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Reactive dyes of the vinylsulphone and a-bromoacrylamido types inhibit wool fibre degradation
during dyeing. The effect is propertional to the amount of dye applied, which may be explained in
terms of set inhibition and modification of the cell membrane complex. Reactive dyes are capable
of interfering with the fibre thiol-disulphide interchange reactions, as evidenced by a study of modal
thiol derivatives of vinylsulphone dyes. H.p.l.c. has been widely employed to separate and assist
with identification of these thiol adducts. The role of the cell membrane complex has been clarified
using reactive vinylsulphone fluorescent compounds as dye models and following fibre penetration

using fluorescence microscopy.

INTRODUCTION

Wool is damaged to some extent by all dyeing and wet
finishing processes. Minimising losses in strength and
extensibility improves the subsequent processing and
wearing properties of wool. The most important par-
ameters affecting wool damage in dyeing are pH, tem-
perature and treatment time [1]. Wool is particularly
sensitive to steam or alkaline solutions. The changes in
covalent crosslinking in relation to the alkaline process-
ing of wool havebeen examined [2] and it hasbeen found
that the cystine residue plays a significant role in alkaline
degradation. Similarly, during dyeing, there is the possi-
bility of cystine decomposition to cysteine and dehy-
droalanine residues. The latter may form new cross-links
by reaction with cysteine and lysine residues to form
lanthionine and lysinoalanine respectively.

Hydrolysis of cystine also produces hydrogen sul-
phide (3], an undesirable by-product, in thatitis a strong
reducingagentand astrong nucleophile. The presence of
thiol compounds and hydrogen sulphide catalyses the
thiol-disulphide interchange or setting reaction. Thus
inhibiting the production of hydrogen sulphide or
cysteine thiol during dyeing should alleviate reductive
wool damage and also inhibit setting. These reactions are
summarised in Schemes 1 (cystine hydrolysis), 2(perthio-
cysteine hydrolysis), 3 (lanthionine formation), 4 (lysino-
alanine formation) and 5 (hydrogen sulphide reduction).

These reactions indicate some of the complexities in-
volved and reaction products resulting from the various
cystine hydrolysis pathways. The importance of thiol-
disulphide interchange reactions, their involvement in
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aqueous setting and loss in fibre strength during dyeing
has been summarised {4,5].

Reactive dyes of the p-sulphatoethylsulphone type
form the reactive vinylsulphone in hot dyebaths at pH
values of 5 or more [6]. The vinylsulphone will react
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rapidly with any thiol residues or hydrogen sulphide
formed during dyeing, inactivating them and thus re-
stricting this possible source of fibre damage. If the vinyl-
sulphone dye reacts with hydrogen sulphide then the
thioether analogue will be formed, and if the above
arguments are correct this derivative should be present,
either in the dyebath or on the fibre, following reactive
dyeing with B-sulphatoethylsulphone type dyes. Scheme
6 describes this reaction.

@—SOZ—CH:CHZ + HS —= @—SOZ-CHZ—-CHZ—SH

Vinylsulphone dye Thioalkylsulphonyl

(0)y-s0,-CH=CH,
@—SOZ—CHZ—CHz—S—CHZ——CHz—Soz—®

Thioether
where @ is the sulphonated chromophore

Scheme 6

Another important factor to consider is the effect of
dyeing on the cell membrane complex (CMC). Leeder
indicates that the wool fibre can be considered as an
assembly of cuticle and cortical cells held together by the
CMC [7]. Leeder points out that the overall strength of
any composite structureis that of the weakest link, which
in the case of wool is the CMC.

Lewis demonstrated that reactive dyes inhibit fibre
damage in wool dyeing and that the degree of fibre
protection increases with increasing reactive dye con-
centration [8]. This result is difficult to explain solely in
terms of set inhibition, but may also in some way be due
to modification of proteins in the CMC by reaction with
the reactive dye.

This paper attempts to assess the mechanisms in-
volved in reactive dye protection of the wool fibre against
hydrolytic damage during the dyeing process.

