparison, because linear fading curves were observed for 
all dye-photosensitizer systems studied in MC. 
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Kinetic analysis of mechanism 1 reveals that the rate of 
-d[D]/dt is given by eqn (1): 

195 

dye loss 

1 
1 

- 
k,[PH] + k, + k, + K96 )I (I) 

where KS4 = (k, + k,)[SH] and K&k6 + k,)[SH], (because the concen- 
tration of the substrate or residual solvent within the film [SH] may be 

Colourless Products 

DH’ + P 

DH’ + s’ .__ Colourless Products _ DH’ + S’ 

(4 

Colourless Products 

D’ t PH? 

k, D 

I 
Colourless Products 

Fig. 1. One-step electron and hydrogen atom transfer. (a) Mechanism 1: one-step 
hydrogen atom transfer; (b) mechanism 2: one-step electron transfer. D represents the 
ground-state dye molecule, PH the photosensitizer, SH the substrate and/or residual 
solvent in the film. Zabs is the rate of light (hv ) absorption and k is used for the rate 

constant of each process. 
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Fig. 2. Hydrogen atom and electron transfer involving exciplex formation via excitation 
of a ground-state complex. (a) Mechanism 3: hydrogen atom transfer involving exciplex 
formation via excitation of a ground-state complex; (b) mechanism 4: electron transfer 
involving exciplex formation via excitation of a ground-state complex. D represents 
the ground-state dye molecule, PH the photosensitizer, SH the substrate and/or residual 
solvent in the film and DPH is the ground-state complex. Zabs is the rate of light (hv) 

absorption, and k is used for the rate constant of each process. 
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Fig, 3. Hydrogen atom and electron transfer involving exciplex formation via the 
excited singlet-state dye molecule. (a) Mechanism 5: hydrogen atom transfer involving 
exciplex formation via the excited singlet-state dye molecuk, (b) mechanism 6: electron 
transfer involving exciplex formation via the excited singict-state dye molecule. D repre- 
sents the ground-state dye molecule, PH the photo~ns~t~~r, SH the substrate and/or 
residual solvent in the film. I=& is the rate of light (kv) absorption, and k is used for the 

rate constant of each process. 
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Fig. 4. Hydrogen atom and electron transfer involving exciplex formation via the excited 
triplet-state dye molecule. (a) Mechanism 7: hydrogen atom transfer involving exciplex 
formation via the excited triplet-state dye molecule; (b) mechanism 8: electron transfer 
involving exciplex formation via the excited triplet-state dye molecule. D represents the 
ground-state dye molecule, PH the photo~nsit~er, SH the substrate and/or residual 
solvent in the film. Z,, is the rate of light (hv) absorption, and k is used for the rate 

constant of each process. 
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considered constant), if steady state approximations are applied to the 
excited-state species. 

Since Iabs may be shown to be essentially constant for dye degradation 
down to 10% dye loss, and that the initial rate of fading, R,, = -d[Dj/dt = 
&Q (see Part 13), then it is evident that as the concentration of photo- 
sensitizer [PHI increases, the rate of dye loss (and hence Q and Q,,,) 
increases. 

The kinetic analysis for mechanism 2 is analogous to that for mecha- 
nism 1 and it yields the following expression for the rate of dye loss: 

where K4 = k,[SH] and & = k,[SH]. Thus, it is again apparent that as 
[PHI increases, the rate of dye loss (and hence Q and Qret) increases. 

Apart from the one-step transfer mechanisms discussed, dye loss may 
occur via an exciplex mechanism. In mechanisms 3 and 4 the exciplex is 
formed via excitation of a ground-state complex. Such mechanisms may 
be applicable to anionic dye fading in the presence of positively charged 
species. In the kinetic analysis of these mechanisms it is proposed that 
the photosensitizer (PH) complexes with the dye D via the ionized SO, 
groups on the dye and so the ground-state complex DPH is assumed to 
absorb radiation in a similar wavelength region to the dye. Thus, the 
observed rate of dye loss is given by eqn (3): 

(k4 + k,,)ACE + (k3 + k&2k? 

ABCE 

+ ksk,,CE + 2k,,(kzk,A + 2kl,kuC) 
ABCE )I (3) 

where A = k8 + 2k1, + KS + K14, B = k2 + k4 + k12 + k,, + k16, C = k3 + 

k,, + k5 + kg, E = 2k,, + K7 + Kls, with K7 = k,[SH], KS = k,[SH], K14 = 

k,,[SH], K,, = k,,[SH] for mechanism 3, and the equivalent expression for 
mechanism 4 except that k ,4 = k,, = 0. The expressions for mechanisms 
3 and 4 thus illustrate that the rate of dye loss is a constant, independent 
of the photosensitizer concentration. 

