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Abstract

Photofading of 15 reactive azo dyes derived from H- (seven), J-, L-, R-, 2R-, y-acids (three), pyrazoline and a reac-
tive copper-complex dye on cellophane under wet conditions was examined to estimate the essential properties: photo-
oxidisability (ko: the reactivity with molecular singlet oxygen), photosensitising ability (f) and photo-reductivity. The
relationships between the essential properties of these dyes and the lightfastness (LF) as well as the perspiration-light-
fastness (PLF) on cotton fabrics are discussed. A linear correlation between the logarithmic product, log (f k¢), and the
LF ratings of dyes on dry cotton fabric was found when plots of reactive dyes with low LF and those of the vat dyes
examined in a previous paper were added because the ratings of 11 red dyes out of 15 dyes examined had a narrow
range. It showed that LF of monoazo red reactive dyes on dry cotton fabric is very dependent on photo-oxidative
fading. A linear correlation was also found between logarithms of f-values and the relative initial rates of photo-
reductive fading, except for dyes with very high photosensitising ability. A conflicting relationship between the ko-
values and the photo-reductivity could be shown for dyes derived from H- and y-acids, an unsolved restriction on
synthesis of azo dyes with excellent LF as well as PLF. Azo dyes derived from y- and 2R-acids possess smaller f but
larger k( values than those derived from H-acids. The photofading of dyes on cotton fabrics in the presence of artificial
perspiration was explained in terms of the essential properties. The substrates promoted photo-reduction and sup-
pressed photo-oxidation.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

During the latter half of the last century, dye
manufacturers developed many new reactive
groups, most of which subsequently disappeared
due to severe commercial selection. At present in
Japan, more than 80% of reactive dyes contain
vinylsulfonyl (VS) groups and less than 10% of
dyes have only monochlorotriazinyl (MCT)
groups. Several reactive dyes with excellent light-
fastness (LF) have a common chromophore but
different reactive groups, although some improve-
ments in methods to combine the reactive groups
have been made. From the limitation of inter-
mediates and their combination, partial modifi-
cation of chromophores for reactive dyes has been
made. Von der Eltz [1,2] reported the development
and dyeing properties of Remazol dyes in detail
except for the improvement of LF.

In the history of vat dyes over the last century,
phototendering of cellulosic fibres sensitised by vat
dyes has been extensively studied [3—7]. Because
vat dyes undergo photosensitisation and photo-
reduction in the photochemical processes, both
processes have various effects on cellulosic sub-
strates, depending on the dye itself and its partner
dyes. Besides the degradation of cellulose by UV
light, cellulose suffers photosensitised tendering by
vat dyes, while vat dyes suffer catalytic fading (or
blue eating) in mixed dyeing. Several workers [8—
13] and the present authors [14] reported that the
photofading and phototendering properties of
annelated anthraquinone vat dyes were attribu-
table to the excited triplet T (nw*) states of car-
bonyl groups, while those of tendering active vat
dyes were due to excited triplet T (nn*) states beside
the excited triplet Ti(nm*) states of carbonyl
groups. The photosensitising ability of vat dyes is
proportional to their photo-reductivity. Moreover,
dyes on dry cellulose under aerobic conditions
suffer oxidative fading in the superficial part of the
substrate and simultaneous reductive fading
beneath the oxidised parts. Thus, the mechanism
of photofading for vat dyes has been clarified to
this extent.

The mechanisms of photofading of azo dyes on
various polymeric substrates, however, are some-
what controversial [3,5,6,15]. In the case of azo

dyes, azo groups are involved in the photo-reduc-
tion and photo-oxidation based on different reac-
tion mechanisms depending upon whether the
dyes exist as azo or hydrazone tautomers [14,16].
The relationship between the photosensitising
ability and the photo-reductivity of azo dyes has
not yet been made clear.

On the other hand, several workers [17-30] have
studied the relationships between chemical struc-
ture and fastness properties for a series of reactive
azo dyes from the more practical viewpoint of
substitution effect on the fastness than the pre-
vious paper [14]. Bredereck and Schumacher
studied the acid dissociation, azo-hydrazone tau-
tomerism, dye aggregation [17], stability to hypo-
chlorite bleach [18], stability to peroxide bleach
[19] and light stability of dry and wet cotton fab-
rics in the presence of perspiration [20] for 12
derivatives of C.I. Reactive Red 227 (Red 227)
synthesized using different diazo components.
Gregory and Stead [21] carried out a systematic
study on the stability of a series of 2-arylazo-
naphthalene sulfonic acids to hypochlorite bleach
and discussed the reaction mechanism, which was
different from that reported by Bredereck and
Schumacher [18]. Omura et al. reported the mole-
cular design of chlorine-fast heterobifunctional
reactive dyes [22-26] and formaldehyde-fast diazo
dyes [27]. They optimized the fastness properties
of mono- and diazo dyes derived mainly from
naphthol sulfonic acids by the substitution effect
or by changing diazo components and the num-
bers and positions of the sulfonic acids. Vig et al.
[28-30] studied the light and perspiration-light
stability of related compounds of C.I. Reactive
Red 194 (Red 194) (eight) and Orange 72 (six) by
changing reactive groups and connecting ones.
They denied the higher light stability of the dye-
fibre bonds. Imada et al. [31] examined the per-
spiration-lightfastness (PLF) for 22 reactive dyes.

The present authors reported the photofading of
a series of reactive dyes on cellulose that was
dependent primarily upon the chemical structure
and secondarily upon the environmental condi-
tions of exposure [32-40]. The photofading of C.I.
Reactive Red 4 [37-39], C.I. Reactive Red 22 [33-
35], Red 194 [39,40], and Red 227 [39,40] was
analyzed in terms of their potential properties by



T. Hihara et al. | Dyes and Pigments 60 (2004) 23—48 25

taking the environmental conditions of exposure
into consideration. They reported the photo-
chemical reactivity of triphenodioxazine (TPDO)
dyes [41-43]. TPDO dyes possessed high PLF
due to the effective internal conversion S;—S, or
low quantum yield to T, state but had high ther-
mal reactivity as a shortcoming [43]. The reason
vat dyes had the highest LF among dyes for cel-
lulose was attributed to the very low quantum
yield to T, state and the very small reactivity with
10.,.

In the present paper, photo-sensitised fading,
photosensitising ability and the ease with which
fifteen azo reactive dyes derived from naphthalene
sulfonic acids were photo-oxidised on cellophane
were examined under aerobic conditions and
photo-reductive fading using bL-mandelate under
anaerobic conditions. Fading of dyed cotton fab-
rics due to the compound effects of light and arti-
ficial perspiration is also estimated, and how the
fading can be explained by the estimated essential
properties of the dyes is discussed.

2. Experimental
2.1. Materials

2.1.1. Dyes used

Ten VS, one MCT and four mixed-bifunctional
reactive dyes derived from H- (seven), J- (one), L-
(one), R-(one), 2R- (one), y-acids (three), and
pyrazoline (one) were used. An aminopyrazolinyl
azo dye examined in previous studies [33,34] was
used as a typical dye with great photo-oxidiz-
ability. A copper-complex azo dye of red hue was
also used. Except for dyes in the previous studies
[32-40] and dyes manufactured by DyStar Japan
Ltd., dyes used were prepared according to the
usual procedure [44]. The LF and PLF of 15 dyes
on cotton dyed in 1/1 and 1/3 of standard depth,
estimated by the JIS method [45—47], are listed in
Table 1. Using a Y-46 filter, LF was also estimated
by the same method. In order to prevent the heat-
ing of test fabrics, wood spacers with a thickness
of 4.0 mm were set on the two perpendicular edges
of the fabric between the filter and fabric. The
results are also listed in Table 1.

