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The photofission of vat esters proceeds through a free radical mechanism to give a vat dye and two
bisulphite radicals. The bisulphite radicals may react with water to produce sulphite and sulphate or with
each other to produce dithionate. The use of vat esters in photographic printing is hampered mainly
because the free radicals generated by irradiation of a single vat ester in a mixture can initiate
development of all vat esters in the mixture. However, when vat esters are used in cross-linking of
poly(vinyl alcohol) films, their photofission depends on the degree of plasticity of the film. Water in the
film acts as a plasticiser and as a source of hydroxyl radicals, which can oxidise more vat ester to vat dye
or initiate cross-linking. Dependence of vat dye formation on water is diminished by the use of non-
hygroscopic plasticisers, but the extent of cross-linking is also reduced.

INTRODUCTION

The sulphuric acid esters of leuco vat dyes (vat esters) are
known to be sensitive to light, the parent vat dye being
regenerated by irradiation. The first systematic investigation
into this phenomenon was conducted by Claussen and
Johnson [1}. Curzons subsequently proposed a free radical
mechanism for the photolysis of vat esters (Scheme 1) [2].
The diradical rearranges to form the vat dye, while the
bisulphite radical undergoes the reactions in which sulphite,
sulphate and dithionate are formed (Schemes 2-4).
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Sulphite and sulphate were determined by chemical
analysis while the presence of dithionate could only be
confirmed by infra-red spectroscopy. However, the amount

of sulphur predicted was not obtained after all the vat ester
was converted to vat dye. Hence it was concluded that the
technique used for the analysis of the three sulphur species
was not reliable.

Many attempts have been made to make use of the
photosensitivity of vat esters in industry. Textiles can be
photographically printed by padding the material with vat
ester solution and developing the coloured vat dye by
irradiation through a stencil [3,4]). However, this method has
not been commercially attractive since one colour only can
be produced at a time and the process has to be repeated for
each of the successive colours.

Vat esters can also be used to photoinitiate cross-linking
of poly(vinyl alcohol) films in the presence of a cross-linking
agent and a humectant [5]. After irradiation through a
negative. the unexposed portion remains soluble and is
washed out with water. The hardened cross-linked coloured
images formed in the exposed areas can be used in any
photographic or photochemical process. However, this
systern suffers from its high sensitivity to variations in water
content.

In the present work, an effective analytical technique for
irradiated vat ester solutions is described, and the use of vat
esters in photographic printing and cross-linking of poly{vinyl
alcohol) is reviewed to throw more light on the photochem-
istry of vat esters.

EXPERIMENTAL

Purification of vat esters

Vat ester (5 g} was washed with chloroform, then dissolved
in acetone and the resulting sclution filtered. Vat ester was
then recrystallised from solution by addition of a mixture of
chloroform and diethyl ether. The crystals were collected
and dried over phosphorous pentoxide and paraffin wax in
a desiccator in the dark.

Irradiation of vat ester solutions

Solutions of the vat ester Anthrasol Pink IR Extra (HOE, C.I.
Solubilised Vat Red 1) were prepared as follows and irradi-
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ated in a reaction vessel using a medium-pressure mercury
u.v. lamp. Purified vat ester (0.2889 g) was dissolved in
distilled, oxygen-free water (water refluxed under a stream of
nitrogen) and the solution made up to 1 1 (4.823 x 104
mol/l vat ester and 9.646 x 10~* mol/l sulphur). Irradiation
was carried out for 3 h, the time predetermined for comple-
tion of the reaction, under a stream of nitrogen. Separately
purified vat ester (0.2912 g) was dissolved in distilled water
and the solution made up to 1 1. Irradiation was carried out
for 3 h in the presence of oxygen.

Analysis of irradiated solutions

For the determination of vat dye, an aliquot (200 ml) of
irradiated solution was taken after shaking and enough
sodium chloride was added to precipitate the vat dye, which
was collected in a weighed sintered crucible (size G3), dried
and its weight calculated.

