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The photrochemical behaviour of four reactive-azo dyes (two
dyes with poor wer light fastness and two dyes with normal
wet light fastness] was examined to elucidate the mechanisms
by which some reactive azo dyes, applied ro cellilose,

Jade more rapidly when wet.

In one case it was found that the major primary photo-
chemical reaction is photoejection of electrons, which is
enhanced in the aqueous environment, while in the second
case, a back reaction between hydroxy! radicals and dye
molecules is facilitated by the aqueous environment.

Introduction

It is generally recognized that an increase in the moisture
content of dyed textiles reduces the light fastness of the dye
{L]. One explanation for this phenomenon proposes that the
swelling of the fibres by the water allows increased diffusion
of oxygen and other substances that have a role in the fading
process [2,3].

The fact that the sensitivity of dye fading to moisture
content varies widely between different dye—substrate
systems, and indeed between similar dyes on the same
substrate, suggests that no simple explanation will cover all
cases. Of particular interest are those reactive dyes on cellulose
whose light-fastness properties are very sensitive to moisture
though other dyes of similar structure show no such sensiti-
vity. This study describes an attempt to determine the
chemical and physical processes responsible for the anomalous
light-fastness behaviour of some moisture-sensitive reactive
dyes.

Materials and Methods

The dyes and cellophane film were supplied by Ciba—Geigy
Dyestuffs Research Division, Basle, Switzerland. Dyes were
purified by recrystallization from water/ethanol until the
absorbance of a standard solution reached a maximum. This
procedure usually involved a minimum of three recrystalliza-
tions. The resulting molar absorption coefficients, together
with the dye structures, are given in Table 1. Dyeings were
carried out by the method suggested in the manufacturer’s
pattern cards.

Al chemicals used were A.R. grade and these were used
with no further purification. Samples were irradiated in an
Oliphant Irradiation Chamber Model PCW—128W (Oliphant
Bros., South Australia) containing sixteen Southern New
England Ultraviolet Co. Model RPR 3100 A lamps.

The spectral distribution curves of the lamps were deter-
mined with a Hilger and Watts Model E498 Spectrograph using
either Kodak Type I-N or Tri—X Spectroscopic plates. The
developed plates were scanned on a Joyce Loebl Microdensito-
meter and the resulting spectra corrected for the sensitivity of
the photographic emulsions. The ferrioxalate actinometer
method of Hatchard and Parker [4] was used to determine the
total quanta available at the sample position.

The uwv. and visible absorption spectra of the dyed
cellophane films and filier glasses used were recorded on a
Cary 15 Spectrophotometer. The rate of fading of the dyed
films was determined by recording the absorption spectra, at
suitable time intervals, during the irradiation period.

Photoconductivity measurements were performed in an
instrument constructed in our laboratories [5]. The ESR
Spectrometer used in this work was also constructed in the
School of Textile Technology and is described elsewhere [6].

Quantum yields were calculated as follows {7] :

initial rate of loss of dye

initial rate of quanta absorbed

A -AN
where the rate of quanta absorbed = (J, E;\TI;\ (1 =10 HAN)

and /g — source intensity
I -- fractional intensity at wavelength A
Ax — absorbance at wavelength X
A - A2 — wavelength range of light source
AN -~ summation step (usually 2 nm)

Results and Discussion

Effect of Dyve Fixation on Fading

The effect on the light fastness of reactive dyes of the covalent
chemical bond to the substrate still remains unresolived. In the
case of reactive dyes on cellulose, it has been variously
reported that the covalent bond improves the light fastness of
the dye [8], reduces the light fastness [9] or that the results
are inconclusive [10]. Before proceeding with this investiga-
tion it was considered desirable to ascertain the effect of the
dye—substrate covalent bond on the dyes under investigation.

The quantum yields of fading of the four reactive dyes
were determined on samples which had not been subjected to
the normal fixation process and on samples in which the dye
had been fixed.

The results given in Table 2, for fading of dry samples
exposed to the full output of the RPR 3100 lamps, indicate
that, for the two dyes Dye | and Dye 4, bonding to the fibre
increases the light fastness (reduction in quantum yield of
fading): for Dye 2 there is a reduction in light fastness due to
bonding, while Dye 3 shows no significant change. These
findings, combined with those previously published, suggest
that it is not possible to generalize, since different dyes of
similar structure show different effects due to dye-fibre
covalent bonding.