Mechanisms 5-8 involve exciplex formation via interaction between 
the ground state photosensitizer PH and either the excited singlet-state 
dye molecule ‘D* or the excited triplet-state dye molecule 3D*. The 
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kinetic analysis of mechanisms 5-8 is very complex. For example, the 
rate of dye loss for mechanism 5 is given by eqn (4): 

&, = - y = [ ’ ( &t,s 1 - x 2k8F + ’ + k,k,[PH] +c)] (4) 
GW +K,) G 

where 

F = k, + k4 + k,, + k,3, G = k, + k, + k,, H = 3k,, + K, with K, = k,[SH] 

J = 2ks + 3kl 1 + 2K, with KS = k,[SH] and Kr4 = k14[SH] and I& = k&3-l] 

x = F(2K,, + J+ k,[PH]) - k,klZIPH], Y= 3k,&&[PHl+ 3k,,FGl 

Z = klk2k3[PH] 

From eqn (4) it is evident that, without a detailed knowledge of the rela- 
tive values of the many rate constants involved, it is not possible to pre- 
dict the functional behaviour of the initial rate of dye loss as the initial 
concentration of the photosensitizer is varied. Similarly, kinetic analysis 
of mechanisms 6-8 did not elucidate the dependence of the initial rate of 
dye loss on the initial photosensitizer concentration. 

However, the work presented in Table 2 clearly indicates that the rela- 
tive quantum yield of dye fading (and hence R, = -d[D]ldt, see Part 13) 
increases as the concentration of both methylguanidine sulphate and 
sodium acetate increases. This allows mechanisms 3 and 4 to be elimi- 
nated from the list of possible mechanisms by which the dyes may fade, 
and indicates that dye fading in the presence of sodium acetate may 
proceed via mechanism 2, whilst mechanism 1 is likely for dye fading in 
the presence of methylguanidine sulphate. Furthermore, it is to be noted 
that, on the basis of the kinetic analysis of mechanisms 5-8, it is not 
possible to eliminate the possibility that dye fading occurs via an exciplex 
mechanism. Thus, mechanisms 6 and 8 must also be considered as 
possible pathways for dye degradation in the presence of sodium acetate, 
whilst in the presence of methylguanidine sulphate, mechanisms 5 and 7 
are likely. In support of the proposal that exciplex formation may occur 
during sensitized dye fading it has been noted (during the presentation of 
the manganese sulphate monohydrate work (Table 7)) that the fading of 
Acid Blue 1 in the presence of L-arginine methylester dihydrochloride, 
and that of Acid Blue 15 and Acid Violet 17, both in the presence of 
sodium acetate, appear to proceed via an exciplex mechanism. 

Table 8 summarizes the kinetic behaviour for mechanisms l-8 
and their relevance to fading in the presence of acetate and guanidino 
groups. 
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TABLE 8 
Summary of the Kinetic Behaviour for Mechanisms l-8 

Number Mechanism Equation 
that 

gives 

&I 

Predicted 
dependence of 

%, Q and Q,I 
on [PH] 

Most likely 
sensitizers 

of dye 
fading 

4 

5” 

6“ 

7” 

8” 

1 step H’ transfer 1 

1 step e- transfer 

H’ transfer involving 
exciplex formed via 
excitation of a ground 
state complex 
e- transfer involving 
exciplex formed via 
excitation of a ground 
state complex 
H ’ transfer involving- 
exciplex formed via ‘D* 
em transfer involving 
exciplex formed via ‘D* 
H ’ transfer involving 
exciplex formed via ‘D* 
e- transfer involving 
exciplex formed via 3D* 

2 

3 

3 
with 

k,4 = kis 
= 0 
4 

Not 
shown 

Not 
shown 

Not 
shown 

All increase as Guanidino groups 
[PI-II increases 
All increase as Acetate groups 
[PHI increases 
All are constant - 

All are constant - 

R, a complex Guanidino groups 
function of [PHj 
R0 a complex Acetate groups 
function of [PHI 
R,, a complex Guanidino groups 
function of [PHI 
R, a complex Acetate groups 
function of [PHI 

’ The text indicates that exciplex mechanisms may be involved for: (a) Acid Blue 1 in the 
presence of L-arginine methylester dihydrochloride; (b) Acid Blue 15 in the presence of 
sodium acetate; (c) Acid Violet 17 in the presence of sodium acetate. 
Mechanisms 6 and 8 are possible for cases (b) and (c), and mechanisms 5 and 7 are likely 
for case (a). In general, exciplex mechanisms for Acid Blue 1 may be facilitated by the 
presence of the positively charged a-amino and guanidino groups. 