Another aliquot of irradiated solution (200 ml} was shak-
en with 10 g dry, pure cellulose powder to absorb the
dissolved vat dye. The mixture was then allowed to settle and
the supernatant solution was analysed for sulphite, sulphate
and dithionate as follows.

Sulphite was determined by the method of West and
Geake [6]. Supernatant solution (2.5 ml) was diluted to 25
ml with distilled water in a calibrated flask. A 10 ml portion
of this solution was added to 1 ml bleached Fuchsin N
solution and 1 ml formaldehyde solution (2 g/1) in a test tube,
which was shaken and allowed to stand for 30 min. Absorb-
ance of any purple-blue colour formed was measured at 560
nm and sulphite concentration was determined by reference
to a calibration graph (Figure 1).

Sulphate was determined by the modified barium chloride
and potassium chromate solutions method [7,8]. Superna-
tant solution (5 ml) was treated in the cold in a 25 ml
calibrated flask with distilled hydrogen peroxide {160 g/1) to
oxidise sulphite present to sulphate. The solution was then
acidified by addition of 1 ml hydrochloric acid (0.5 mol/l),
and 5 ml barium chloride solution {10 x 10~ mol/l), made
in 50% aqueous ethanol solution containing methyi red
indicator was added. The flask was shaken and allowed to
stand for 5 min to precipitate barium sulphate. A 2 ml
portion of 5o g/1 aqueous ammonia solution was then added

TABLE 1

Analysis of irradiated vat ester solutions

1.4

Absorbance

1 2 3 4
Sulphite concentration, mold x 107°

Figure 1 — Calibration graph for suiphite

to make the solution alkaline. This was followed by addition
of 5 ml potassium chromate solution (15 x 1074 mol/l) and
making the solution up to 25 ml with distilled water. This was
allowed to stand for 5 min to precipitate excess barium as
barium chromate and then filtered through Whatman No.
50 filter paper. The absorbance of the filtrate was measured
at 375 nm and sulphate was determined by reference to a
calibration graph (Figure 2). Original sulphate was then
calculated by subtraction.

Dithionate was determined by its oxidation to sulphate.
Supernatant solution (5 ml) was treated with distilled hydro-
gen peroxide and conc. hydrochloric acid was then added.
The resultant solution was boiled for 10 min and then made
to the original volume with distilled water. Analysis for
sulphate was carried out as before, and the amount of
sulphate deriving from dithionate was calculated by subtrac-
tion.

The results of analyses of irradiated solutions are given in
Table 1.

Absorption spectra of vat esters
Visible and u.v. spectra of solutions of vat esters were

Solution without oxygen

Soelution with oxygen

Avge Conen. Yield Avge Concn. Yield
Species absorbance {x 10~ mol/l) (%) absorbance {x 1074 mol/1) (%)

Sulphite 0.362 (560 nm) 1.13 11.8 No colour change 0 0
Sulphate (after

cold peroxide) 1.40 (375 nm) 8.15
Original sulphate 7.03 73.6 1.55 9.7 99.8
Total sulphate

(peroxide/HCl boil) 1.53 (375 nm) 9.55 99.0
Sulphate due to

dithionate 1.40 14.7 0 0
Vat dye 98.5 96.9
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Figure 2 — Calibration graph for sulphate

recorded in a Perkin-Elmer spectrophotometer. Vat esters
Anthrasol Pink IR Extra (1), Anthrasol Printing Blue GG (2},
Anthrasol Yellow (3) and Soledon Purple 2RC {4) were
selected for further experiments. Results are shown in

Figures 3-6.
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Transmission spectra of light filters

Transmission spectra of some light filters were recorded in
the Perkin-Elmer spectrophotometer, and filters A and B
were selected to be used in irradiation experiments (Figures
7 and 8).