EXPERIMENTAL

Dye preparation
The B-sulphatoethylsulphone dye (dye I) was prepared
by coupling 2-naphthol-3,6-disulphonic acid to diazo-
tised p-aminobenzenesulphatoethylsulphone (PABSES).
The PABSES (0.03 mol, 74% pure, 11.43 g) was added
to a water (100 ml) and sulphuric acid (98%, 2.1 mi)
mixture at 0-5°C. To this was added rapidly a solution of
sodium nitrite (0.03 mol, 2.07 g) in water (28 ml). After 2
h the diazotised PABSES was added to a solution of the
disodium salt of 2-naphthol-3,6-disulphonic acid (0.03
mol, 67.6% pure, 15.49 g) in water (100 ml) over 5 min
maintaining pH at 5-6. The resulting dye solution was
heated to 50°C and sodium chloride (25 g) added. On
cooling the precipitated dye was filtered off, washed
with 10% aqueous sodium chloride and dried. The yield
was 16.95 g (85.3%). Dye I has the structure shown in
Figure 1.
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The corresponding vinylsulphone form (II) was pre-
pared by adjusting an aqueous solution of dye I to pH 8
with sodium carbonate and heating for 2 h at 50°C.

The unreactive hydroxyethylsulphone form (III) was
prepared by adjusting an aqueous solution of dye I to pH
12-13 with sodium hydroxide (100 g/1) and heating for 24
h at 50°C.

The disulphide dye (IV) was prepared as follows. The
vinylsulphone dye (II} (0.02 mol, 10 g) was dissolved in
water (400 ml). The solution was saturated with carbon
dioxide and sodium thiosulphate (0.04 mol, 10 g) added.
The temperature was raised to 50°C and carbon dioxide
bubbled in for a further 2 h until conversion of the vinyl-
sulphone to the S-thiosulphatoethylsulphonyl dye (Bunte
salt) was complete, as shown by thin layer chromatog-
raphy. The solution was adjusted to approx. pH 2 with
sulphuric acid (98%) and refluxed for 7 days. The pH was
then readjusted to 5 and sodium chloride (40 g) added.
On cooling the precipitated disulphide dye was filtered
off, washed with 10% aqueous sodium chloride and
dried. The yield was 6.08 g (53%).

The thioether dye (V) was prepared by adding a solu-
tion of the vinylsulphone dye (0.01 mol, 5 g) in water (350
ml) to sodium hydrosulphide (0.02 mol, 1.12 g) dissolved
in water (150 ml) at 0-5°C under nitrogen. After 4 h the
reaction mixture pH was adjusted to pH 5 with acetic
acid. The resulting dye solution was raised to 50°C and
sodium chloride (50 g) added. On cooling, the dye pre-
cipitate was filtered off and washed with 10% aqueous
sodium chloride and dried. The yield was 2.2 g (43%).

Thin layer chromatography

Where appropriate, t.I.c. analysis was performed onssilica
plates using the eluent 2-methylpropan-2-ol (4 parts), n-
butanol (3 parts) and water (3 parts).

High-performance liquid chromatography analysis
H.p.l.c. analysis was carried out using the Varian 5000
instrument.
Column: reverse phase C-8 4.6 x 250 mm
Detector: visible 480 nm
Conditions: gradient elution
A= 0.001 mol/l tetrabutylammonium bromide in
h.p.Lc. grade water plus acetate buffer
B = 0.001 mol]l tetrabutylammonium bromide in
h.plc. grade methanol plus acetate buffer

T= 0min 65%A 35%B
T= bmin 65%A 35%B
T= 15min 0% A 100% B

Flow rate: 2.0 ml/min
Temperature: 20°C.



Dye characterisation

Dyes were characterised by infra-red (i.r.) and elemental
analysis. Elemental analysis of polysulphonated dyes
may give misleading results since the dyes tend to crys-
talise with a varying number of water molecules in their
crystal structure. The dangers of overdrying, leading to
dye decomposition, were considered to be very signifi-
cant for many of the reactive dye and thiol derivatives
synthesised in this work; thus the presence of water of
crystallisation was unavoidable and CHN analysis re-
sults were adjusted accordingly. (The results of i.r. an-
alysis are available from the authors.)

All the dyes synthesised were chromatographically
pure giving one band on h.p.L.c. The vinylsulphone form
(II) and the Bunte salt dye had the same retention time in
h.p.Lc. but were well separated by t.1.c. analysis.

Dyeing procedures

Dyeings (2% o.w.f.) on wool serge fabric with Albegal B
(CGY) (1% o.w .f.) in the pH range 2-7 were produced for
all the dyes -V using a Zeltex Vistacolor dyeing machine.
In each case the wool sample was introduced into the
dyebath and the bath raised to the boil over 30 min;
dyeing at the boil was continued for a further 60 min.
A separate 5% o.w.f. dyeing was produced on a 100 g
wool serge sample at pH 5 using the B-sulphatoethylsul-
phone form of the reactive dye (I). The dyebath pH in
each case was controlled by the use of the Mcllvaine
buffer system [9].

