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INTRODUCTION

Though it is a most important technical subject, thete is
very little published information on the precise effect of
changes in dye on fastness properties. Most of the
information is buried in the tables of the Colour Index, in
dye manufacturer’s patents and in certain papers dealing
with light fastness.

Some general trends can be distinguished, but within
these, more subtle interactions involving electronic and
steric effects make it difficult to formulate hard and fast
rules. More precise information can be obtained from
studies of closely related compounds in which simple
structural changes can be shown to influence fastness
properties.

Since, for example, the wash fastness of a dye is a
function both of thermodynamic (affinity) and kinetic
(diffusional) effects and in terms of dye structure these
are often mutually exclusive, it is not surprising that
when simple trends are extended to cover wide ranges of
structurally dissimilar dyes, the resulting relationships are
often tenuous. Many specific instances of changes in
fastness arising from structural variations are quoted in a
number of comprehensive reviews dealing with the
subject generally [1] and with particular dye classes.
These latter include disperse [2,3], azo direct and acid
[4.5], basic [6-8], and reactive [9,10] dye classes.
Dawson [11] has also provided useful information.
Vickerstaff [12] discussed the early attempts at correlat-
ing the structure and chemical properties of dyes with
their use, and recent reviews have appeared on structurai
factors affecting light fastness [13] and technical prop-
erties [14]. The structures and fastness properties of the
important group of disperse dyes based on 4-aminoazo-
benzene are well discussed in a paper by Hallas [15].

Conveniently, we may divide fastness properties into
those arising in wet and in dry conditions. The former
include fastness to agueous solutions, as in washing and
milling, the latter to atmospheric pollutants, dry rubbing,
dry heat and light.

FASTNESS OF DYES TO WET AGENCIES

All these properties are interrelated since all depend,
among other things, on the rate of diffusion of dye in the
fibre. This rate is a function of the geometry of the dye
molecule, depending on both the ‘slimness’ of the
molecule, i.e. the magnitude of its smallest cross-section,
and on the molecular weight. Rate of dyeing and wash
fastness are the most important of this type of diffusion-
related property and may be considered to be directly
related, provided that the conditions of test or exposure
are the same; actually of course they are seldom the
same.
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Wash Fastness of Water-soluble Dyes

The last-mentioned statement is well illustrated by the
conditions in the wet treatment of wool. Acid dyes are
applied to wool under acid conditions, but are washed
under neutral or slightly alkaline conditions. In these
circumstances a second factor impairs the ability of the
dye molecule, regarded as an inert solid body, to migrate
along the internal channels of the fibre. This factor is the
chemical attraction between the dye and the fibre mole-
cules.

Affinity of a dye molecule for fibre molecules tends to
reduce the rate of transport of dye into or out of the fibre.
In effect, the dye—fibre attractive forces (and possibly
dye—dye forces also) tend to cause the dye molecules to
remain attached to fibre molecules rather than to diffuse
along the pores. Thus Nicholls [16] found that, with acid
dyes of the same basicity, the desorption rate from wool
into an alkaline buffer solution falls with rise in dye—fibre
affinity. He also found that the rate falls with reduction in
basicity (see Table 1); thus the fewer sulphonate groups
there are in the dye molecule the more slowly does it
desorb into alkaline solution, and the more of such
groups are present, the more rapid is the desorption.
Nicholls explains this as the result of repulsion between
the anionic sulphonate groups and anionically charged
sites in the fibre produced by the alkaline solution. Thus
the dye—fibre affinity in alkaline solution in fact falls with
increase in the number of sulphonate groups in the dye.
The reverse should occur in acid conditions, where there
is positive affinity of sulphonate groups for cationic sites
in the fibre, i.e. the rate of adsorption should decrease
with increase in number of sulphonate groups. This does
happen (Table 1}; thus each suiphonate group increases

TABLE 1

Effect of Basicity of Naphthalene-Azo-
naphthalene Acid Dyes with Increasing
Number {(n) of Sulphonate Groups on
some Kinetic Properties of Acid Dyes on
Wool

Relative Rate of

Desorption in
Alkaline Solution

Absorption in
n Acid Solution

1 cad.0 1.6
2 ca 0.4 52
3 ca0.22 12.1
4 16.0




Fastness grade

200 300
Anionic weight

Figure 1 — Relationship between the wash fastness (ef-
fect on pattern) of disulphonated acid dyes on wool
and anionic weight. The least squares line is shown

the dye-fibre affinity in acid solution. This would be
expected, for though there is competition for the sul-
phonate group between the water of the dyebath and
the cationic groups in the fibre, the balance appears to
be in favour of the fibre.

During the limited period of a normal washing treat-
ment, or of the standard tests devised to imitate this,
equilibrium between dye inside and outside the fibre
may not be reached. In these circumstances, the
amount of dye removed from the fibre may depend
largely on its rate of desorption. We should therefore
expect, by analogy with the test results shown in Table
1, that the wash fastness of dyes with molecules of the
same degree of sulphonation should increase with an
increase in molecular (or anionic) weight or volume.
Plots of technical data for a large number of commercial
disulphonated dyes on wool do show this trend,
though with much scatter (Figure 1).