The chemical structures of these dyes together
with C.I. Generic Name, abbreviations in par-
entheses, C.I. Constitution Number, if available,
and the A, on cellophane films are shown below:

(1) C.I. Reactive Red 4 (Red 4), C.I. 18105,
Amax =551.0 nm

SOsNa  OH NHC

s Oy (e “f)@
N
N \LHN NaO;S SO3Na

(2) C.I. Reactive Red 22 (Red 22), C.I. 14824,
Amax = 915.0 nm

OCH; OH

0

Na03SOH,CH,CO,S
O3Na

Table 1
Colourfastness of red reactive dyes on cotton fabric

Dye Light? Perspiration-light®*
No filter Y-46 filter Acid Alkaline

Depth N/3 N/1 NJ/I N/3 N/3

Pyr-Yellow 34 5 - 4 4-5

Red gVS 56 6 6-7 5~ 4-5

Red pgVS 45 5 5-6 5= 34

Red mgVS 45 45 56 4-5 3

Red 2RVS 56 56 67 5~ 2-3%

Red TAVS 45 5 5-6 34 2-3*

Orange JVS 4 4 5-6 4 34

Red 49 4 45 56 2 1

Red 224 3 34 5 2 2

Red 234 6 7 7 4-5 4

Red 180¢ 5 56 6 2-3 2

Red 1944 5 5 6 34 2-3

Red 2274 5 5 6 34 2-3

Red 2414 5 56 6 34 2-3

Red MCVS 5 5 6 3 2-3

a JIS L 0842 (Carbon arc).

b JIS L 0888, in which the concentration of histidine in the
artificial perspiration is ten times larger than the established
one.

¢ 5~ and 2-37 describe the rating between (4-5) and 5, and
that between (2-3) and 3, respectively.

d C.I. Reactive Generic Name.
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(3) C.I. Reactive Red 23 (Red 23), C.I. 16202,
Amax = 531.0 nm

NaO3SOH,CH,CO,S O

(4) C.I. Reactive Red 180 (Red 180), C.I.
181055, Amax=551.0 nm

o
1l
SO3Na OH NHC

NaO3SOH,CH,CO,S Z>80;Na

Na0;S

(5) C.I. Reactive Red 194 (Red 194), C.I. 18214,
Amax = 546.0 nm

el
N)\N
SONa  op HN-—b N
Sy
\ /N “ 0,CH,CH,0S03Na
NaO3S SO3Na

(6) C.I. Reactive Red 227 (Red 227), C.I. 18215,
Amax = 545.5 nm

cl

N)\N

SOsNa  oH HN- \NLNOSOQCHQCHQOSOSN;;
H

NaO3S~ SO3Na

(7) C.I. Reactive Red 241 (Red 241), C.1. 18220,
Amax = 555.0 nm

cl

N)\N
SO3Na OoH HNJ\N%NO -80,CH,CH,080;Na
H

O
NN Na0gs” N s0sNa

SO3Na

(8 A red dye derived from H-acid having a
monochlorotriazinyl group and a VS one (Red
MCVS), Apax=1528.5 nm

cl
N)\F‘ -
OH r—ﬁv\—KNL” \ /
NaoasOHQCHzcogsOwNm O;Na
Na0ys~ " “s0;Na

(9) A red dye derived from H-acid having a VS
reactive group and a monochlorotriazinyl bridge
group (Red TAVS), Anax=1549.0 nm

)
N/*i
SONa  oH Hiy N
N
N=N ‘ N

'50,CH,CH,0S0;Na
NaO;S Z > 50,Na

(10) A red dye derived from y-acid having a VS
reactive group (Red gVS), Anax=1524.0 nm

NaO3S,

NHz  S0,CH,CH,0S03Na

(11) A red dye derived from y-acid having a 1-
methoxy-4-vinylsulfonyl-phenylazo group (Red
mgVSs), Amax =514.0 nm

NaO3S

S0,CHaCH,0S05Na

(12) A red dye derived from y-acid having a p-
(vinylsulfonyl)phenylazo group (Red pgVS),
Amax = 519.0 nm

NaO3S,

[y
O N=N@3020H20H20303Na

NH;

(13) A red dye derived from 2R-acid (Red
2RVS), Jmax=532.0 nm

NaO3S

O OH  SO,CH,CH;0SO0sNa
ol

NaOsS  'NH,

(14) An orange dye derived from J-acid having a
VS reactive group and a monochlorotriazinyl
bridge group (Orange JVS), Anmax=509.5 nm
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SO4Na

ooy

NaOys™

OH SO3Na
N=N—"" ~ NH@
P N—=(
NN
N
HN

'S0,CH,CH,0S0;Na

(15) An aminopyrazolinyl azo dye (Pyr-Yellow)
which is very easily photo-oxidized, Ay =397.0 nm

OCH;  HaC
=N

s g

NaO3SOH,CH,CO,S HoN

2.2. Preparation of dyed samples

2.2.1. Dyeing of cellophane sheets

Cellophane films (Futamura Kagaku Kogyo
K.K. #300), cut 3 cm in width and 50 cm in length,
were scoured in boiling water for more than 2 h
and dyed with each dye by the alkali-shock
method to obtain an absorbance between 0.8 and
1.0 at the Amax [33,38,39].

2.2.2. Mixed dyeing of cellophane sheets with Pyr-
Yellow and red dyes

Mixed dyeing was carried out by the alkali-
shock method for MCT dyes and Pyr-Yellow and
by the all-in method at pH 9 for the other VS dyes
according to the previous study [43]. After the fix-
ation, the dyed films were repeatedly washed in
boiling water to remove the unfixed dyes.

2.3. Estimation of photochemical properties

2.3.1. Estimation of the ease with which dyes are
photo-oxidized by use of Rose Bengal

By exposing cellophane films dyed with reactive
dyes to a carbon arc on immersing them in aerated
aqueous Rose Bengal solution, the relative fading
of individual dyes was estimated [33,34]. Because
reactive dyes combined with cellulose have differ-
ent numbers of sulfonic acid groups and further
the adsorption of Rose Bengal on dyed cellulose is
different from dyes, especially in low concentra-
tions of neutral salt, a high concentration of
sodium sulfate (0.5 M) was added to the Rose
Bengal solution. The solution was renewed every 5
h during exposure to keep the adsorption of Rose

Bengal constant. From the initial rates of fading,
the ease with which the dye was photo-oxidized was
estimated as values of ko (dm? mol~! s—1) [33,34].

2.3.2. Estimation of photosensitising ability

For the estimation of photosensitising ability of
14 red dyes, cellophane films dyed in an admixture
of red dyes and Pyr-Yellow were exposed through
a Toshiba filter Y-46 (> 460 nm) to a carbon arc
[33,34]. The values of f were estimated from the
rates of fading for Pyr-Yellow of the mixed dyes
according to the method of previous studies
[33,34,43].

2.3.3. Estimation of the ease with which dyes are
photo-reduced

By exposing the dyed cellulosic films to a carbon
arc on immersing them in an anaerobic aqueous
pL-mandelate (0.05 mol dm~—3) solution, to which
sodium sulfate (0.5 mol dm~3) was added to pre-
vent the coion exclusion of DL-mandelate, the
relative fading, A/ A, was estimated to exhibit the
photo-reductivity of individual dyes [35].