Irradiation of vat esters on fabric

Bleached cotton fabric samples were impregnated with
single vat ester solutions {20 g/1) and with mixtures of equal
volumes from these solutions, squeezed to 100% pick-up,
dried in the dark and conditioned at 65% r.h. The samples
were then irradiated through the filters for 20 min using the
w.v. lamp. The colours developed were assessed visually.

0.75

05 —

Absorbance

0.25 —

l i
310 350

Wavelength, nm

270

Figure 3 — Absorption spectrum of Anthrascl Pink IR Extra
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Figure 4 — Absorption spectrum of Anthrasol Yellow V

The above experiment was then repeated making the
mixtures from solutions of vat esters containing 40 g/l
acrylonitrile. Colours developed after irradiation were also
assessed visually.

Results of the irradiation of vat esters on fabric are given
in Table 2.

Irradiation of poly(vinyl alcohol) films

A 20% solution of partially hydralysed poly(vinyl alcohol)
was used to prepare vat ester solutions with different
compositions (Table 3). Films were then spread out from
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Figure 7 — Transmission spectrum of filter A
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TABLE 2
Irradiation of vat esters on fabric
Colour developed
Vat ester sclution Filter A Filter B
Anthrasol Yellow Yellow Nil
Anthrasol Pink Red Nil
Anthrasol Blue Blue Blue
Soledon Purple Purple Purple
Anthrasol Pink +
Anthrasol Blue Violet Reddish-blue
Anthraso| Yellow +
Anthraso| Blue Green Greenish-blue
Anthrasol Yellow + Yellowish-
Soledon Purple purple Purple
Anthrasol Pink +
Anthrasol Blue +
acrylonitrile Reddish-violet Blue

Anthrasol Yellow +
Anthrasol Blue +
acrylonitrile

Yellowish-
green

Greenish-blue

TABLE 3

Compositions of poly(vinyl alcohol) solutions

Component

Solution No.

Anthrasol Pink IR (g)

Methylene bisacrylamide (g}
Dimethylmethyl phosphonate (ml)

0.25 0.25 0.25 0.25

0.00 0.35 0.00 0.35
0.00 0.00 25

2.5

Complete with poly{vinyl alcohol) solution to 45 mi




these solutions on polyester film supports by means of a
spreader, which gave films of 0.25 mm thickness. The films
were dried in air at 45°C and then conditioned in desiccators
at the required r.h. values using appropriate conditioning
agents (Table 4). All these processes were carried out in the
dark to avoid premature development of vat ester. The films
were then irradiated under the u.v, lamp and the rate of vat
dye production was foliowed by measuring absorbance of
the films at 510 nm at different intervals of irradiation. The
rates of vat dye production at different humidities are given
in Tables 5 and 6.

TABLE 4

Conditioning of poly(vinyl alcohol) films

Conditioning agent R.h. (%)
Anhydrous phosphorous pentoxide 0
Saturated magensium nitrate solution 52
Saturated magensium acetate solution 65
Saturated potassium bisulphate solution 86
Distilled water 100

TABLE 5

Rates of vat dye production on poly(vinyl alcohol) films

Change in absorbance of films at 510 nm

0% r.h 65% r.h 100% r.h
Time No No No
(min) MBA MBA MBA MBA MBA MBA
1 0 0 0.095 0.045 0.250 0.250
2 0 0 0.202 0.167 0372 0.250
4 0 0 0.340 0.230 0660 0.358
6 0 0 0481 0373 0725 0.450
8 0 0 0.750 0420 0.880 0.565
10 0 0 0.682 0500 0970 0.650

Cross-linking of poly(viny! alcohol} films was determined
gravimetrically. Irradiated films were dried over phosphorus
pentoxide and weighed {W;), then washed, dried and re-
weighed (W,). The value of W, was expressed as a percent-
age of W, and the higher the value, the greater the degree
of cross-linking (Table 7).

