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The dyeing of silk using a monoazo difluorochloro-
pyrimidyl reactive dye has been studied with respect to
exhaustion, fixation ratio, solubility of the dyed fibres in
lithium thiocyanate solution, work recovery and tensile
strain recovery. The results indicate the formation of
cross-links between the reactive group by reaction of the
two fluorine atoms in the dye with functional groups in the
silk fibroin, probably mainly tyrosine OH groups.

INTRODUCTION

Dyes with a difluorochloropyrimidyl group are among
the most important reactive dyes for machine-washable
wool [2]). Their excellent wet fastness on wool is attributed
to their high fixation ratic. In most cases more than 95% of
the dye present on the wool after washing-off is bound
covalently [2-4]. An explanation of the high fixation ratio of
difluorochloropyrimidyl dyes was given by research
groups in Ziirich and Aachen. Datyner et al. [5] found that a
partially hydrolysed difluorochloropyrimidyl dye is still
fairly reactive to wool. Altenhofen et al. [6] observed that
the reactivity of the second fluorine—carbon bond with
amines is only slightly decreased after the first fluorine has
reacted with an amine. These findings indicate that the dye
molecule has two reactive centres, which can react inde-
pendently with the nucleophiles in protein fibres. There has
been no indication of the possibility of introducing cross-
links in wool by bifunctional reaction of the difluorochloro-
pyrimidyl dyes, although the Procion MX dyes were sug-
gested to be capable of forming stable cross-links with
wool fibre [7]. One reason may be that the number of the
cross-links formed by the dye, if such cross-links exist, is
negligible in relation to the large number of disulphide
cross-links provided by the cystine in wool.

However, in another important natural protein fibre,
Bombyx mori silk, there are no such naturally occurring
cross-links. Several attempts have been made to introduce
inter-chain bonds in silk fibroin to improve its mechanical
{or physical) and chemical properties [8—10]. It was, there-
fore, of interest to investigate the possibility of a bifunc-
tional reaction between a difluorochloropyrimidyl dye and
silk fibroin.

In the 1950s Zahn et al. investigated the reaction of silk
fibroin with several bifunctional fluoronitrobenzene deriva-
tives such as 1,3-difluoro-4,6-dinitrobenzene (FFDNB) and
4,4'-difluoro-3,3'-dinitrodiphenylsulphone (FF-sulphone).
They found that, under mildly alkaline conditions, FFDNB
reacts with silk fibroin to give rise to monosubstitution and
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disubstitution. The products showed enhanced resistance
to hydrolysis by hydrochloric acid and reduced solubility in
such silk fibroin solvents as copper ethylenediamine and
agueous lithium bromide [11, 12]. They showed that most
of the tyrosine and lysine residues in fibroin were involved
in the reaction [13]. The reaction of silk fibroin with FF-
sulphone gave 100% disubstitution of the tyrosine
residues. No monosubstituted derivatives were found. It
was concluded from these investigations that the reaction
of fibroin with FF-sulphone was predominantly inter-
molecular and that the product was extensively cross-
linked [14, 15]. It also seems that the phenolic groups of
tyrosine in fibroin are more accessible than other nu-
cleophilic groups to fluoroaryl compounds to enable
cross-links to be formed.

Considering the structural similarity of the difluoro-
chloropyrimidyl group and FFDNB, the present work
studied the possibility of formation of cross-links in silk
fibroin by dyeing with a difluorochloropyrimidyl dye, and
the role of phenolic hydroxyl groups of tyrosine in the
reaction.

EXPERIMENTAL

Dye

The formula of the dye used is shown in Figure 1. The dye
from the manufacturer (S) was used without further purifi-
cation. Its purity was determined spectrophotometrically
after being purified three times with DMF and n-butanol. All
the dyeing results have been corrected for dye purity.

NH,

NaF
= N
HO3S Q SOzH Cl T

Figure 1

Silk
A plain woven Bombyx mori silk fabric, supplied by Zhe-
jiang Silk Co., Hangzhou, China, was used. This was
scoured by a proteolytic enzyme process followed by wash-
ing and neutralisation with dilute acetic acid.

All other reagents were of analytical quality.

Methods

The modification of the tyrosine residue in silk fibroin was

performed as follows.

1. A  solution of 43g (0.2mol) of p-toiyl-
sulphonylmethylinitrosoamide in about 250 ml of ether
was added to a mixture of 50 ml of 96% alcoholand 10 g
of potassium hydroxide in 15 ml of water at 60-65°C
through a dropping funnel. The diazomethane formed
was distilled off and collected in an efficient condenser
[16}].