Dyebath exhaustion (E) was determined by measur-
ing the absorbance (at Am.,) of the dyebath at the begin-
ning and at the end of dyeing, and was expressed as a
percentage.

Determination of fixation

A sample of each dyed fabric was repeatedly extracted
with boiling 25% aqueous pyridine for 2 min periods
until all the unreacted dye had been stripped. The ex-
tracts were combined and the amount of dye stripped
determined spectrophotometrically. Fixation (F) was
expressed as the percentage of dye removed from the
dyed fibre.
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Figure 2 Structure of reactive FBA VI
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Fluorescence microscopy investigation

A reactive p-sulphatoethylsulphone fluorescent bright-
ening agent (VI) was prepared by running a solution of
cyanuric chloride (0.0125 mol, 97%, 2.37 g) in acetone (70
ml) into stirred ice/water (100 g/100 ml) at 0-5°C over
approximately 5 min. To this was added a solution of
PABSES (0.0125 mol, 74.3%, 5.09 g), sodium hydroxide
(0.0125 mol, 6.5 g) and sodium acetate (1.03 g), over 10
min keeping the temperature at 0-5°C. After 30 min a
solution of 4,4’-diaminostilbene-2,2-disulphonic acid
(DAS) (0.006 mol, 96.5%, 2.39 g), sodium hydroxide (0.019
mol,7.5g) and sodiumbicarbonate (0.05mol, 4 g) in water
(100 ml) was added over 10 min and the temperature
raised to 40°C. The pH was adjusted to 6 with sodium
bicarbonate and the reaction mixture stirred at this tem-
perature and pH for 2 h. The product was salted out with
20% sodium chloride and on cooling the precipitate was
filtered off, washed with 20% aqueous sodium chloride
and dried. The yield was 5.36 g (85%). This compound
has the structure shown in Figure 2.

The corresponding reactive vinylsulphone form (VII)
was prepared by adjusting an aqueous solution of com-
pound VI at pH 9 with sodium bicarbonate and heating
for 2 h to 60°C.

The unreactive fluorescent brightener (VIII} was pre-
pared as follows. A solution of cyanuric chloride (0.0125
mol, 97%, 2.37 g) in acetone (70 ml) was added to a water/
ice (100 ml/100 g) mix at 0-5°C over 5 min. A solution of
sulphanilic acid (0.0125 mol, 99%, 3.04 g), sedium hy-
droxide (0.0125 mol, 0.5 g) and sodium bicarbonate (0.013
mol, 1.1 g) in water was then added over 10 min, keeping
the reaction mixture below pH 5 and the temperature at
0-5°C. After 30 min a solution of DAS (0.006 mol, 74.3%,
2.39 g), sodium hydroxide (0.0125 mol, 0.5 g) and sodium
bicarbonate (0.007 mol, 6.6 g) in water (100 ml) was added
over 10 min. The temperature was raised to 40°C and the
pH allowed torise to pH 7. After 2 h the reaction mixture
was then refluxed at pH 8 for a further 4 h. Sodium
chloride (80 g) was then added. On cooling the precipi-
tate was filtered off, washed with 20% aqueous sodium
chloride and dried. The yield was 1.55 g (28%). This
compound has the structure shown in Figure 3.
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Figure 3 Structure of unreactive FBA VI
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The purity of the fluorescent compounds VI, VII and
VIII was checked chromatographically. Each gave a sin-
gle, well resolved peak using h.p.l.c. Further analyses
were not carried out.

Dyeings with fluorescent derivatives

Dyeings (0.5% o.w.f.) were produced at pH 5 on merino
(21.5 um) wool staples. The wool staples were introduced
into the dyebath and the bath raised to the boil over
30 min; dyeing at the boil was continued for a further
90 min. Samples were removed at 15 min intervals and
cross-sections were prepared for each sample using a
Hardy microtome.

Fluorescence microscopy

Cross-sections were viewed using a Vickers M17incident
light fluorescence microscope, exciting at 365 nm and
filtering the fluorescence through a dichroic reflector
that transmits wavelengths greater than 430 nm. Photo-
micrographs were recorded using an Olympus OM4
camera and Ilford FP4 125 ASA film,

RESULTS

Structuresand classification of compoundsI-V are shown
in Table 1. Compounds VI, VIl and VIII were fluorescent
compounds, whose structures have been described in
the Experimental section. Compound VI contained reac-
tive chlorotriazine and sulphatoethylsulphone residues,
compound VII was the related highly reactive vinylsul-
phone and compound VIII was an unreactive analogue.