The ionic charge, or degree of sulphonation, is more
important, in relation to other structural features, in
determining properties of acid dyes than, for example,
those of dyes for cellulose where the molecular archi-
tecture is the major consideration [12].

The effect on wet fastness of a controlled change in a
particular group is illustrated by the Carbolan (ICl)
range of acid dyes. Here the increased hydrophobic
interactions between dye and protein fibre of dye 1
(R=C,;H,s) compared with its unsubstituted analogue
(R=H) alters the wash fastness (I1SO 2, effect on
pattern) from 2-3 to 4-5.

OH NHCOCH,

O B "

HO,S O,H

Figure 2 shows the increase in wash fastness with
increasing alkyl chain length for a seties of monoazo
acid dyes, of general formula 2, on wool [17].

n‘—@-u =N 8 (2)

1H

These results indicate the importance of hydrophaobic
interactions in the dyeing of wool with acid dyes [18].
Another way in which the molecular weight is in-
creased (effectively doubled) to improve wet fastness is
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Figure 2 — Relationship between the wash fastness (ef-
fect on pattern) of monoazo acid dyes (2) and molecu-
lar weight

illustrated by structures 3 (C.I. Acid Blue 25) and 4
(C.l. Acid Blue 27).
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The fastness to alkaline milling (colour change) for 3
and 4 are respectively 2 and 4.

Acid dyes are now widely used in the dyeing of nylon
and it has been suggested by Stead [5] that, as rough
guidelines, adequate wash fastness on this fibre will be
achieved if the molecular weight does not fall below
400-500 for monosulphonated, and about 800 for
disulphonated dyes. In a series of anthraquinone acid
dyes (5) on nylon, Grieder [19] found a similar linear
relationship between the standard affinity for nylon and
the number of carbon atoms in the alkyl group Rupto a
value of 4. The fastness to washing (ISO 2) increased
with molecular weight [20].

2]
O4H
(5)
EOm

For better wet fastness properties, therefore, dyes
with large molecules are preferable, though the dyer
may prefer those with small molecules for improved
penetration and levelling.

As has been pointed out, overall molecular architec-
ture is important in determining the wet fastness of
dyes on cellulose. It has long been known that opti-
mum substantivity of direct dyes is associated with
linearity and planarity of the aromatic systems [21], and
this is still recognized by the widespread use of the
intermediate J-acid (6-amino-1-naphthol-3-sulphonic
acid) as the basis of many direct (and reactive) dyes for
cotton. The importance of planarity in vat dyes has
been shown [12] by the good correlation between
affinity and molecular weight except for some non-
planar dyes, the affinities (and presumably wet fast-
ness) of which were abnormally low.

The danger of generalization in the whole field of dye
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chemistry is highlighted by the fact that one of the most
important of all synthetic dyes Caledon Jade Green
XBN (16,17-dimethoxydibenzanthrone) ((ICI) C.1. Vat
Green 1) is non-planar. Molecular weight-wet fastness
relationships for direct dyes on cotton are even more
tenuous than those for acid dyes on wool due to the
additional contributions in the former case of steric and
hydrogen-bonding effects.

The Effect of Acid-Base Equilibria on Fastness
Many dyes contain hydroxyl and/or amino groups, and
the fastness properties of such dyes are often markedly
dependent on the ability of these groups to form
hydrogen bonds intramolecularly. Thus the presence of
an azo group, or other electron-donating substituent,
confers a stabilizing effect on adjacent OH or NH,
groups. It has been pointed out [22] that the acid—base
equilibria of hydroxyl and amino groups are displaced
to pH regions {>11 and <2) which do not affect their
coloristic and fastness properties. Thus while C.I. Acid
Orange 7(6), capable of intramolecular hydrogen
bonding, has a pK for the hydroxyl equilibrium of 11.4
(beyond the pH range of wash fastness tests) C.I. Acid
Orange 20 (7) is present as a dibasic anion above pH
8.2 with consequent colour change on washing and
sensitivity to alkali.

If the coupling component carries a second OH or
NH; group, this is usually inactivated to ensure ade-
quate fastness to both alkali and acid.

no,s~©~u";n O HO,S—@—N=N O OH
W W

(6) (7)

One further example of the sensitivity to alkali of
non-hydrogen-bonded hydroxyl groups is shown by 8,

o Qs D Cres @

with R=H the compound is valueless as a dye (pK,
7-8) and finds use as an indicator, while R = C,H; gives
C.l. Direct Yellow 12, an important yellow dye for
nylon.

Wet Fastiness of Disperse Dyes

Developments in this area have concentrated on the
search for dyes suitable for application to poiyester. In
general, the wet fastness increases with molecular
weight and varies between fibres in the order:
Cellulose acetate ~Nylon < Triacetate < Polyester.

The wet fastness of a dye in these fibres is related to its
diffusion properties and Odajima [23] has shown a
correlation between log(diffusion coefficient) and
(molecular weight)'? for series of azo and anthraqui-
none disperse dyes on cellulose acetate. A similar
relationship does not appear to hold for polyester
where its ability to form intramolecular hydrogen bonds
has a significant effect on diffusion [24]. Considerably
more attention has been paid to the effects of structural
changes on the fastness of disperse dyes to dry heat,
atmospheric pollutants and light. These aspects are
considered in more detail below.