2. The prepared diazomethane ethereal solution was made
up to 1200 mi with ether. Samptes of silk fabric (6 g)
were each immersed in 600 m| of this diazomethane
ethereal solution at room temperature with shaking for
either (a} 24 h or {b) 48 h [17]. The treated samples were
washed in several changes of ether, ethyl alcohol and



distilled water. Some methylation of free carboxyl
groups may have occurred simultaneously, so any
resultant methyl esters were saponified by immersing
the samples in 0.2 mol/l sodium carbonate at room
temperature for 18 h.

3. To determine the tyrosine content {18], 120 mg of
1-nitroso-2-naphthol (Fluka Puriss) were digssolved in
95% etheanol and the solution made up to 100 ml, and
12 ml of conc. nitric acid were diluted to 100 m! with
distilled water. A sample of silk fabric (0.100 g) was
placed in a 50 ml distillation flask and hydrolysed by
refluxing for 3 h with 20 mi of 20% hydrochloric acid
solution. 5 ml portions of the acid-hydrolysed silk fib-
roin solution were placed in each of two 18x180 mm
Pyrex test tubes. 1 ml of the 1-nitroso-2-naphthol solu-
tion was added to one tube and 1 ml of 95% alcohol to
the other. To each tube were then added 2 ml of 37%
hydrochloric acid solution and 1 mi of the nitric acid
solution. The contents of the tubes were well mixed and
the tubes were shaken in a boiling water bath for exactly
47 5. They were then placed quickly in a water bath at
room temperature and shaken there for 1 min. The opti-
cal density of the solutions were measured at 500 nm
within 8 min of removal from the cooling bath. A calibra-
tion curve was drawn using standard tyrosine solutions.

Dyeings
Samples (2.00 g) of 5ilk were dyed according to the method
recommended by the dye maker in an AHIBA laboratory
dyeing machine (AHIBA Apparatebau, Birsfelden, Switzer-
land).

The dyebath was made up with:

Dye 5% (o.w.f.)
Sodium sulphate 10g
Soda ash 19
Water to 200 mi.

The process temperature was 40°C throughout. Dye and
half the solid sodium sulphate were added at the start, and
the remaining sodium sulphate was added after 30 minasa
200 g/l solution. After a further 30 min soda ash solution
(100 g/1) was added, and the temperature maintained for
60 min. At the end of dyeing the pH of the dyebath was
about 10.5. The dyed samples were rinsed thoroughly with
distilted water and dried.

The dyeing and washing operations were carried out
between one and five times under the same conditions to
magnify the cross-linking effect. Meanwhile, the corres-
ponding blank dyeings, without dye, were made as control.

Dyebath exhaustion, fixation ratio and amount of dye
fixed on the fibre were calculated as follows.

(a) ExhaustionzD";D—DiMOO%
8

(b) Fixation ratio= ‘3: x100%= 2PutDe) 000,
F E B U

i D Dg—(Dy+D
(c) Fixed dye amount= ﬁ - “B(—Wusi

where:

Dg=quantity of dye originally in dyebath

Dy=quantity of residual dye in dyebath

D¢ =quantity of dye covalently bound in silk

D =quantity of loosely bound {extractable) dye on silk
W; =weight of silk.

Dy and D, were measured spectrophotometrically at the
beginning and at the end of the dyeing process respec-
tively. D¢ was determined using the urea—surfactant extrac-
tion method |5].

Solubility in lithium thiocyanate solution was deter-
mined using 0.0500 g samples of silk fabric, cut into small
pieces approximately 0.3x0.3 ¢cm. The loss in weight after
treating with 5 ml of 49% lithium thiocyanate solution at
room temperature, with shaking, for 90 min was deter-
mined.

The work recovery and tensile strain recovery were
determined onthewarp yarn consisting of 20 silk filaments,
using an Instron tensile tester according to an ASTM test
method [19]. Five determinations were carried out on each
sample.

RESULTS AND DISCUSSION

In order to study the reaction of tyrosine residues in fibroin
with the difluorochloropyrimidyl dye, two modified sam-
ples were prepared in which the phenolic hydroxyl groups
of tyrosine had been methylated to different degrees. The
content of phenolic groups in the samples is shown in
Table 1.