Table 1 Structures and classification of compounds -V

Dye Structure Type

I (©-80,-CH,~CH,~0-SO_H Reactive

I (@)-S0,~CH=CH, Reactive
Il ©-80,-CH,~CH,~OH Unreactive

IV @-S0,~CH,-CH,-5-8-CH,-CH,-50,<D) Reactive
v @—SOZ—CHZ—CHE—S—CHZ—CHZ—SOE—@ Unreactive

Where @ represents the sulphonated chromophore whose structure has
been shown previously (dye !, Experimental section)

The pH versus exhaustion profile (Figure 4) shows that
dyes I~V had high substantivity for the fibre at low pH
values (pH 4); as the dyebath pH increased, the B-sulpha-
toethylsulphone and vinylsulphone reactive dyes I and
II still exhibited high substantivity (E > 70% at pH 7),
whereas dyes Il and V showed low substantivity (E <
20% at pH 7). The disulphide dye IV had a similar
exhaustion profile to the reactive dyes I and II.

Figure 5 shows that the unreactive dyes Il and V had
avery low fixation at all pH values (pH 2-7). The fixation
of the B-sulphatoethylsulphone dye increased as the pH
increased, reaching optimum values at above pH 6-7; the
fixation of the reactive vinylsulphone dye was fairly high
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Figure 5 Effect of dyebath pH on the fixation of dyes |-V on woo!

at all pH values (F > 80%), reaching a maximum at pH
5.5-6.0. The disulphide dye fixation was low over the
pH range pH 2-6 but increased rapidly at pH above 6, to
approximately 60% at pH 7.

Good separation of a mixture of dyes I-V was obtained
using h.p.l.c. under the conditions specified (Figure 6,
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A Dyes |-V

B Strip liquor of wool sample {100 g) dyed 10 5% o.w.f. with
dye |

C Residual dyebath of wool sample (100 g) dyed 10 5%
o.w.f. with dye |

Figure 6 H.p.l.c. plots of dyes |-V, liquor stripped from wool and
residual dyebath liquor

plot A). By comparing plots A, B and C in Figure 6 it can
be seen that in the strip liquor of the wool dyed to 5%
o.w.f. with dye I (i.e. dye not covalently bonded to the
fibre), the hydroxyethylsulphone, B-sulphatoethylsul-
phone, vinylsulphone and thioether were present, the
thioether predominating. In the residual dyebath mainly
B-sulphatoethylsulphone, moderate amounts of vinyl-
sulphone and hydroxyethylsulphone and a relatively
small amount of thioether were present.

The dye chromophore present was stable to stripping
with 25% aqueous pyridine. Disulphide dye IV and sul-
phatoethylsulphone tended to slowly convert to the

vinylsulphone form II during the stripping process, but
it was concluded that this reaction would have no effect
on the fixation results since desorption is much more
rapid than dye activation and subsequent reaction with
the fibre.

Figure 7 shows the photomicrographs for the merino
wool dyed with fluorescent compounds VI, VIl and VIII
after 45 min at the boil. The reactive B-sulphatoethylsul-
phone VI and unreactive analogues increasingly pene-
trated the fibre as the dyeing time proceeded. Thereactive
compounds VI and VII penetrated the fibre markedly
less than the unreactive one (VIII). The behaviour of the
highly reactive free vinylsulphone derivative VIl was
most extreme, giving almost exclusively ring dyeing.
This observation is supported by the work of Blanken-
burg et al. [10], who used the Zeiss Photometer micro-
scope to study reactive dye penetration.

Figure 7 Photomicrographs of merino 21.5 um wool staples dyed
with model compounds VI, Vil and VIII after 45 min at the boil (0.5%
o.w.f)

DISCUSSION

The B-sulphatoethylsulphone I and disulphide 1V dyes
were able to covalently bond to the fibre due to their
ability to B-eliminate to form the reactive vinylsulphone
in the dyebath. Dye I clearly B-eliminated to the reactive
vinylsulphone more efficiently than did the disulphide
dye IV, The reason for this is the number of side reactions
involved following B-elimination of dyeIV; some of these
may be summarised as shown in Scheme 7.