FASTNESS OF DYES TO DRY AGENCIES

Atmospheric Pollutants

These, in order of importance, are oxides of nitrogen,
ozone and sulphur dioxide. The fastness of dyes to such
pollutants has been reviewed by Salvin [25].
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Fading Due to Oxides of Nitrogen (Burnt Gas
Fumes)

In the early years of the century the dye manufacturing
firm of Meister, Lucius and Bruning was the first to
record the fading of some dyes on stored wool in the
presence of oxides of nitrogen in the air, assisted by
traces of sulphuric acid in the fibre. It is now known that
undiluted products of gas combustion may contain
100-200 p.p.m. of nitric oxide, and motor car exhaust up
to 500 p.p.m. Normal atmospheres contain 0.01-0.02
p.p.m., falling to 0.003 p.p.m. after heavy rain, but rising
to .15 p.p.m. in fog. The early work indicated that the
acid dyes affected contained free or substituted amino
groups which underwent diazotization or nitrosation in
the presence of nitrogen dioxide particularly. The prob-
lem reappeared with the advent of disperse dyes for
dyeing cellulose acetate. Rowe and Chamberlain [26]
established that the irreversible changes brought about
with susceptible anthraquinone dyes were due to attack
by nitrogen dioxide leading to diazotization and nitro-
sation products. The ease of these reactions increases
with basicity, thus: NHAr < NHR < NH,. Hydroxyl groups
appear not to react. Phenylamino groups with electro-
negative substituents, when present in nitroanthra-
quinone compounds, produce dyes with improved gas-
fume fastness but with reduced affinity for cellulose
acetate. The presence of susceptible electron-donating
groups (NHAr, NHR, NH,) in the 1- and 4-positions of
anthraquinone dyes is important in determining their
colour and also in affecting dyeing and fastness proper-
ties. The formation of intramolecular hydrogen bonds
between these substituents and the carbonyl groups
reduces the acidity of the latter and this generaliy gives
optimum wet and light fastness [27]. Blackburn [28]
has pointed out that most modern disperse dyes com-
bine good resistance to gas-fume fading (low basicity)
with adequate dyeing properties (e.g. 9)

3 o0 OH

490 (9)
O;N [+] NH@CH,CHM

Other aspects of the fading of aminoanthraquinone
dyes, including the mechanism of fading [29] and the
effects of substrate, dye structure and inhibitors [30],
have also been investigated. In theory, dyes with amino
substituents might fade on any fibre, but in practice
fading is most noticeable on cellulose acetate and
polyester fibres, less so on wool. The oxides of nitrogen
appear to react preferentially with amino or imino groups
in wool and nylon. The water content of the fibre also
seems to play a part, because dyes are not susceptible to
fading on cetlulose and are less susceptible an cellulose
diacetate than on triacetate. Azo disperse dyes contain-
ing primary or secondary amino groups are also suscep-
tible though improvements are achieved by the incorpo-
ration of electron-withdrawing groups (NO,, CN) ortho
or parato the sensitive amino group in order to lower the
basicity. More effective is the use of coupling compo-
nents such as N, N-di(hydroxyethyl)aniline.

Ozone Fading

In 1955, Salvin and Walker [31] showed that a number
of anthraquinone blue and red disperse dyes on cellu-
lose acetate faded on exposure in an atmosphere con-
taining 2-4 p.p.m. of ozone. Even dyes resistant to
nitrogen dioxide were found to be attacked by the more
powerfully electrophilic ozone. The so-called ‘O’-fading
has been subsequently investigated by Salvin and his
co-workers [32] and others [33]. In some cases de-




struction of the chromogen may take place and the
tading products of C.I. Disperse Blue 3 (10) on cellulose
acetate were found to be derivatives of phthalic acid.

O NHCH;

O NHCH,CH,OH

(10)

Resistance to ‘O’ -fading appears to be a function of dye
and fibre structure, and of humidity. At present, the
problem is not a major one in the U.K.

Fading due to Sulphur Dioxide

This is most noticeable with some orange and red azo
dyes on fibres, especially wool, containing traces of
alkali. The formation of weakly coloured bisulphite addi-
tion compounds of the dyes is thoughtto be the cause of
fading. Urban atmospheres in Britain may contain up to
0.2 p.p.m. of free sulphur dioxide and this appears to be
sufficient to cause the fading of some dyes. Fading can
also be caused by contact with paper or string contain-
ing bisulphite, the original colour being restored by
treatment with weak ammonia solution. Among the dyes
susceptible are C.I. 156510, 15620, 16230 and 26400,
and while this is not a major problem in the textile
industry, it might occur in museum specimens.

Fastness to Rubbing

This clearly depends on the presence of loose dye
particles on the fibre surface, and is most noticeable
with azoic dyeings and prints.