JSDC  June 1977 213



TABLE 1

Dye Structures and Extinction Coefficients
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(where X is an aromatic amine)
TABLE 2

Initial Quantum Yields for Dye Fading in Dry Cellophane

Dye No. of Reactive 6 x 10°
Groups Fixed Unfixed
1 2 67 4 78 4
2 1 34 £2 26 £2
3 1 60 +3 65 4
4 2 20 £2 41 2

Effect of Irradiation Wavelength on Fading

The wavelength effect on quantum yield was determined by
irradiating the dyed films behind a glass plate that absorbed all
energy below 300 nm. The quantum yields so determined are
given in Table 3.

TABLE 3

Initial Quantum Yields of Dye Fading

¢ x 10°

Dye 3100 A lamps 3100 A lamps 3100 A lamps

full output dry  glass filter dry  glass filter wet
1 67 +4 3.0£0.6 5.4 +0.8
2 34 £2 1.0£0.2 2.7x0.4
3 60 +3 2004 2.2+0.5
4 29 %2 1.0£0.2 1.3 0.2
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Amax(mm) eM™ ecm™)

530 23,540 £470

500 30,000 £600

480 26,870 £540

530 47,850 £960

These- results show that, for all four dyes, dye fading is
critically dependent upon the wavelength of the exciting light.
This suggests that the major degradation pathway involves an
upper singlet excited state in each case.

Effect of Water upon Degradation Quantum Yields

Work conducted at Ciba—Geigy [11], on the same four
reactive dyes, has shown that no difference in photochemical
quantum yield is observed when samples are irradiated under
varying partial pressures of oxygen and water vapour. They
find that the anomalous light fastness occurs only when the
dyed specimens are wet and hence contain liquid water. Dyed
specimens were irradiated whilst fully immersed in air-
equilibrated water contained in pyrex tubes. The results are
presented in Table 3.

1t can be seen from Table 3 that, under these irradiation
conditions, there is a two- to threefold increase in quantum
yield when cellophane dyed with Dye 1 or Dye 2 is irradiated
wet. For Dye 3 and Dye 4 there is no significant change.

It is interesting to note that, when irradiated with the full
output of the RPR 3100 A lamps in quartz tubes, no
differences are detectable between quantum yields measured
wet or dry for Dye 1 and Dye 2. Thus the wavelength effect
swamps the effect of water at low wavelengths.

Primary Photochemical Pathways

The techniques of photoconductivity and electron spin
resonance spectroscopy can be used to elucidate primary
photochemical reaction steps. Although inert atmospheres are
required to stabilize intermediate species for study, these



techniques can give information on photogjection of electrons
and free radical formation.

Photocurrent Measurements

Each dyed cellophane specimen was brought to equilibrium in
the test atmosphere prior to exposure to the irradiation source
of which wavelengths less than 300 nm had been filtered out.
The environments used were vacuum, dry air, dry oxygen and
ethanol vapour. Photocurrent was measured under an applied
em.f. of 200 volts. For all four dyes it was found that the
presence of oxygen reduced the measured photocurrent. This
suggests that the charge carriers released under irradiation are
electrons since oxygen is an effective electron scavenger [12].
This finding was confirmed by measurement after attaining
equilibrium in ethanol vapours. The dark current increases due
to the normal proton exchange conduction mechanism in
ethanol so that the current under illumination should increase
if the dye releases protons and decrease if electrons are
released [13]. The latter was observed with all four dyes,
confirming that the dyes are photoejecting electrons when
irradiated. The photocurrent resuits are given in Table 4. No
photocurrent was detected in undyed cellophane films under
the same conditions.

TABLE 4

Photocurrent Results (Measured in Vacuo)

Dye Iohato Quanta absorbed/sec *Pe
(amps x 10'3) (x1071¢) (x 10'1h)

1 39 6.7 3.6

2 4.0 97 2.6

3 1.8 5.5 2.1

4 6.5 9.6 4.3

* where ¢ is defined as:

I photo (coulombs/s )

P =

electron charge (coulombs) x quanta absorbed/s

The quantum yields of photocurrent show that there is no
clear division between the two groups of dyes in terms of their
ability to release electrons when irradiated in vacuo. It is of
interest to note that for Dye 2 and Dye 3, which have identical
structures except for one methoxy group, Dye 2 (with
—OCH;) releases 25% more electrons than Dye 3 per quanta
absorbed.

Electron Spin Resonance Spectra

The ESR spectra obtained after the irradiation of dry-degassed
dyed cellophane films were all singlets, exhibiting no detect-
able hyperfine splittings. No ESR spectra could be obtained
from undyed cellophane films irradiated under the same
conditions. The g-values and line widths are given in Table 5.
We have observed similar behaviour in dyed polymer films
where it was assumed that the unpaired electron is delocalized
over one or more arematic rings [14]. Although specific free
radical structures cannot be assigned to the dye radical spectra,
it is clear that free radicals are involved in the primary
photochemical pathways.