2.3.4. Testing methods for PLF

The recipes of the artificial perspiration in which
the test fabric dyed with reactive dyes to be tested
was immersed before exposure and the method of
exposure were previously reported [39,40]. The
testing method is based on JIS L 0888 [47] in
which the artificial perspiration is modified.

3. Results and discussion

3.1. Photo-oxidative fading of monoazo reactive
dyes

3.1.1. Ease with which dyes are photo-oxidized

In order to estimate the ease with which the azo
dyes were photo-oxidized, the photosensitized
fading of 15 monoazo reactive dyes on cellulose
films immersed in aqueous Rose Bengal solution
was examined by exposing to a carbon arc. The
fading behaviours for the dyes examined are illu-
strated in Fig. 1.

The present authors [34] estimated the second-
order rate constant, ky (mol~! dm? s7!), of Pyr-
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(a)
1.20
Red 4
1.00 - Red 22
—24— Red 23
0.80 —— Red 180
—>— Red 194
§ 0.60 —0O— Red 227
—+— Red 241
0.40 —&— Red TAVS
—=— Red MCVS
0.20 —o0— Red gVS
0O Orange JVS
0'00 1 1 1 1 1
2 4 6 8 10 12
Length of expopsure (h)
(b)
1.20
1.00
0.80
—e—Red gVS
< 0.60 —O— Red pgVS
< —%— Red mgVs
—A— Red 2RVS
0.40
0.20
0.00 L 1 L 1 1
30 60 90 120 150 180

Length of exposure (min)

Fig. 1. Fading of reactive azo dyes (a) at lower rate and (b) at higher rate on cellulose films on exposure in aerated aqueous Rose
Bengal (3.3x107° mol dm—3+0.50 mol dm—3 Na»SOy) solution. The solution of Rose Bengal was renewed every 5 h. (Fading of Red
gVS is illustrated in both figures.)
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Yellow for the reaction between the dye and 'O,
generated by Rose Bengal from the rates of fading
for the initial time of exposure. This process may
be described as follows:

D+ '0, ki> Oxidation product of dyes (1)
d[D
W 0.0 &

Since the proportion of dyes in the excited states
is quite low, oxidation may occur for almost all
dyes in the ground state. The oxidation of dyes is
controlled not only by the reaction Eq. (2) but also
by the quantum yield of 'O, generation (cf. 3.1.2).
These reactions proceed in water-swollen cellulose,
a heterogeneous reaction system. As photo-oxida-
tion progresses, the concentration of dyes becomes
non-uniform. Since the concentration of oxygen is
lower than that of the dyes, oxygen must be sup-
plied from the surface of the substrate by diffu-
sion. Moreover, the excitation of dyes occurs

Table 2

preferentially from the surface due to the filter
effect. The photo-oxidation proceeds from the
surface from which light enters.

The value of ky may be regarded as a measure of
the ease with which the dye is oxidized. By a use of
the value of k, for Pry-Yellow as the reference, the
values kg for the other dyes were estimated from
the rates of fading illustrated in Fig. 1 by the same
method as before [33,34,43]. Their values are listed
in Table 2. The order of the values of &k, for these
dyes was:

Red 180 < Red MCVS < Red 241 < Red 227
< Red 4 < Red TAVS < Red 194
<< Orange JVS < Red 23 << Red mgVS$S
< Red pgVS < Red 2RVS < Red 22
< Red gVS < Pyr-Yellow 3)

This order (3) does not correspond to the order
of LF (cf. Table 1).

Values of the rate constant, ko (dm? mol~! s=!) of the second-order reaction with 'O,, the apparent photosensitivity, f (cf. Table 3),
and the values of relative reductive fading, A4/ Ay, in anaerobic sodium DL-mandelate solution for red reactive dyes on cellulose on
exposure to carbon arc under wet conditions

No Dyes ko (Exp. for 5 h)® f f A/ Ay in MA®

(dm? mol~! s71)

Y-46 filter No filter 2h 4h

1 Red gVS 0.70 7.42 x 1074 - 0.943 0.915
2 Red pgVS 0.59 9.19 x 107# - 0.819 0.591
3 Red mgVSs 0.55 3.55 x 10~ - 0.923 0.648
4 Red 2RVS 0.62 6.90 x 10~ - 0.900 0.618
5 Red TAVS 0.098 0.0017, - 0.837 0.707
6 Orange JVS 0.19 0.00169 - 0.788 0.389
7 Red MCVS 0.048 0.0020, - 0.427 0.236
8 Red 42 0.088 0.0097 0.088[48] 0.758 0.518
9 Red 222 0.66 0.029 0.11 [34] 0.672 0.371
10 Red 232 0.22 0.0022, - 0.638 0.058
11 Red 180# 0.030 0.0060 - 0.285 0.022
12 Red 1942 0.10, 0.0023, - 0.684 0.543
13 Red 2272 0.078 0.0028 - 0.703 0.432
14 Red 2412 0.064 0.0016¢ - 0.588 0.377
15 Pyr-Yellow 6.9 [34] 5.89 x 104 0.015[34] 1.0 [50] 1.0 [50]
16 Rose Bengal - 0.76 [49] 0.76 [49] - -

4 C.I. Reactive Generic Name.
® In aqueous RB (3.3 x 10> M +0.5 M Na,SOy,) solution.

¢ In MA =in anaerobic aqueous 0.05 M pL-mandelate (+ 0.5 M Na,SO,) solution (pH 6.2).

4 This value was determined by the extrapolation in Fig. 4.
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In a strict analysis, however, the effect of self-
sensitization on the fading of each dye should be
taken into consideration. Fortunately, since the
photosensitising ability, £, of the 15 dyes examined
was considerably smaller than that of Rose Ben-
gal, the effect may be regarded as negligible. It
may be necessary to consider it in the dyes with
large f values (Red 4 and Red 22) (cf. 3.1.2).

3.1.2. Photosensitisation

In a series of studies on the photofading of
reactive dyes on cellulose, the authors [33,34,43]
determined the photosensitising ability of dyes by
estimating the rates of fading for Pyr-Yellow on
cellulose dyed in admixture with the fifteen red
dyes to be examined. Unlike the reactive dyes
examined previously [33,34], these red dyes pro-
duced too little fading of Pyr-Yellow to estimate
the values of photosensitising ability. In order to
shield Pyr-Yellow from self-sensitization, a yellow
filter was used (cf. 2.3.2), and the fading of Pyr-
Yellow in the admixture was examined. The
results are listed in Table 3, from which the quan-

Table 3

tum yield, f, of the generation of 'O, for 14 dyes
was determined by use of f~values for Rose Bengal
as the reference value [34,49]. The values of f
determined are listed in Table 2.

The processes from light absorption to sensiti-
zation under aerobic conditions can be expressed
as follows [51-53]:

'Do+hv — ' D, (excitation) 4)
'D; — "Dy +m' (fluorescence) (5
'D, = ' D, (internal conversion) (6)
'D; - 3D (intersystem crossing) (7)
3D, — ' Dy (intersystem crossing) 8)
'Di+°0; - *Di+'0; )
(singlet sensitisation)
Di+°0, = "Dy +'0, (10)

(triplet sensitisation)

Values of 4/Aq for Pyr-Yellow on cellulose dyed in admixture with VS dyes and the initial rate of fading (min—!) on exposure to
carbon arc through Y-46 filter under wet conditions. (The values for red dyes are shown in lower column in parentheses.)