The rubbing fastness is 10 a certain extent dependent
on the substantivity of the naphthol coupling compo-
nent for cellulose. This property, in turn, is refated to the
length of the conjugated chain in the dye or naphthol
molecule. In fact, substantivity of a dye for cellulose
increases with the number of conjugated double bonds
in the longest axis of its molecule, provided the mole-
cule is planar. Thus it has been shown [34] that the
affinity of the dye for cellulose (a measure of its
substantivity or degree of exhaustion on to the fibre
under strictly defined conditions) increases regularly
with the logarithm of the number of such bonds.

It will be noted that the affinity falls to virtually zero
when only seven bonds are present. The simplest naph-
thol so used is f-naphthol, which has less than seven
bonds and so has no affinity. Thus care is needed to
prevent contact of the material with water after impreg-
nation with this coupling component and before coup-
ling. Naphthol AS (C.l. Azoic Coupling Component 1)
has only about ten such bonds (and these include the
—CONH- group), so that it also has low substantivity, as
have several other of the simpler naphthols, but those
with larger molecules, e.g. those used for biues and
blacks, have longer conjugated chains and better sub-
stantivity. It would appear that the -CONH-group, often
supposed to enhance the substantivity to cellulose, is
actually less effective than an ordinary -C=C- bond. Its
use, developed empirically, is effective because it does
increase affinity to some extent, it does not deepen the
colour so much as does a —C = C- group, and it is readily
introduced into the dye molecule during manufacture.

Fastness to Dry Heat

This is usually important only with disperse dyes,

which, being non-ionic, in most cases melt and vapor-

ize when heated. The inverse relationship between

vapour pressure and both molecular weight and polar-

ity was established by Schroeder and Boyd [35].
Some general trend might, therefore, be expected

between the heat fastness of disperse dyes and their
molecular weight. This is shown in Figure 3 for arange
of monoazo and anthraquinone dyes, the data being
obtained from the Colour Index. Attempts to improve
heat fastness have therefore concentrated on increasing
the molecular weight of and/or introducing polar
groups into aminoazobenzene, anthraguinone, styryl,
and nitrodiphenylamine dye structutes.

Most modern monoazo disperse dyes (11) have the
general structure:

R’ = electron—withdrawing group —
almost always NO;

R? and R*=H or electron—-withdrawing
group (C!, CN)
R* and R®=electron—-donating group

Re and R7=H or alkyl or
substituted alkyl

Rl '5 R‘
l'—@—N:NQN/
—_ \l’
[ B
1

Increases in molecular weight are normally intro-
duced through the coupling component though more
recently diazo components have been increased in size
(12 and 13). Some disazo dyes are manufactured by
linking together two conventional aminoazo dye mole-
cules to give products of increased molecular weight
and high sublimation fastness (14).

o~

SO,NHCH,CH,CN
0;,?~L~C§-NM2 O,NGNH,
(12) (13)

CN CH,
/CHLCHy HLHC,
ON Na=N N\c N N=NQNO;
H,CH,OCOOCHLH, e NC
(14)

The effect of substituents on the heat fastness of
aminoazobenzene dyes has been well studied
[15,36,37]. Hallas [15] points out that variations in the
terminal substituent (R® and R?, 11) have a greater
effect on heat fastness than have nuclear substituents,
and concludes that, in order to obtain a satistactory
combination of light and heat fastnesses, judicious
choice of substituents is required. Muller [37] has
shown that the presence of free hydroxyl in R® (11) may
improve the light fastness but reduce the sublimation
fastness. The effect of a number of polar substituents
on these properties is also described. Salvin [36] con-
cludes that the tendency to sublimation in monoazo

5.00

4.00

3.00

2.00}

Heat fastness

1.00¢ + Manoazo

O Anthraguincne

0

200 240 280 320 360 400 440 4.80 520
Molecular weight/100.0

Figure 3 — Relationship between the heat fastness of
disperse dyes and molecular weight. Least squares line
is shown
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disperse dyes decreases as the polarity of the molecule
and the number of potential hydrogen bonding groups
(e.g. NHCOCH,) increase.

Dawson [11] has given some similar comparisons for
anthraquinone and styryl disperse dyes. The importance
of intramolecular hydrogen bonding in 1,4-substituted
anthraquinone dyes has already been mentioned in
relation to improvements in light and wet fastness
properties. Dyes with similar substituents in the 2-
position can only form hydrogen bonds inter-
molecularly, resulting in better sublimation fastness
[22]. Introduction of polar groups can adversely affect
the dyeing properties of anthraquinone dyes, though
the hydroxyalkyl group appears to be useful in achiev-
ing sublimation fastness and good dyeing propetties, as
in C.I. Disperse Blue 23 (15). This dye has superior
sublimation fastness but similar dyeing properties to the
N-alkylated analogue. Increases in molecular weight to
improve sublimation fastness can be achieved by sub-
stitution of bulky and/or polar groups in the 2-position
as in 16. Other examples are given by Dawson [11].

©  NHCHCHOM

O NHCHCHOH

(15)

R'=H or alky!

R*=group to increase molecular
weight or polarity

(16)

The difficulties facing the dye manufacturers are
highlighted by disperse dyes for use in transfer printing,
where the very different requirements are those of
adequate volatility and good wet fastness. The chemis-
try of dyes designed for this outlet has been described
by Griffiths and Jones [38]. Most dyes for transfer
printing belong to the monoazo and anthraquinone
classes. The requirements for adequate sublimation
during the transfer process are that the dye should have
a molecular weight below 350 and should not contain a
large number of polar groups — almost exactly oppasite
features to those for conventional disperse dyes.