@—SOZ—CHQ-—CHZ,—S—‘S—CHz—CHg—SOZ—@
l OH
(0)—s0,-cH=CH, + (D)—S0,~CH,~CH,~S—SH

l H0

(D)—80;~CH,—CH,~SOH + H;S

Scheme 7

The fixation of dye I increased with increasing pH
because of the enhanced B-elimination of the sulphato-
ethylsulphone group, to give the reactive vinylsulphone.
The unreactive hydroxyethylsulphone Il and thicether
V were unable to -eliminate to the reactive species at pH
2-7 and thus were readily stripped from the wool.
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H.p.lc. residual dyebath analysis of full-shade dye-
ings of dye I gave the expected result. Asdyeing proceed-
ed the B-sulphatoethylsulphone dye formed the
vinylsulphone, which then reacted with the wool fibre.
The vinylsulphone is susceptible to hydrolysis at the boil
even at pH 5, which accounts for the presence of a small
amount of the hydroxyethylsulphone in the residual
dyebath. Also, due to there being a high concentration of
B-sulphatoethylsulphone present, not all of this dye p-
eliminated during the dyeing time; additionally not all
the formed vinylsulphone would exhaust onto the fibre.
Thus in the exhausted bath the original B-sulphatoethyl-
sulphone made up 75% of the coloured products at the
end of dyeing.

H.p.l.c. analysis of the strip liquor after the dyed wool
had been treated with 25% aqueous pyridine showed the
presence of small amounts of unfixed hydroxyethylsul-
phonelII, B-sulphatoethylsulphone I and vinylsulphone
dye II; more importantly, the thioether analogue V was
present, forming the bulk of the unfixed dye (about 54%).
The fixation and exhaustion data demonstrated that al-
though the thioether derivative had high substantivity at
PH 5 (80%), it did not fix to the fibre. Therefore, if formed
during dyeing, it would exhaust onto the fibre. This
coincides with the observation that only a very small
amount of the thioether was found in the residual dye-
bath after dyeing, but significant amounts were in the
strip liquor. The presence of the thioether supports the
hypothesis that reactive dyes are able to interfere with
thiol-disulphide interchange reactions by reaction with
the hydrogen sulphide produced during dyeing, as shown
in Scheme 6.

Fluorescence microscopy investigations revealed that
the highly reactive vinylsulphone fluorescent derivative
VII did not penetrate the wool fibre but reacted mainty
with the endocuticle and cuticular intercellular regions.
As expected, the B-sulphatoethylsulphone derivative VI
partially penetrated the fibre, but markedly less than the
unreactive compound VIII. This also demonstrates the
value of the sulphatoethylsulphone group in delaying
dye-fibre reaction, hence increasing levelness and fibre
penetration. The reactive vinylsulphone dyes are thus
probably associated mainly with the fibre surface, es-
pecially in the endocuticular regions. The lack of preci-
sion of the Hardy microtome may be the reason why
better detail is not apparent from these photographs and

Appendix Characterisation of dyes |-V

precludes precise allocation of the morphological com-
ponents involved in reaction with these dyes.

CONCLUSIONS

Reactive dyes are capable of interfering with wool fibre
thiol- disulphide interchange reactions that appear to be
involved in the fibre damaging process. Since reactive
dyes are able to covalently bond to wool proteins, it can
be envisaged that cell membrane complex proteins are
also modified in such a way as to change their solubility
and morphology, thusimpartingincreased fibre strength.
Leeder’s contention that the cell membrane complex
playsadisproportionate role in maintaining fibre strength
[7] has been supported by Baumann, who demonstrated
that wool gelatins liberated during dyeing originated in
the CMC [11]. Photomicrographs show that the reactive
fluorescent derivatives are clearly distributed in different
areas of the fibre than are the unreactive analogues and
thus may possibly alter the solubility of CMC and endo-
cuticular proteins, making them less likely to dissolve
during the dyeing process.

The thioether derivative makes up the bulk of the dye
stripped from the fibre at the end of the dyeing process
and is thuslikely to be responsible for staining in washing
and perspiration. The presence of thioether dye is an
important finding in this work and has not been noted
previously.

* * *
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Elemental Required

analysis (%) (%)
Dye Formula Stoichiometry R.mm. C H N c H N
! SO,CH,CH,0S0;,Na* CyaH1aN0 43S Na, 662 206 25 3.6 30.1 2.6 3.9
H (©-S0,CH=CH, CgH5N04S;Na, 542 352 3.2 46 352 3.1 47
i @-SO,CH,CH,OH CigH14N;O;S3Na, 560 335 3.0 4.2 34.2 35 4.4
v —SO,CH,CHSSCH,CH,S0,-(0)  CygHapgN,O,5SNa, 1150 344 28 4.3 343 3.0 44
Vv —-S0,CH,CH,SCH,CH,S0,-D) CigHz6N,0445;Na, 1118 353 29 4.4 35.2 31 4.5
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