No Dyes Initial rate of fading® Time of exposure (h)
S5h 10 h 20 h
1 Red gVS 242 x1073 0.988 (0.969) 0.975 (0.961) 0.971 (0.948)
2 Red pgVS 3.00 x10~3 0.993 (0.968) 0.978 (0.941) 0.964 (0.940)
3 Red mgVSs 1.16 x1073 0.989 (0.989) 0.989 (0.982) 0.986 (0.978)
4 Red 2RVS 2.55 x103 1.0 (0.998) 0.975 (0.985) 0.973 (0.975)
5 Red TAVS 5.58 x10=3 0.969 (0.987) 0.937 (0.962) 0.922 (0.959)
6 Orange JVS 5.50 x10~3 0.972 (0.977) 0.946 (0.985) 0.934 (0.951)
7 Red MCVS 6.83 x107° 0.955 (0.978) 0.933 (0.963) 0.918 (0.970)
8 Red 42 3.18 x10~* 0.888 (0.961) 0.807 (0.924) 0.618 (0.878)
9 Red 22° 9.47 x10™* 0.716 (0.884) 0.531 (0.871) 0.359 (0.837)
10 Red 23* 7.42 x1073 0.985 (0.983) 0.950 (0.952) 0.911 (0.950)
11 Red 180* 1.96 x10~* 0.891 (0.987) 0.853 (0.957) 0.765 (0.955)
12 Red 1942 7.50 x1073 0.981 (0.987) 0.956 (0.986) 0.910 (0.977)
13 Red 227% 9.00 x1073 0.923 (0.988) 0.912 (0.980) 0.892 (0.960)
14 Red 2417 542 x1073 0.963 (0.981) 0.954 (0.966) 0.935 (0.959)
S min 10 min 15 min 20 min
15 Rose Bengal 2.48 x 1072 0.876 0.773 0.616 0.432
(no filter) 6.50 x 1072 0.675 0.441 0.320 0.189

4 C.I. Reactive Generic Name.
® (min—).
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where D denotes dye molecules, left superscripts 1
and 3 singlet and triplet states, respectively, right
subscripts 0 and 1 ground and the first (lowest)
excited states, respectively.

The process (5) may not occur much since no
fluorescence of dyes was observed on the dyed
cellulosic substrate. Since the lifetime of 'D, is
much shorter than that of 3D, process (9) may be
rarer than process (10). The values of f may almost
correspond to the ratios of [process (10)]/[process
(4)]. It is noted that under aerobic conditions, i.e.,
in cellulosic substrate swollen in aerated water,
reaction of 3D, with hydrogen-donating substrates
was strongly inhibited.

The values of f for Red 4 and Red 22, respec-
tively, were a tenth of the corresponding values
estimated without a filter (cf. 3.2). The order of
magnitude for the f~values was as follows:

Pyr-Yellow < Red mgVS < Red 2RVS
< Red gVS < Red pgVS < Red 241
=OQOrange JVS=Red TAVS < Red MCVS
< Red 23=Red 194 < Red 227 < Red 180
< Red 4 << Red 22 (11)

Although the f-value of Pyr-Yellow was pre-
viously determined to be 0.015 (cf. Table 2) com-
pared to a blue dye with the lowest value
examined [34], it may be considered that the value
should be also the lowest shown in the order (11),
taking both the photosensitising ability and
photo-reductivity for all the dyes examined in the
present study into consideration (cf. 3.2.1, Fig. 4).
The f-values for Pyr-Yellow determined by extra-
polation may correspond to the value by use of the
filter.

No correlation between LF and the order may
be found (11). Taking both factors of ky and finto
consideration, an analysis is given below.

3.1.3. Relationship between photo-oxidative fading
and LF on cotton fabric

It was reported by the present authors that LF
may depend not only upon the ky-values but also

upon the f-values [14,43]. The log (f k¢) was plot-
ted against the rating of LF as shown in Fig. 2.
Since the red reactive dyes examined were
remarkably influenced by the filter, estimation of
LF by the use of a filter was used. Since common
red dyes possess LF ratings around 5, plots of the
relation centered around these ratings. Plots of
dyes with lower LF and those of vat dyes with
higher LF were also added to the figure to clarify
the essential relationship. This figure indicates an
approximate relation between the log (f k¢) and
the rating of LF. Plots of reactive dyes other than
azo dyes such as Blue 19 [34], phthalocyanine dye
[34], and TPDO dyes [43], which were added to the
figure, fell into the same line. As shown in the case
of vat dyes [14], this relationship may be common
to reactive and vat dyes on cellulose. Since the
photo-reduced carbonyl groups of vat dyes are
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A
A
4.0+ G3
2 30k
N 3.0
a0
L
|
2.0F s 0
22
2
1.0+ b
0Ly 1 ] 1 ] l
4 5 6 7 8

Lightfastness rating

Fig. 2. Correlation between log (f ko) and the ratings of light-
fastness for reactive azo (O, with Y-46 filter; @, without filter),
anthraquinone (W, C.I. Reactive Blue 19 (B19) without filter
[34]), phthalocyanine (4, VS-CuPc (CuPc) without filter [34]),
and triphenodioxazine (<, PVS-TPDO (PVS) and BF-TPDO
(BF) with Y-51 filter [43] ) dyes and vat dyes (A, without filter
[14]) on cotton fabric (N/1 depth). (In the figure, symbols of
reactive red dyes, used in the present study, are illustrated by
numbers or alphabetical symbols without hue names, while
symbols for the other reactive dyes are in the parentheses in this
caption. Symbols of vat dyes are given by the first character of
hue name and its number for C.I. Generic Name.)
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completely recovered by air oxidation, which may
occur in an inner part of the substrate, the photo-
reduction may not contribute to the LF. In the
case of azo dyes, however, the photo-reduction of
azo groups is not recovered. The photo-reduction
of azo groups may make some contribution to the
LF of reactive dyes on cotton fabric. However, the
contribution may be small since common reactive
azo dyes in general possess small quantum yield to
the triplet state.

3.2. Photo-reduction of monoazo reactive dyes

3.2.1. Estimation of photo-reductivity

According to van Beek et al. [54-59], photo-
reduction of monoazo dyes in solution by the
irradiation of UV light generates hydrazyl radical
intermediates of dyes, which undergo a dis-
proportional reaction in the dark resulting in the
formation of the corresponding amines and
iminoquinones as well as the original dyes via dif-
ferent mechanisms depending upon the con-
centrations of reactants. The intermediates are
unstable, have short lifetimes and exist only in low
concentration. Although the photoreduction
mechanism they proposed may not be acceptable
by recent photochemical theories [51-53], their
experimental results may be valuable. It was
reported also that on irradiation of azo dyes in the
presence of substrates such as DL-mandelate and
glucose, the formation of active intermediates with
strong reducing properties from the substrates,
which promoted the formation of amines from azo
dyes in the dark, was recognized [54,55]. Although
these reactions were carried out homogeneously in
solutions, similar reaction behaviours, the stoi-
chiometric generation of amines and little forma-
tion of intermediates, were also observed in the
present study in water-swollen cellulose [35]. In
the electrochemical reduction of azo compounds,
mutual interactions between reaction inter-
mediates resulting in the corresponding amines
were also reported [60—67].