Griffiths, however, again points out the dangers in
generalizing on structure/fastness relationships since
steric effects and intramolecular hydrogen bonding are
two factors which may be built in to a dye molecule to
affect its subsequent behaviour. Thus 2,4,6-trisubsti-
tuted azobenzenes are non-planar and some dyes
based on that structure may have suitable volatility for
transfer printing though the molecular weight exceeds
400.

Fastness to Light

In attempting to trace relationships between chemical

structure and light fastness it is important to appreciate

that there is no absolute value for the light fastness of a

dye or pigment; the value obtained for a given colorant

in any fading test depends on many factors, the most

important of which are [13]:

(a) Inherent photostability of the colorant molecule

(b) Concentration and/or degree of aggregation of
colorant within the substrate

{c) Nature of the substrate in which it is dispersed

(d) Characteristics of the incident radiation

{e) Composition of the atmosphere

(f} Presence of other species in the system.

Because of the action of these often independent

factors, the light fastness is difficult to investigate and

quantify unless some attempt is made to standardize

the conditions. The 1SO methods of testing light fast-
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ness [39] lay down conditions for (d) and (e), while
the fastness is defined for a given medium or substrate
with the colorant present in known concentrations
(standard depths).

Since the last review of the photochemistry of dyes
and fibres in this series [40], a comprehensive review of
the structural factors affecting the light fastness of dyed
fibres has been prepared by Evans and Stapleton [13].
tn addition, review papers have appeared on the photo-
chemistry of dye/polymer systems [41,42]. in this
section the main conclusions of Evans and Stapleton
are summarized, the significance of photophysical
properties are discussed, and the importance of singlet
oxygen in photodecomposition reactions is indicated
by reference to recent publications.

Structure-Fastness Relationships

The review of Evans and Stapleton [13] covers the
period since the earlier review of Giles and McKay [43].
It surveys the structure—fastness relationship within
each chemical class of dye, quoting in each case the
published evidence both by reference to the literature
and to the light-fastness gradings listed in the Colour
Index. As with other fastness properties, general rela-
tionships are only found if closely related compounds
are compared, and even then many anomalies are listed.

In the anthraquinone disperse dyes it is noted that
structural modifications that increase light fastness of
1,4-derivatives on cellulose acetate are:

(a) Introduction of hydroxyl groups para to an amino
group

(b} Replacement of an alkylamino group by an aryl-
amino group

(c) Acetylation of a free amino group.

It is also noted in the section on azo dyes that the
presence of a free amino group leads to low light
fastness, but this can be raised by acetylation. Alkyla-
tion of amino groups, used to deepen the colour, is
known to reduce fastness, and photodealkylation reac-
tions have been found to occur in rhodamine,
triphenylmethane, azo and anthraquinone dyes.

Attempts to relate the variation of light fastness to
electronic substituent effects are numerous. For exam-
ple, with azoic dyes it was concluded that maximum
light fastness is obtained when the azoic diazo compo-
nent contains strongly electron-withdrawing substitu-
ents and the anilide ring contains electron-donating
substituents. Numerous correlations between light fast-
ness and Hammett substituent constants are quoted, and
there is support for the view of Giles [43] that dye fading
occurs mainly by oxidation mechanisms on non-protein
tibres and by reduction mechanisms on protein fibres.

Anomalous effects of structure variations are often
attributed to the existence of intramolecular or inter-
molecuiar hydrogen bonds between suitably placed
groups, the presence of which generally increase fast-
ness, while unexplained variations are often attributed to
changes in aggregation caused by steric and/or elec-
tronic effects of substituents in particular positions.
Examples of stabilization of dye molecules against light
by intramolecular H-bonds occur in the anthraguinone
series of sulphonated acid wool dyes and in the disperse
dyes where a bond between a quinone group and a
substituent in the adjacent 1- or 4-positions improves
fastness; for example, 1-hydroxyanthraquinone has
much higher fastness on polyester than the 2-hydroxy
isomer. On the other hand, metal-complex dyes show
little evidence of substituents having an influence on
light fastness and it is suggested that with these dyes, as
with direct dyes, the state of aggregation of dye in the



TABLE 2

Light Fastness of Azo Direct Dyes on Cotton

C.1. Direct R X Y Light

fastness
Violet 34 3-S0O;Na OMe Me 2
Violet 41 3-SO;Na Me Me 4
Violet 51  2.4-(Me),-5-SO;Na

OMe Me 3-4
2,4-(Me),-5-SO,Na  Me Me 3-4

Violet 9

fibre is probably the dominant factor in influencing
fading. Table 2 illustrates an anomaly of substituent
variation for disazo direct dyes of the formula shown

(7).
LD S ; (a7)
X NoOS OO NHCOC,H,

It has also been noted that surface activity effects
influence light fastness, as follows.

1. Short alkyl chains or unsymmetrical sulphonation
favour formation of compact aggregates of dye,
and so improve light fastness.