DISCUSSION

From the results of the analysis of irradiated solutions given
in Table 1, it can be seen that suiphite, sulphate and
dithionate are all produced in addition to vat dye owing to
irradiation of vat ester solution in the absence of oxygen.

TABLE 6

Rates of vat dye production on poly(vinyl alcohol) films
(DMP plasticiser)

Change in absorbance of films at 510 nm

0% r.h 65% r.h 100% r.h
Time No No No
{min) MBA MBA MBA MBA MBA MBA
1 0.045 0.045 0.282 0.140 0.350 0.152
2 0.120 0.100 0.370 0.214 0.543 0.305
4 0.174 0.152 0.625 0380 0.790 0.450
6 0.260 0.256 0.780 0460 0.925 0.551
8 0.375 0.350 0.871 0.540 1.000 0.672
10 0.448 0440 0966 0.634 1.120 0.764
TABLE 7

Cross-linking of poly(vinyl alcohol) films

Average cross-linking (%)

No plasticiser DMP plasticiser

after after
R.h. (%) 4 min 8 min 4min 8 min
0 0 0 8 11
52 17 28 18 23
65 37 47 28 34
86 30 38 19 22
100 25 32 16 19

This confirms the proposed free radical mechanism of the
photofission of vat esters, where the bisulphite radicals
produced react with water to produce sulphite and sulphate
or with each other to produce dithionate. In the presence of
oxygen, sulphur was exclusively produced as sulphate. In
both cases the predicted amounts of sulphur and vat dye
were obtained, which demonstrates the reliability of the
analytical technique adopted.

Sulphite was determined independently of sulphate and
dithionate by the bleached Fuchsin and formaldehyde solu-
tions method. Determination of sulphite by the method used
for sulphate would not be possible since some sulphite might
be lost as sulphur dioxide under the acidic conditions of the
test.

In the determination of sulphate, sulphite present was
first oxidised to sulphate and the total sulphate was deter-
mined by the barium chloride and potassium chromate
solutions method. The absorbance of the final solutions was
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measured at an alkaline pH. This shifted the chromate-
dichromate equilibrium towards chromate, and hence max-
imum absorption was obtained. Original sulphate was then
calculated by difference.

Dithionate was not affected by the presence of cold
hydrogen peroxide, but on heating dithionate was oxidised
to sulphate (Scheme 5). The rate of this reaction increased
in the presence of concentrated hydrochloric acid. Total
sulphate was then determined and the amount of sulphate
deriving from dithionate was calculated by subtraction.

82052_ + H0» 28042_ +  2H*

1 mol 2 mol

Scheme 5

When oxygen was present during irradiation of vat ester
solutions, sulphur was exclusively produced as sulphate.
Oxygen may react with bisulphite radicals and sulphite to
form sulphate, hence leading to the absence of dithionate
and sulphite in the irradiated solution (Schemes 6-10).

Na'SO; + O — =~ Na'SO05
Scheme 6

Na'SO; + NaS0Os —™ 2Na'S50,
Scheme 7

Na-'80O, + H0 = NaHS80O; + -OH
Scheme 8

‘H + O - HO
Scheme 9

HO, + SG; ———= S0, + -OH
Scheme 10

From the results of irradiation of single vat esters on
fabric. Anthrasol Pink and Anthrasol Yellow were only
developed through filter A, while Anthrasol Blue and Soledon
Purple were developed through beth filters A and B.