In the present study, the rates of fading for 15
dyes were determined by irradiating dyed cello-
phane immersed in an anaerobic aqueous DL-
mandelate solution, as shown in Fig. 3. The order
of the rates determined was as follows:

Pyr-Yellow << Red gVS << Red TAVS
< Red mgVS < Red 2RVS < Red pgVS
< Red 194=Red 4 < Orange JVS
=Red 227 < Red 22=Red 241 << Red 23
=Red MCVS << Red 180 (12)

The photo-reductivity of Pyr-Yellow was dis-
cussed in the previous study [50]. Combining the
order of photo-reductivity (12) with the order of
photosensitising ability (11), a correlation could be
found between the logarithms of photosensitising
ability (f) and the relative initial rates of photo-
reduction, as shown in Fig. 4. The plots of Red 4
and Red 22 deviated downwards in Fig. 4. This
may be attributed to the large influence of the
yellow filter as listed in Table 2. Since the Y-46
filter shielded the short wavelength side of the
main absorption band of Red 22, which has a
small absorption band around 350-380, Red 22
might be strongly influenced by the yellow filter.
Similar influences on Red 4 cannot be explained
from the absorption spectra. The seven H-acid red
dyes had less photosensitising ability than Red 4
in spite of their resemblance in the absorption
spectra.

3.3. PLF

As mentioned below, dyes are listed in Table 4
in the descending order of the PLF (cf. Table 1),
except for C.I. Reactive Red 23. Although histi-
dine, in general, had a strong effect on the
absorption spectra on Cu-complex azo dyes on
dyed film immersed in aqueous solution contain-
ing histidine, the spectra of Red 23 showed excep-
tionally little influence [68].

The LF, however, has no such tendency. The
potential properties, photosensitising ability, photo-
oxidizability, and photo-reductivity, are examined
for 15 dyes on cellophane. Why the dyes with these
properties undergo fading depending upon the
environmental conditions of exposure is discussed.

Evaluation of light-related phenomena by test-
ing methods such as ISO and JIS methods are
based on colour variations after exposure of the
dyed fabric for a definite time period. The present
methods using dyed cellulosic films are to evaluate



T. Hihara et al. | Dyes and Pigments 60 (2004) 23—48 33

the potential properties from the initial rates of results by the testing methods shown in Figs. 5-12
variation in the absorbance at a definite wave- and Table 4, the three potential properties were
length. Since the potential properties based on the used to analyse the photofading phenomenon of
latter methods can express the essential differences azo dyes in the presence of substrates under aero-

in the LF and the PLF more precisely than the bic conditions.

(2)
1.2

—0—Red 4

——Red 22

A Red 23

—*—Red 180

A Red 194

—— Red 227

—>— Red 241

= Red MCVS

®) 1.2

—=—Red MCVS
—8— Red TAVS
—o—Red gVS
—A— Red mgVS
—A— Red pgV$s
—x— Red 2RVS
—%— OrangeJVS

A/ Ao

0 2 4 6 8
Length of exposure (h)

Fig. 3. Fading of reactive azo dyes (a) at higher rate and (b) at lower rate on cellulose films on exposure in anaerobic bL-mandelate
(0.050 mol dm—3 (pH 6.3)+0.50 mol dm—> Na,SO,) solution. (Fading of Red MCVS is illustrated in both figures.)
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Table 4

Values of AE,2, AEmo(2:1)°, and GS.(gray scale rating for colour change)® for vinylsulfonyl, monochlorotriazinyl and their bifunc-
tional reactive dyes estimated by various testing methods for colourfastness to light and perspiration, and chromaticness values (L*) of
test fabrics (1.0% o.w.f.) by exposure to carbon arc for 8 h and light fastness for 1/1 and 1/6 of standard depth

Colorfastness Light and perspiration Light

Testing method JIS(8) ATTS(3.5) ATTS(8) LACT Ever wet¢ 1/6 1/1

Pyr-Yellow AE;, 1.82 3.03 2.06 3.15 2.00

L*=88.78 AE¢mc 0.78 1.20 0.85 1.37 0.79 2 5
AER(GSc) 1.15(4.5) 1.91(4) 1.15(4.5) 2.15(3.5) 1.20(4.5)

Red gVS AE,, 1.24 2.31 1.09 2.96 26.08

L*=49.59 AEcmc 0.51 1.02 0.51 1.29 10.97 5-6 6
AER(GSc) 0.78(4.5) 1.91(4) 1.04(4.5) 2.49(3.5) 20.38(1)

Red pgVS AE;, 1.63 4.55 4.37 4.48 17.26

L*=5423 AE e 0.71 2.00 1.88 1.95 7.20 5 5
AER(GSc) 1.21(4.5) 3.62(3) 3.35(3.5) 3.57(3) 12.59(1)

Red mgVs AE,, 4.52 2.29 2.23 1.87 12.81

L*=154.34 AEcc 2.22 1.02 1.01 0.82 5.69 4 4-5
AER(GSc) 3.69(3) 1.90(4) 2.12(3.5) 1.25(4) 10.03(1.5)

Orange JVS AE;, 3.45 3.06 4.57 4.02 4.42

L*=58.30 AE e 1.51 1.43 1.84 1.72 1.78 3 4
AER(GSc) 2.99(3) 2.68(3.5) 3.53(3) 3.66(3) 3.21(3)

Red 2RVS AE,, 2.49 4.74 8.51 6.60 5.46

L*=57.20 AFE 1.05 2.00 3.61 2.78 2.32 5-6 5-6
AER(GSc) 1.56(4) 3.40(3) 6.55(2) 4.75(2.5) 3.60(3)

Red TAVS AE;, 4.56 4.55 9.33 7.23 2.41

L*=54.97 AEcme 1.73 1.82 3.59 2.81 0.94 34 4-5
AER(GSc) 2.27(3.5) 2.84(3.5) 5.33(2.5) 4.39(2.5) 1.35(4)

Red 4¢ AE,, 7.38 8.88 15.91 11.01 4.40

L*=59.92 AFE e 3.07 3.73 6.58 4.63 1.99 34 4-5
AER(GSc) 4.93(2.5) 6.30(2) 11.69(1) 8.01(2) 3.71(3)

Red 227¢ AE;, 3.82 5.87 15.24 8.87 1.55

L*=56.96 AE¢pc 1.47 2.26 5.93 3.44 0.65 4-5 5
AER(GSc) 2.06(4) 3.31(3) 9.59(1.5) 5.41(2.5) 1.29(4)

Red 194¢ AE;, 4.01 5.97 15.37 9.78 2.44

L*=57.20 AFEcpc 1.52 2.31 5.91 3.80 1.21 4-5 5
AER(GSc) 2.09(4) 3.44(3) 9.36(1.5) 6.13(2) 2.23(4)

Red 241¢ AE,, 4.94 7.98 16.50 9.48 3.24

L*=52.35 AEcmc 1.92 3.27 6.51 3.77 1.44 4 5-6
AER(GSc) 2.86(3.5) 5.77(2.5) 10.93(1.5) 6.28(2) 2.80(3.5)

Red 22¢ AE;, 6.67 7.88 13.77 12.74 11.53

L*=61.58 AEcmc 2.77 3.28 5.72 5.39 4.85 3 34
AER(GSc) 4.47(2.5) 5.87(2) 10.14(1.5) 9.68(1.5) 9.35(1.5)

Red MCVS AE,, 7.67 11.89 22.83 16.59 1.26

L*=57.07 AEcmc 3.02 4.75 9.14 6.64 0.68 4-5 5
AER(GSc) 4.67(2.5) 8.15(2) 16.25(1) 11.63(1) 1.16(4.5)

Red 180¢ AE;, 7.98 11.59 20.39 14.78 1.13

L*=56.78 AE e 3.15 4.63 8.12 5.90 0.60 4 5-6
AEg(GSc) 4.84(2.5) 7.81(2) 14.00(1) 10.13(1.5) 1.01(4.5)

Red 23¢ AE,, 2.98 4.60 8.52 4.21 2.35

L*=53.33 AEcc 1.33 2.03 3.60 1.83 1.11 6 7
AEg(GSc) 1.97(4) 3.10(3) 5.66(2.5) 2.61(3.5) 1.58(4)

2 Estimated by ISO 105-J03:1995.

® Estimated by ISO 105-A05:1996.