2. Long alkyl chains confer high surface activity and
thus cause dye to spread as a monolayer on the
internat surface of the fibre; a monclayer is more
susceptible to fading than an aggregate because
the dye molecules in it are more accessible to air.

3.  Symmetrical sulphonation also favours spreading
of dye over internal surfaces and is not favourable
to aggregation, because of the mutually repulsive
effect of the ionic groups if two or more dye
molecules approach closely. In unsymmetrically
sulphonated molecules such repuision can be
minimized by anti-parallel association.

in the light of later information on the pore-size
distribution of cellulose, and on the assumption that
pore sizes in wool are similarly distributed, an alternative
explanation may be given for the above effects. This is
that the presence of long alkyl chains on the aggre-
gates, produced by unsymmetrical suiphonation, pre-
vents dye from penetrating small pores accessible to
smaller dye molecules. The dye therefore tends to be
concentrated in larger pores where it is more accessible
to attack. The smaller molecules penetrate deeper into
the fibre structure, which closes on them on drying, after
dyeing, and so protects them from attack when irradi-
ated.

Patterson et al. [44] synthesized a series of azo and
anthraquinone dyes containing a 9,9 -spirofluorene
residue, to test the view that increased aggregation
leads to increased light fastness, but the results were
inconclusive and they have suggested that photo-
conductivity effects [45] may be the dominant factor in
light fading. Differences in the behaviour of dyes pho-
tolysed on wool have also been explained in terms of
the photoconductivity behaviour of the dyes [46].

However, Giles has given a theoretical treatment [47],
supported by published evidence for the fading of
pigments, that shows that for large colorant particles the
fading rate should vary with the reciprocal of the particle
radius. As the particles become smaller, the rate tends
towards a 1/2 dependence, and eventually with very
small particles it becomes independent of theirsize. This
treatment, however, makes no assumptions regarding
possible mutual effects of associated molecules. When

Methylene Blue, forexample, is faded, absorbance atthe
monomer band, in the absorption spectrum falls more
rapidly than that of the dimer band showing that the
association of the dye molecules in pairs (‘sandwich’
dimers) retards their fading. This means that a dye
molecule is less liable to fade when in association with
another than when isolated in a monodisperse state,
even though it is equally accessible to light and air in
both cases.

The effects of aggregation on light fastness require
further study.

Photophysics of Dyes and Pigments

It has long been recognized that the photostability of dye
and pigment systems must depend on the reactivity of
the excited states produced by abscrption of light, but it
is only with the recent development of nanosecond
(1072 s) and picosecond (107" s) laser flash photolysis
techniques [48] that it has become possible to study the
rapid initial photophysical and photochemical processes
associated with these excited states.

Fundamentally, the light stability or light fastness of a
dye or pigment depends on the proportion of maolecules
which, on exposure under specified conditions, undergo
photodecomposition. The quantum efficiency of fading
of dyes has been measured [49] and found to be
extremely low —in the measured cases between 1 0 *and
107 -- which means that the number of molecules which
have to be affected by light before a single molecule
actually decomposes is not less than ten thousand and
may be a million or more. Put another way, the vast
majority of light-stable dye and pigment molecules must
dissipate the initially absorbed light energy as heat,
without disrupting any of the bonds in the molecule. In
photophysical terms, such molecules are said to un-
dergo efficient energy deactivation by internal conver-
sion within the manifold of singlet energy states.

Many of the recent studies have been stimulated by
developments in dye lasers [50], but attention has also
been paid to the significance of such studies in the
context of light fastness. Thus it has been shown by
Allen and McKellar [51] that for certain classes of dye
the formation of observable transients on flash photo-
lysis is correlated with low light fastness, whereas dyes
of high light fastness do not show transients in the time
scales used.

The observable transient species produced by flash
photolysis can be triplet states, radical species or can
arise from short-lived conformational or isomeric
changes, all of which are produced via the much shorter-
lived excited-singlet state. It is generally accepted that
the normally longer lifetime of the triplet state {ustoms)
results in a greater probability of photoreaction being
initiated via this state. The characteristics of the triplet
states of a selection of dye and pigment molecules have
been reviewed by Chibisov [52], whilst Land et al. have
used conventional and laser flash photolysis as well as
pulse radiolysis to characterize the transients from an-
thraquinone dyes [53,54], phthalocyanine pigments
[65] and azo-hydrazone compounds [66].

The 1,4-dihydroxy- and diamino-substituted anthra-
quinones were found to form triplets with gquantum
yields of about 1072 and lifetimes of 2-5 us, much
shorter than the 2-substituted anthraquinones which
show appreciably poorer light fastness on polymer
substrates. Similarly, with the phthalocyanines the light
fastness of CuPc (triplet lifetimes ~35 ns) is apprecia-
bly superior to that of Zn or MgPc (t, ~1 ms).

The relationship between quantum efficiencies of flu-
orescence, triplet formation and photodecomposition
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has been examined for aminoanthraquinone dyes

[67]. but further studies of this nature are required in

order that firm conclusions can be reached about the

relationship between fundamental photophysical char-
acteristics and light fastness.

However, recent studies, such as the above, have
revealed the following factors that influence the life-
times and quantum yields of excited states.