4 SUMMARY 

The free amino acids L-arginme and L-glutamic acid were able to sensi- 
tize the photodegradation of all four triphenylmethane dyes studied in 
MC. However, caution must be exercised when extrapolating the effect to 
protein substrates where the amino acids participate in peptide bonds, as 
the a-amino and a-carboxyl groups are not available for reaction (except 
at the ends of the peptide chains). 

L-Arginine was more effective than methylguanidine sulphate in sensi- 
tizing dye fading in MC. The studies performed revealed that both the 
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guanidino group and the a-carboxyl group in L-arginine are capable of 
sensitizing dye fading independently and additively. 

In contrast to the functional groups in L-arginine, the a-carboxyl 
and y-carboxyl groups in L-glutamic acid do not sensitize dye fading 
additively. This difference appears to arise firstly, because the probability 
of L-arginine being located in close proximity to the dye during the film 
drying process could be greater than for L-glutamic acid (owing to more 
favourable ionic attraction), and secondly, because the interaction 
between the dye and L-glutamic acid involves one mechanism, whereas 
with L-arginine two different mechanisms could be involved. 

The a-amino group of both amino acids was able to sensitize the 
fading of Acid Blue 1, but not the fading of the other dyes. This sensiti- 
zation was observed only when the a-amino group was attached to a 
carboxyl group (such as in L-glutamic acid) or a guanidino group (such 
as in L-arginine) and appeared to suggest that the ortho phenyl ring sub- 
stituent on the dye molecule, SO,, facilitates fading by interacting with 
the positively charged a-amino group. 

It has been suggested that, in the presence of protein-bound amino 
acids which are capable of sensitizing dye fading, the fading of triphenyl- 
methane dyes, in the most general sense, apparently involves hydrogen 
atom or electron transfer, the excited triplet-state dye molecule and 
possibly an excited triplet-state exciplex (see mechanisms 1, 2 and 5-8 
and Table 8). 

Kinetic studies were performed in which the concentration of methyl- 
guanidine sulphate (a photosensitizer) was varied, and the effect of an 
excited triplet-state quencher, Mn’+, and an electron scavenger, Cd’+, 
were examined. It was found that the observed kinetic behaviour of dye 
fading in the presence of methylguanidine sulphate could be explained by 
a one-step hydrogen atom transfer mechanism (mechanism 1). However, 
it was not possible on the basis of these kinetic studies to exclude the 
possibility that dye fading proceeded via an exciplex mechanism (5 and 7). 
Consequently, in the presence of protein-bound arginine, the fading of 
triphenylmethane dyes appears to involve hydrogen atom transfer. 

In the presence of protein-bound glutamic and aspartic acids, it is pro- 
posed that sensitized dye fading occurs via a one-step electron transfer 
process, since the observed kinetic behaviour of model systems could be 
explained by mechanism 2. However, on the basis of these kinetic studies 
it was not possible to exclude the possibility that dye fading proceeded 
via the alternative exciplex mechanisms 6 and 8. Such mechanisms 
may, in fact, prove to be particularly relevant for the fading of Acid Blue 
15 and Acid Violet 17 in the presence of protein-bound aspartic and 
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glutamic acids, as indicated by the work presented for dye fading in the 
presence of sodium acetate (Table 7). Here, it is important to note that 
these proposals refer to the acidic forms of protein-bound glutamic and 
aspartic acids. 

These studies highlight the complexity of dye fading on protein sub- 
strates and have indicated which functional groups are likely to promote 
or retard dye fading. They have suggested that, if relatively safe metal 
ions such as Zn2+ can be incorporated appropriately into wool, fading 
may be retarded. Similarly, it has been further verified that if carboxylate 
and guanidino groups are removed, fading may be retarded in the wool 
fibre. The position of water solubilizing groups, such as SO;, has also 
been shown to influence the lightfastness of dyes. In particular, terminal 
a-amino groups attached to guanidino or carboxylate residues in the 
protein chain may photosensitize dyes like Acid Blue 1, which has an 
ortho SO; group on one phenyl ring. 

Many questions remain to be answered if this complex process is to be 
fully understood. For example, future studies could be directed toward 
elucidating the role of radical species in fading mechanisms where 
electron and hydrogen atom transfer is occurring. Detailed luminescence 
and quenching studies may reveal the relative contribution of the singlet- 
and triplet-state dye or exciplex species to dye fading in solid substrates. 
Nevertheless, the work presented here represents an important and useful 
preliminary step in elucidating the complex fading mechanisms present 
on solid natural and synthetic polymers for this class of dye. 
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