¢ C.I. Reactive Generic Name.

d Lightfastness on ever wet fabrics estimated by JIS L 0888 method.
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3.3.1. Photo-fading of azo dyes in the presence of
substrate under aerobic conditions

How the potential properties, illustrated in
Figs. 1 and 3 and Tables 1-4, are manifested on
exposing 15 dyes on cotton fabric is examined by
various testing methods for the PLF. The present
authors [38-40] have already assessed whether or
not various testing methods can analyze or esti-
mate precisely the potential properties of typical
reactive dyes to be examined. From the results of a
series of studies, four testing methods, JIS (8),
ATTS (3.5), ATTS (8), and LACT, were adopted
to examine the fading behaviour of dyes used.

The exposure of wet fabrics was also done. In
order to keep the test fabrics wet during the
exposure, wet cotton fabrics were set behind the
test fabrics, and the other end of the adjacent
fabrics was immersed in water in the bottom of a
glass vessel. After exposure for a prescribed time
period, reflection spectra of test fabrics were
measured by a V-560 spectrophotometer and the
chromatic values of exposed fabrics were
obtained from a computer program equipped
with a photometer. The values of colour differ-
ences, AE*,,, AE .y (2:1), and AE, and the gray
scale rating for colour changes were obtained
using the ISO methods [69,70] as listed in Table 4,

35F ey
AZRVS
3.0f avs Q"
“ TavsQ V
=]
.l9. 25
0]
180
2.0} 04
15k 022
T 1 1 1
0 0.2 0.4 0.6 0.8

Initial rate of photoreduction, 1 — A/Ay

Fig. 4. Correlation between log f (f-values determined with a
Y-46 filter, cf. Table 2) and the relative initial rates of photo-
reduction, 1 — A/A4y for 2 h under anaerobic conditions, for
reactive azo dyes from H- (O), v- (A), J- (V) and L-acids ([1J)
on cellulosic films on exposure to carbon arc (cf. Table 2). (In
the figure, symbols of reactive red dyes are illustrated by num-
bers or alphabetical symbols without hue names.)

where the values of L* for the test fabric used are
also shown.

3.3.2. H-acid group

3.3.2.1. Red 4 and Red 180. The relationships
between the values of AE*,, and the period of
exposure for Red 4 and Red 180 on cotton fabrics
immersed in the artificial perspiration are shown
in Fig. 5(a) and (b) together with those on dry and
ever-wet fabrics. The fading profiles for both dyes
were similar to each other in shape except for dry
and ever-wet fabrics. The LF of Red 180 was
higher than that of Red 4 by 0.5-1.0 times the
rating of dry fabrics, while the fastness was 1.5
times the ratings of wet fabrics. The CIELAB
values for Red 180 were larger than the corre-
sponding values for Red 4 for four testing meth-
ods, but not higher for ever-wet fabrics. The gray
scale ratings for the colour variations of two dyes
were the same as each other except for the LACT
method (0.5 rating) and for the ever-wet method
(1.5 rating).

Inspecting further the fading profiles of the two
dyes on dry and wet cotton fabrics in detail, the
rate of fading for Red 4 on dry fabrics had a
positive slope and was definitely larger than that
for Red 180. The fading of Red 180 on dry fabrics
had a negligible slope, giving it a higher fastness
than Red 4, although the CIELAB values for PLF
for Red 180 were a little larger than those for Red
4. Red 180 is designed to improve the LF at the
cost of PLF (cf. 3.4). Since this dye has the largest
photo-reductivity [order (12)] and the least photo-
oxidizability [order (3)], the two potential proper-
ties among the three are manifested well in the
fading profiles estimated by the testing methods for
PLF, but another one, the f-value, photosensitis-
ing ability, seems to play little role in the fading by
this testing method. Since substrates on fabric
suppress the initial photo-oxidation, the effect of
photosensitization may be considerably hidden.

3.3.2.2. Red 194, Red 227, and Red 241. Red 194
and Red 227 are isomers of each other and show
similar fading profiles estimated by all the testing
methods, as illustrated in Figs. 6 and 7. The
ratings estimated for both the dyes coincided in
the corresponding items with each other within 0.5
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rating. The position of the VS groups has no
influences on the fading of these isomers.

When the fading of Red 241 (Fig. 7) is com-
pared with that of Red 194 and Red 227, the rat-
ings estimated by all test methods coincided with
each other in the corresponding items within 0.5
rating. Substitution of orthanilic acid by 2-amino-
naphthalene-1,5-disulfonic acid brought about lit-
tle variation in the fading profiles. Compared with
the fading of Red 4 and Red 180, these three dyes

showed less photo-reductivity than the former two
dyes, but the differences in the reductivity among
them were too small to realize from the results of
the present testing method shown in Figs. 6 and 7
and Table 4.

According to the characterization of photo-
reduction with DL-mandelate (Red 194 <Red
227 <Red 241) and photo-oxidation with Rose
Bengal (Red 241 <Red 227 <Red 194), however,
their photochemical properties hold an inverse
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Fig. 5. Fading of (a) C.I. Reactive Red 4 (X,=38.40, Y,=28.03, Z,=35.01) and (b) C.I. Reactive Red 180 (X,=36.16, Y,=24.70,
Zy,=131.38) on cotton fabric immersed in artificial perspiration on exposure to carbon arc.
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relation [cf. order (3) and (12)]. As mentioned
below, the photo-reductivity contributes primarily
to the PLF. But no order (11) of photosensitising
ability (Red 241 <Red 194 <Red 227) seems to
correlate with the fading of this case. (The authors
considered why the ko-values correlate inversely
with the PLF (cf. 3.4). In spite of the relationship
between f-values and the photo-reductivity,
1 —A/A,, illustrated in Fig. 4, the correlation
between red dyes from H- and y-acids is not very
close. It may be attributed to the use of the filter

(a)

necessary to estimate the f~values. But, if the relation-
ship is analysed over a wide range of dye struc-
tures, the relation may hold as shown in Fig. 4, but
within a narrow range. This fact may mean that the
filter effects are not the same on all the red dyes.)
No estimation by existing testing methods may
be able to differentiate these delicate differences
except the film methods with Rose Bengal and DL-
mandelate. Red 241 has smaller photo-oxidiz-
ability and larger photo-reductivity than the other
two red dyes. Since the other red dyes from H-acid
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Fig. 6. Fading of (a) C.I. Reactive Red 194 (X, =38.18, Yy =25.13, Z;=26.45) and (b) Red TAVS (X,=135.24, Y, =22.90, Z;,=26.59)
on cotton fabric immersed in artificial perspiration on exposure to carbon arc.
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possess similar properties as mentioned below, the Red TAVS < Red 4=Red 194 < Red 227

general photochemical properties are discussed in < Red 241 < Red MCVS < Red 180, (13)
Section 3.3.6.