(a) The presence of heavy atoms such as iodine, or
more particularly paramagnetic species such as
Cu, Co, Ni, etc., shorten triplet lifetimes by the
process of spin—orbit coupiing, an effect now well
recognized in photochemical studies [58].

(b) With strongly fluorescent dyes like the xanthenes
[69] and the rhodamines [60], increase in con-
centration |leads to a decrease in fluorescence and
a substantial increase in the quantum vyield of
crossover to the triplet state, with cencomitant
changes in excited-state lifetimes. However, with
chlorophyll [61] and the porphyrins [62] aggre-
gation leads to a significant reduction in the
quantum vyield of triplet formation.

(c) It has already been stated that intramolecular
hydrogen bonds increase light stability, and the
short lifetimes of the triplet states of 1,4-disubsti-
tuted hydroxyanthraquinones and amino-
anthraquinones [53] have been attributed to the
existence of strong intramolecuiar hydrogen
bonds, which provide a rapid deactivation path-
way. The influences of internal rotation and hy-
drogen bonds on the excited-state lifetimes of
indigo, merocyanine, and triphenylmethane dyes
have been reported by Dorr et al. In the first paper
of a series [63] they concluded that in the case of
indigo dyes intermolecular and especially intra-
molecular hydrogen bonding is an important fac-
tor in the acceleration of radiationless decay (in-
ternal conversion); thus the excited-singiet life-
time of indigo derivatives was estimated to be
17 ps in ethanol whilst the thioindigo derivative
had a lifetime in the same solvent of aver 200 ps.

(d) Naturally, many of the above-mentioned studies
have also been concerned with the effect of
change of substituent on the photophysical and
photochemical characteristics. Again McKellar et
al. reported on the influence of the position and
nature of substituents on the transient yields and
light fastness of anthraquinone [64] and benzan-
throne [65] disperse dyes. Thus with the benzan-
thrones a significant increase in light fastness was
obtained by replacing an amino group or alkylam-
ino group in the 6-position with an arylamino
group, whilst an even greater increase was ob-
served by changing a hydroxyl group from the 6-
position to the 8-position. In both these studies,
the dyes of high light fastness exhibited neither
observable transients, fluorescence nor phospho-
rescence. No explanation of these substituent ef-
fects has yet been given.

Singlet Oxygen and Dye Fading

Many studies have shown that oxygen participates in
the light fading of dyes on textile substrates, as well as
in the dye photosensitization of fibre degradation
{phototendering). It is now widely accepted that the
triplet states of many dyes (but particularly thiazine
dyes like Methylene Blue) can sensitize the formation
of a reactive excited (singlet) state of oxygen (O, in its
ground state is a triplet species). The reactions of
singlet oxygen have been extensively reviewed [66]
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and among those topics of interest to the colourist
include the role of singlet oxygen in the yellowing of
wool, in the photodegradation of a number of polymers
[42], and in dye-sensitized photoreactions. Singlet
Oxygen appears to be involved in the catalytic fading of
vellow azo dyes in the presence of blue, violet and red
anthraguinone dyes [67], but was eliminated as the
reactive species in studies of the fading of triphenyl-
methane dyes sensitized by fluorescent brightening
agents [68], although the latter compounds were
shown to react by triplet sensitization. A recent publica-
tion [69] has suggested that singlet oxygen is involved
in the photo fading of indigo in solution, mainly using
the evidence that fading is retarded in the presence of
singlet-oxygen quenchers such as -carotene and nickel
dimethyldithiocarbamate, but is accelerated by sensitiz-
ers of singlet oxygen such as Methylene Blue or Rose
Bengal.

It is becoming increasingly evident that singlet oxy-
gen plays a major role in many photodecompasition
reactions of dyes, pigments and many other com-
pounds, a suggestion made many years ago by Egerton
[70] to explain the dye-sensitized photodegradation of
textiles.