TABLE 5

Parameters for ESR Spectra of Irradiated Dyed Films

g H (gauss)
Dye (£ 0.0008) (*05)
1 2.0045 14.0
2 2.0044 14.1
3 2.0046 14.0
4 2.0048 16.3

Influence of Scavengers and Quenchers

Scavengers and quenchers may be used to test the relative
contribution of specific reaction pathways. The compounds
chosen for this study were cadmium sulphate (an efficient
electron scavenger [15]), potassium thiocyanate (an hydroxyl
radical scavenger [16]) and sodium azide (a singlet oxygen
quencher [17]).

The quantum yields determined for irradiation in the
scavenger solutions are presented in Table 6. Firstly, it can be
seen that, for Dye 3 and Dye 4 (dyes which are not affected
by exposure in water), the quantum yields are not significantly
affected by the presence of the scavengers and quenchers.

TABLE 6

Influence of Quenchers and Scavengers Upon Quantum Yields
of Dye Fading

Conditions ¢ x 108

(in pyrex

tubes) Dye 1 Dye 2 Dye 3 Dye 4
Dry 3006 1002 2004 1.0x02
Wet 54+08 2704 2205 1302
0.5M CdSO, 13517 2204 19%04 1302
0.1M KCNS 53+08 15+02 24104 1.1%0.2
0.1M NaN;, 4908 25204 20+x04 11202

For Dye 1 there is a significant increase in quantum yield
when irradiated in the presence of cadmium sulphate suggest-
ing that photo-ejected electrons are involved in the fading.
However, for Dye 2 a significant decrease in quantum yield
occurs in the presence of potassium thiocyanate solution
compared with that in the wet state, which implicates
hydroxyl radicals in the fading process. It is interesting to note
that the potassium thiocyanate has reduced the quantum yield
of fading of this dye almost to that obtained in a dry sample.

Conclusions

The results outlined above allow us to propose the following
scheme for the primary photochemical reactions of the dyes
studied.

The absorption of a single quantum of radiation promotes
an electron from the ground singlet state (Sg) to higher
excited singlet states (Sy). From such Sy states photoejection
of electrons can occur, as indicated by the photoconductivity
measurements, viz.

hv -
RH = RH +e (A)
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In addition bond fission reactions may occur before internal
conversion processes can deactivate the Sy states, e.g.
hy . .
RH = R'+H (B)
Both reactions (A) and (B) lead to free radical formation as
detected by electron spin resonance spectroscopy.

Reactions (A) and (B) above can be followed by multiple
reactions involving oxygen and water, e.g.

R+0, ~— ROO’ (©)
H'+H,0 —~ OH+H, (D)
OH+RH - R +H,0 (E)

When the dyed film is saturated there are some important
physical effects upon the reaction pathways [18], namely:

(i} the lifetimes of transient species are considerably
shorter

(ii) diffusional processes can take place in fluid media,
making new photochemical reactions possible, e.g.
reactions (D) and (E) above

(iii) the solvent molecules of the cage surrounding the
charges produced in photoionization can provide a
greater solvation energy and hence increased electron
ejection, e.g. reaction (A) above.

On the basis of the above discussion and the action of the
quenchers it is possible to explain the increased quantum
yields in water as follows:

{I) Dye 1: The major reaction involved is the photoejection
of electrons which is greatly enhanced in the aqueous
environment. The solvation energy of the electron in water
bridges the energy gap required for electron photoejection.
Cadmium sulphate increases the quantum yield by interfering
with the equilibrium of reaction (A), viz.

hy L,
RH = RH +e
which is followed by two competing reactions, namely:
RH +e - RH (recombination)
and

RH" - products (decomposition)

The cadmium sulphate prevents the recombination step,
thereby increasing the proportion of R H" decomposing.

(I} Dve 2: A back reaction between hydroxyl radicals and
dye molecules is indicated by the significant effect of the
potassium thiocyanate hydroxyl radical scavenger. This
proposal is supported by the earlier observation [11] that Dye
2 fading has an induction period.

(III} Dye 3 and Dye 4: Since the photochemical quantum
yield for these dyes is not significantly affected by either
exposure in water or in water containing the scavengers, it can
be concluded that these two dyes fade by a mechanism which
involves the Sy states (probably dissociation in the excited
state) but is insensitive to the aqueous environment.
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