3.3.2.3. Red MCVS and Red TAVS. When Red and that of photo-oxidation is:

MCVS and Red TAVS as well as Red 4 and Red

180 (cf. 3.3.2) are added to the comparison of the

above three red dyes, the order of photo-reduction Red 180 < Red MCVS < Red 241 < Red 227

is: < Red 4 < Red TAVS < Red 194 (14)
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Fig. 7. Fading of (a) C.I. Reactive Red 227 (X,=37.74, Y,=24.88, Z;,=26.77) and (b) C.I. Reactive Red 241 (X;,=31.62, Y, =20.46,
Z,=26.17) on cotton fabric immersed in artificial perspiration on exposure to carbon arc.
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The order (13) is a partial extract from the order
(12), while the order (14) is from the order (3). As
shown by the order, all the dyes from H-acid hold
the inverse relationship. But the order of photo-
sensitising ability is:

Red 241 < Red TAVS <Red MCVS < Red 194
< Red 227 < Red 180 < Red 4 (15)

No good correlation is found between (15) and
(13) or (14).

The fading profiles of these two dyes are shown
Figs. 5 and 7. As implied by the inverse relation-
ship, the fading profile of Red MCVS is between
Red 180 and Red 241 from order (3) and (12). In
the photosensitising ability, some other factors
may contribute to the order (15). In practice, the
fading of Red MCVS on dry cotton is smaller than
that of the other red dyes, although there is no
difference in the rating of LF for these red dyes.
The fading on wet fabrics is considerably sup-
pressed, a merit of this dye, at a cost of PLF, a
demerit. The fading behaviour of Red MCVS is
nearly similar to that of Red 180 from the results
of the PLF test.

It is noted that the introduction of an N-methyl-
anilino group in stead of a chloride one in the tri-
azine nucleus makes little improvement over Red
194 in the stability to both the oxidative and
reductive attacks by the film tests. The results by
the testing methods of PLF for dyed fabrics
showed only some small improvements but at a
cost of LF (cf. Tables 1 and 4, and Section 3.4).

3.3.3. Pyr-Yellow, Red gV'S, Red mgV'S, Red
pgV'S, and Red 2RV'S

The fading profiles of these five dyes on cotton
fabric are shown in Figs. 8-10. Red gVS, Red
mgVS, and Red pgVS are isomers that have VS
groups at different positions, except for the meth-
oxy group of Red mgVS. Red 2RVS from 2R-acid
has an additional sulfonic acid group for the y-
acid dye group. The five dyes show similar fading
profiles due to the common structure of y-acid. It
can be noted that these dyes and the H-acid dye
group (cf. 3.3.2) are poles apart in photochemical
reactivity. Inspecting the profiles in detail, Pyr-
Yellow and four red dyes from y- and 2R-acids

showed characteristic fading: the greatest fading
(rating 2) of Pyr-Yellow on dry fabrics and the
greatest fading (rating 1-3) of the red dyes on wet
fabrics. The latter abnormal fading on wet fabric
may be attributed to its large (or usual) photo-
sensitising ability, while the former fading to the
very small photosensitising ability [34], but Pyr-
Yellow suffers catalytic fading in mixture dyeing
especially on wet fabrics [32,33]. Three red dyes
from y-acid may possess the same property as Pyr-
Yellow. Introduction of a sulfonic acid group (Red
2RVS) improves the LF on wet fabric but unfor-
tunately at a cost of PLF. These dyes from y-acid
suffer little fading in the presence of substrates
because substrates act as a radical scavenger of
10, to suppress the oxidative fading. Then, they
have excellent PLF: ratings 3—4.5, while the rating
for Red 2RVS is not always fair (cf. Table 1). The
fading behaviour of Red 2RVS is between the
other three red dyes from vy-acid and dyes from
H-acid. Thus, dyes from y-acid should not be
used on wet fabric, although they have good PLF.
The fading after immersing in artificial perspir-
ation even at pH 8 was almost completely sup-
pressed for Red gVS and Pyr-Yellow, and was
considerably suppressed for Red pgVS and Red
mgVS. The latter two dyes showed fading
behaviour between the dyes from H-acid and the
former two dyes.

3.3.4. Orange JVS and Red 22

Compared with the other dyes, the fading beha-
viour of these two dyes was very complex, as
shown in Fig. 11. Red 22 undergoes exceptional
fading that is different from the other dyes [34]. It
is caused by its high photosensitising ability and
the very great ease with which it is photo-reduced
and oxidized [35]. On exposure under wet condi-
tions, it suffered great initial oxidative fading, but
after drying during exposure the fading by JIS 8
and ATTS (3.5) methods was almost suppressed
accompanying thorough fading from the surface,
less fading than that of ever-wet wet fabric. The
preferential surface fading of Red 22 was also
observed in ever-wet fabric, but this dye shows
little fading on dry fabric, compared with that in
the other test methods. This dye has good photo-
stability only on dry fabric, and Red 22 should be



40 T. Hihara et al. | Dyes and Pigments 60 (2004) 23—48

avoided in dyeing cotton that has a chance of
exposure to wet conditions.

Orange JVS, on the other hand, as a whole
showed the smallest fading among dyes examined
on exposure by various testing methods. Thus, the
PLF was estimated to be 3-3.5, but the LF was
also of this magnitude. Since this dye exists at the
middle position of the orders (3) and (12), com-
mercial dyes seem to improve the LF at the cost of
PLF or by decreasing the photo-oxidizability and

(@)

increasing simultaneously the photo-reductivity.
As can be seen from Red 22, Red 4 and Orange
JVS, dyes located in the middle position of
the redox series may not be considered excellent
dyes.

3.3.5. Red 23

This is one of dyes with the highest LF of the
reactive dyes, as well as excellent PLF (cf. Tables 1
and 4). Testing methods of PLF for most Cu-
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Fig. 8. Fading of (a) Red MCVS (X,=36.73, Y,=25.00, Z,=27.85) and (b) Red 2RVS (X;,=35.05, Y(,=25.12, Z,=29.65) on cotton

fabric immersed in artificial perspiration on exposure to carbon arc.
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complex azo dyes, which use histidine, results in
low ratings of fastness, since histidine coordinates
to copper atoms of Cu-complex dyes to give high
adsorption on cellulose [71]. Some testing methods
use a large concentration of histidine in the artifi-
cial perspiration to strengthen the effect of the
substrates [68,72,73]. As shown in Fig. 12, how-
ever, Red 23 had very little effect on the colour
variation or the abstraction of copper atoms on

immersing and exposing after the immersion.
Since the rates of abstraction of copper atoms
increase with an increase in the pH of the aqueous
artificial perspiration in spite of the least colour
change of the dye, the ATTS (8) method resulted
in colour variations with the time of exposure,
giving a low PLF, but the other methods give
good or excellent PLF. Therefore, the LACT
method without histidine gave an excellent PLF.
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Fig. 9. Fading of (a) Pyr-Yellow (X, =64.94, Y,=73.65, Z,=31.50) and (b) Red gVS (X,=27.11, Y,=18.08, Zy=19.61) on cotton
fabric immersed in artificial perspiration on exposure to carbon arc.
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3.3.6. General photo-fading of reactive azo dyes on
cotton fabric in the absence and presence of
substrates

3.3.6.1. Exposure of the dyes on dry cotton fabrics
in air. Prolonged exposure to light in air produces
characteristic colour variations indicating photo-
reduction in cotton fabric dyed with vat dyes [14].
The photo-reduction occurred in the inner part of

fabric, while the photo-oxidative fading proceeded
preferentially from the interfacial part [14]. This
mechanism of photo-fading should also hold for
the reactively-dyed fabric (cf. 3.1), since the for-
mation of photo-reduction products were con-
firmed from the absorption spectra of the exposed
sample in air [36]. In general, it is difficult to prove
the occurrence of photo-reduction of reactive dyes
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Fig. 10. Fading of (a) Red pgVS (Xy=31.77, Y,=22.19, Z,=21.56) and (b) Red mgVS (X,=30.42, Y(,=22.29, Z;=19.96) on cotton

fabric immersed in artificial perspiration on exposure to carbon arc.
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in the inner part of cellulose due to the small rela-
tive fading and lack of a characteristic spectrum of
reaction products.