REFERENCES
1. Bradley, Recent Advances in the Chemistry of Dyes and Pig-
ments, Lectures, Monographs and Reports 1958 No. 5 (The
Royal Institute of Chemistry).
2. Straley, The Chemistry of Synthetic Dves, Vol. 3, Ed. Venkatara-
man, (New York: Academic Press, 1970) 385.
3. Dawson, Rev. Prog. Coloration, 3 (1972), 18.
4. The Chemistry of Synthetic Dyes, Vol. 3, Ed. Venkataraman,
(New York: Academic Press, 1970) 249,
5. Stead, Rev. Prog. Coloration, 6 (1975) 1.
6. Baer, The Chemistry of Synthetic Dyes, Vol. 4 Ed. Venkataraman,
(New York: Academic Press, 1971) 161.
7. Mayer and Siepmann, Rev. Prog. Coloration, 5 (1974), 65.
8. Rao, Colourage Ann., 3 (1974) 25.
9. Davies, Rev. Prog. Coloration, 3 {1972) 73.
10. Beech, Fibre-Reactive Dyes, {Londan: Logos Press, 1971).
11. Dawson, Rev. Prog. Coloration, 9 (1978) 25.
12. Vickerstaff, J.S.D.C., 69 (1953) 279.
13. £vans and Stapleton, The Chemistry of Synthetic Dyes, Vol. 8,
Ed. Venkataraman, (New York: Academic Press, 1978) 221.
14. Giles, Duff and Sinclair, The Chemistry of Synthetic Dyes, Vol. 8,
Ed. Venkataraman, (New York: Academic Press, 1978) 279.
15. Hallas, J.S.D.C., 95 (1979) 285.
16. Nicholls, J.5.D.C., 72 (1956) 479.
17. Duff and Turnbull, Unpublished results.
18. Meggy. J.8.D.C,, 66 (1950), 510.
19. Grieder, J.S.D.C., 92 (1972), 8.
20. Carbonneli, Private communication.
21. Vickerstaft, The Physical Chemistry of Dyeing, (Edinburgh: QOliver
& Boyd, 1954).
22. Rys and Zollinger, Fundamentals of the Chemistry & Application
of Dyes, (London: Wiley Interscience, 1972).
23. Odajima, J.5.D.C., 75 (1959) 255.
24. Glenz, Beckmann and Wunder, J.5.D0.C., 75 (1959) 141,
25. Salvin, Text. Chem, Colorist, 6 (1974) 164, 185.
26. Rowe and Chamberlain, J.5.D.C., 53 (1937) 268.
27. Rys and Zollinger, Fundamentals of the Chemistry & Application
of Dyes, (London: Wiley Interscience, 1972).
28. Blackburn, The Dyeing of Synthetic Polymer and Acetate Fibres,
Ed. Nunn, (Dyers Co. Publication Trust, 1979) 76.
29. Couper, Text. Res. J., 21 (1951) 720.
30. Salvin, Paist and Miles, Amer. Dyestuff Rep., 41 (1952) 297,
31. Salvin and Walker, Text. Res. J., 25 (1955) 571.
32. Salvin, Text. Chem. & Colorist, 1 (1969) 245.
33. Haylock and Rush, Text. Res. J., 46 (1976) 1.
34. Giles, Theory of Coloration of Textiles Ed. Bird & Boston, (Dyers
Company Publication Trust, 1975).
35. Schroeder and Boyd, Text. Res. J., 27 (1957) 275.
36. Salvin, Amer. Dyestuff Rep., 656 (1966) 491.
37. Muller, Amer. Dyestuff Rep., 59 (1970) 37.
38. Griffiths and Jones, J.S.D.C., 93 (1977) 176.
39. B.S.1006:1971.
40. Bentley, McKeliar and Phillips, Rev. Prog. Coloration, 5 (1974)
33.




_ Allen and McKellar, Photochemistry, 9 (1878) 585.
. Ranby and Rabek, Photodegradation, Photo-oxidation, and

Photostabilisation of Polymers, Chap. 6 (London: Wiley, 1975).

_ Giles and McKay, Text. Res. J., 33 (1963) 527.

_ Sutcliffe, Shahidi and Patterson, J.S.D.C., 94 (1978) 306.

. Horton, Patterson and Rizzo, J.5.D.C., 92 (1976) 269.

_ Coles and Nicholls, J.5.0.C., 92 (1976} 166.

. Giles, Sinclair and Walsh. J.5.D.C., 93 (1977) 348.

. West, Photochemistry, 6 (1975) 62.

. Giles, Hojiwala and Shah, J.5.D.C., 88 (1972) 403.

_ Schafer, Dye Lasers, 2nd Edn, (Heidelberg: Springer-Verlag,

1977).

. Allen and McKellar, J. Photochem., 5 (1976) 317.

. Chibisov, High Energy Chemistry 10 (1976) 1.

. Land et al., J.C.S. Faraday |, 72 (1976) 2091.

. McAlpine et al.. J.C.S. Faraday |, 74 (1978) 597.

. McVie, Sinclair and Truscott, J.C.S. Faraday Il 74 (1978) 1870.
. McVie et al., J.C.S. Perkin I, in press.

57.
58.

59,
60.
61.
62.
63.

64.
65.
66.

67.
68.
69.
70.

McVie, Sinclair and Truscott, Photochem. Photobiol., 29 (1979)
395,

Turro, Molecutar Photochemistry, 2nd Edn, (Amsterdam: Benja-
min, 1978)

Joshi and Plant, J. Luminescence, 14 (1976) 1.

Chibisov and Shavnova, J. Photochem., 8 (1978) 285.

McVie, Unpublished results.

Sinclair, Tait and Truscott, J.C.S. Faraday |, in press.

Wirth, Schneider and Dorr. Berichte Der Bunsell Gesellschaft, 81
(1977) 1129

Allen, Bentley and McKellar, J.S.D.C., 91 (1976) 3686.

Bentley and McKellar, J. Photochem., § (1976) 377.
International Symposium on Singlet Oxygen, Photochem. Pho-
tobiol., 28 (Oct/Nov 1978).

Rembold and Kramer, J.S.D.C., 94 (1978) 12.

Yamada, Shosenyi and Gotoh, J.8.D.C., 93 (1977) 219.
Kuramoto and Kitao, J.5.D.C., 95 (1979) 257.

Egerton, J.5.D.C., 65 (1949) 764.

REV. PROG. COLORATION VOL. 12 1982 65