If two vat esters are irradiated in a mixture, then the
development of one vat ester always leads to the develop-
ment of the other to an extent that presumably depends on
the chemical reaction of the second vat ester towards
oxidising radicals {bisulphite and hydroxyl) produced during
irradiation. For instance, irradiation of a mixture of Anthra-
sol Pink and Anthrasol Blue through filter B showed only
slight development of red colour. Little interference was
taking place, which indicates that Anthrasol Pink is less
reactive towards oxidising radicals than Anthrasol Blue.
However, when a mixture of Anthrasol Yellow and Anthrasol
Blue was irradiated through the same filter, a green colour
was developed. This indicates that Anthrasol Yellow is more
reactive towards oxidising radicals than is Anthrasol Pink,
and hence more interference was taking place. In the case
of Anthrasol Yellow and Soledon Purple mixture, no yellow
colour was developed with the purple through filter B and
only little yellow with the purple was developed through filter
A. This indicates that Soledon Purple is more reactive
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towards oxidising radicals than is Anthraso! Yellow.

When acrylonitrile was included, irradiation of a mixture
of Anthrasol Pink and Anthrasol Blue gave a more reddish
colour through filter A and a more blue colour through filter
B, while irradiation of a mixture of Anthrasol Yellow and
Anthrasol Blue gave a yellowish-green colour through filter
A and a more bluish-green through filter B. Acrylonitrile
reacts with free radicals generated during irradiation and
thus reduces vat dye production by oxidation. Although
interference between vat esters was reduced by addition of
acrylonitrile, the overall rate of production of vat dye was
also reduced.

From the results of irradiation of poly(vinyl alcohaol) films,
no vat ester photofission was found to occur under dry.
unplasticised conditions. This could be attributed to the
rigidity of the film, where the mobility of the system is
hindered and the escape of the bisulphite radicals in inhib-
ited. However, under plasticised conditions, as in the pres-
ence of water or added plasticiser, the mobility of the system
is increased, the escape of the bisulphite radicals enhanced
and the diradical can rearrange to form vat dye. Water acts
as a plasticiser for poly{vinyl alcchol) as well as a source of
hydroxyl radicals, which can oxidise more vat ester to vat dye
{Scheme 11) and thus higher rates of vat dye production are
obtained with increase in relative humidity.

0SO;Na aQ
D + 20H ——= D + 2NaHSO,
0SO,Na o

Scheme 11

Dimethylmethyl phosphonate is a non-hygroscopic plas-
ticiser and the photofission of the vat ester observed in the
presence of this compound under dry conditions must be
attributed to the plasticity of the film.

The free radicals produced (bisulphite and hydroxyl) can
initiate cross-linking of poly(vinyl alcohol) in the presence of
methylene bisacrylamide as a cross-linking agent (Schemes
12-14). Cross-linking would therefore lead to a lower rate
of vat dye production.

PVA + -OH — PVA- + H0

Scheme 12

PVA- + MBA —* PVA-MBA-

Scheme 13

PVA-MBA: + PVA: = PVA-MBA-PVA

{Cross-linked PVA)
Scheme 14

Cross-linking increased with increase in relative humidity
to a maximum and then fell again. At higher relative
humidities the system was too mobile or too open for
maximum cross-linking to develop.

CONCLUSIONS
The photofission of vat esters proceeds through a free
radical mechanism giving two bisulphite radicals and a



diradical. The bisulphite radicals react with themselves to
give dithionate or with water to give sulphite and sulphate,
while the diradical rearranges to form vat dye. The presence
of these species has been confirmed and a method for their
determination has also been devised.

Available vat esters are not suitable for use in photograph-
ic printing. Vat esters that absorb light selectively and that
are insensitive to chemical attack need to be especially
synthesised for this purpose.

When vat esters are used in the cross-linking of poly(vinyl
alcohol) films. their photofission depends on the plasticity of
the film. Water in the system plays a dual role, a physical one
as a plasticiser for poly(vinyl alcohol) and a chemical one as
a source of hydroxyl radicals, which can oxidise more vat
ester to vat dye or initiate cross-linking. Dependence of vat
dye production on water is diminished by the use of non-
hygroscopic plasticisers, but the extent of cross-linking is

also reduced. Incorporation of alternative sources of cross-
linking radicals must be considered if the efficiency of the
system is to be increased.
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