Photo-reduction of vat dyes is reversible, while
that of azo dyes irreversible. It is natural that the
photo-fading of vat dyes is attributed to photo-
oxidation [l14]. As mentioned above, it was
demonstrated that the fading of cotton fabric dyed

with reactive azo dyes is dependent upon photo-
oxidation (cf. 3.1.3). This fact may imply that the
contribution of photo-reduction to the fading is
relatively small. Moreover, in practice, due to the
transmittance of the dyed substrate, the incident
light is absorbed preferentially at the surface, a filter
effect, and the photo-fading may advance from the
surface, but at much lower rates in the inner part.
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Fig. 11. Fading of (a) Orange JVS (X,=38.23, Y(=25.96, Z,=14.02) and (b) C.I. Reactive Red 22 (X;,=40.92, Y,=29.91,
Z,=29.82) on cotton fabric immersed in artificial perspiration on exposure to carbon arc.
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3.3.6.2. Exposure after immersing in artificial per-
spiration. In the presence of substrates such as
perspiration, the photochemical processes are the
exposure of dyes on cotton fabrics containing
substrates of low molecular weight in air and in
some cases under aerobic wet conditions. Accord-
ing to the spectral analyses of photo-decomposed
products, the oxidative and reductive fading
occurred simultaneously at the beginning of expo-
sure, and later the oxidative fading was suppressed
depending upon the concentrations of oxygen and
substrates [35]. Since substrates such as amines
usually act as radical scavengers, they may sup-
press the initial photo-oxidative fading and pro-
mote the subsequent photo-reductive one, while
oxygen has the reverse effects. (For example, wool
plays the role, and the LF is markedly increased.)
The initial suppressive effect, however, was not
easily recognized in the fading on cotton fabric,
but the promotion effect was remarkable.

The photo-fading of individual azo dyes in the
presence of substrates was analysed and summar-
ized above (cf. Figs. 5-12 and Table 4). The fading
could be explained qualitatively in terms of the

10

three essential properties, but not quantitatively.
The difficulties of explanation may be attributed
to both the physically heterogeneity in respective
positions of dyed substrate where the photo-
chemical reaction takes place and changeable
environmental conditions with time.

3.4. Conflicting relationship between photo-
oxidisability and reductivity

In order to illustrate the relationships between
the photo-reductivity, | — 4/ A4y, and the ky-values,
their plots are shown in Fig. 13, a rectangular
hyperbola. For the azo dyes from H- and y-acids
examined in the present study, the products of the
values of (1 — A/Ap) and of ky are roughly con-
stant, indicating that the parameters possess con-
flicting properties with each other. Within azo
dyes from H-acid, these properties can be surely
recognized, but can not within ones from y-acid.
Since the latter dyes have narrow range of prop-
erties, it may not be recognized unless they are
considered together with dyes from H-acid,
although they have little photo-reductivity but

CIELAB

——JIS 8
—0oO— ATTS 35
—A—ATTS 8

10

Length of exposure (h)

Fig. 12. Fading of C.I. Reactive Red 23 (X;=30.60, Yy=21.35, Z,=24.03) on cotton fabric immersed in artificial perspiration on

exposure to carbon arc.
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large values of ky. Both parameters for Red 22 and
Orange JVS did not fit with the rectangular
hyperbola, but they did not deviate greatly. As a
whole, the conflicting relationship may hold
roughly for azo dyes, but approximately within a
narrow range of structures.

As mentioned above, the kg-values express the
reactivity of azo dyes in the ground state against
'0,, while the photo-reductivity may depend upon
the photophysical and chemical properties of the
T, state [§—14]. Although it was observed in Fig. 4
that the latter physical properties are proportional
to the initial rates of photo-reduction and to the
quantum yield of 'O, under the conditions that
allow only the photo-oxidative reactions to occur,
no one has reported the reason a correlation such
as that illustrated in Fig. 13 exists in the chemical
properties between ground and excited states.
Although photo-reduction may depend on the
values of pK, of azo groups in the T, state, Fig. 4
seems to imply little dependence upon the pK,, but
only upon the quantum yield of the T, state. Since
van Beek et al. [54,55] also reported that the
photo-reduction of monoazo dyes had a close
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Fig. 13. Relationship between the k(-values (cf. Table 2) for
azo dyes from H- (O), v- (A), J- (V) and L-acids ([J) on cel-
lulosic films and the relative rates of reductive fading (1 — 4/ A4
for 2 h; cf. Fig. 3 and Table 2). (In the figure, symbols of reac-
tive red dyes are illustrated by numbers or alphabetical symbols
without hue names.)

correlation with the electron affinity of the dyes
from the reduction potential, further examination
is required to elucidate the correlation. This is the
same result as the present study, if the reciprocal
relationship between reduction and oxidation of
the dyes in the ground state is taken into con-
sideration. This relationship is a controversial
property that gives a high PLF to azo dyes as well
as a high LF for photo-oxidative fading. If the
inverse relation is an inevitable property for azo
dyes, or if no method is found to minimize the
ease with which they undergo both photochemical
reactions, no one may be able to design azo dyes
from H- and y-acids with excellent LF as well as
excellent PLF. Azo dyes from H-acid were exam-
ined for a limit of direction to minimize the k(-
values, while those from y-acid were to minimize
the f~values. Dyes with intermediate values possess
lower PLF than the dyes from H- and y-acids
have.

4. Summary

Potential properties, photo-oxidizability (f: the
quantum vyield to generate !0,), photo-reductivity
(relative initial rates of photo-reduction by
immersing in anaerobic DL-mandelate solution),
and photo-oxidisability (ko: the ease with which
the dye is oxidized by !O,), for fifteen reactive
monoazo dyes were estimated by use of dyed cel-
lulosic films, and the photofading of reactively-
dyed cotton fabric was analysed in terms of the
potential properties to elucidate the mechanism.

The reactive azo dyes examined were found to
show the following photo-fading characteristics:

1. The ratings of LF of fifteen reactive dyes on
cotton fabric had a close relationship with
the logarithmic product of f and ko, indi-
cating that the dye fading was due to
photo-oxidation and that the LF depends
upon both the f- and k(-values.

2. The photo-reductivity of reactive dyes was
proportional to the f-values. The photo-
fading occurred via the T, state, which
generated 'O, to undergo photo-oxidation
under the aerobic conditions and abstrac-
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ted hydrogen atoms from substrates to
form corresponding amines under the
anaerobic conditions.

3. A contradictory relationship between the
photo-reductivity and the ease with which
the dyes were photo-oxidised was found for
azo dyes, but the reason why azo dyes
possess the restriction could not be eluci-
dated. The design of azo dyes with excellent
LF as well as PLF is impossible unless this
restriction is overcome.

The three potential properties for photo-fading
of dyes were determined from the initial rates of
variation in the absorbance of dyed cellulosic films
due to exposure, while the ratings of colour-
fastness were determined by measuring the colour
differences after a long definite time of exposure.
The latter methods are not suitable to analyse the
photochemical properties of dyes. Testing meth-
ods for light-related properties of dyes are
required to utilize the initial slope in the colour
variation, which all scientific or physico-chemical
analyses use.
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