TABLE 1

Degree of Methylation of Tyrosine

Tyrosine content Degree of methylation

Sample {mmol/100g) (%)
Unmedified 62.12 0
Methytated (24 h) 36.26 41.63
Methylated (48 h) 28.55 50.04
n
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Figure 2 — The amount of dye fixed on the samples
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After treatment with diazomethane for 24 h, the silk fib-
roin had lost about 40% of its free phenolic hydroxyl
groups. After two days, half of the tyrosine residues had
been blocked. These two modified samples and the unmod-
ified material were dyed with the difluorochloropyrimidy!
dye using the method described.

Figure 2 shows the change in amount of fixed dye as the
dyeing process is repeated. It can be seen that with the
methylated samples the fewer phenolic hydroxyl groups it
contains, the less dye fixed. But in the case of the unmod-
ified sample it may at first sight seem surprising that
although it contains more phenolic hydroxyl groups dye
fixation is lower than on the methylated samples. There
must be another factor which inhibits the fixation of the
dye. Table 2 lists the values for fixation ratio and exhaus-
tion. The fixation ratio of the unmodified sample is higher
than that of the methylated samples but the exhaustion is
much smaller. Therefore, it is assumed that in the unmod-
ified sample, which contains more phenolic hydroxyl
groups, more cross-links are formed, which reduces the
accessibility of the fibre to the dye.

The formation of the cross-links by the dye is confirmed
by the solubility tests. Lithium thiocyanate, LiCNS, is a
strong hydrogen-bond-breaking reagent. Concentrated
aqueous LICNS appears to be the best solvent for silk fib-
roin. This solution is approximately neutral and unlikely to
cause peptide bond hydrolysis. The results of the solubility
tests are shown in Figure 3. The solubility of each of the
three samples decreases with the number of the dyeing
operations. The unmodified sample has the lowest solubil-
ity and the sample with least phenolic hydroxyl groups is
the most soluble. This indicates again that the tyrosine
residues of fibroin play an important role in the bifunctional
reaction with the dye.
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Figure 3 — Solubility of samples in LICNS
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Reduction in the solubility of fibroin is not in itself an
unambiguous criterion of cross-linking because some
monofunctional reagents, e.g. monofluoronitrobenzene
also reduce its solubility [13]. However, in the present work
the greater reduction in solubility of the unmodified sam-
ple, which fixed less dye relative to the two methylated
samples, can only be explained by the presence of more
cross-links.

TABLE 2

Dyeing on Silk Fabric: Values for Exhaustion and Fixation
Ratios

Material
No. of Methylated Methylated
dyeings Unmaodified {24 h) {48 h)
Exhaustion {%) 1 55.71 61.12 59.57
2 28.42 30.25 29.93
3 14.22 17.93 17.34
4 4.45 7.43 7.03
5 2.03 5.60 5.01
Fixation ratio (%) 1 97.94 93.49 90.12
2 98.28 93.62 90.98
3 98.61 94.46 92.27
4 98.82 95.19 93.74
5 98.46 95.38 93.38

The changes in the mechanical properties of dyed sam-
ples give further strong evidence for the formation of the
cross-links introduced into the fibroin by the difluoro-
chloropyrimidyl dye.

It is well known that intermolecular cross-linking
improves resilience and elastic recovery of fibres, yarns
and fabrics. Elastic and work recoveries indicate how far a
fibre reverts to its original state after being stretched. The
data in Table 3 obviously demonstrate the effect of cross-
linking on the elastic properties of the samples. Both the
work recovery and the tensile strain recovery of unmodified
samples that have been dyed with the difluorochloro-
pyrimidyl dye once or five times are higher than those of
the samples that have been subjected to the corresponding
blank dyeing conditions at any extention level, except that
work recovery shows a slight decrease at extensions of 2%
and 3% in the samples dyed five times.

It has been reported that during the treatment of fibrain
with alkali a new cross-linkage, lysinoalanine (LAL), is
formed by combination of the lysine residues and the
dehydroalanine residues according to the following equa-
tion [20-22].

1 ! | |

NH NH  NH NH
I

C=CH,+H,N~{CH,),— CH —= CH-CH,~ NH~(CHz},—CH
| |

(0] CcO co Co
I | | |
Dehydroalanine  Lysine Lysinoalanine
residue residue residue

When the fibroin was treated with 0.7 mol/I K,CO, for 24 h
at 50°C 16.7% of the silk went into solution and the undis-
solved silk contained 2.0 mmol LAL/100 g of the fibre [23].
When the conditions were changed to 72 h at 55°C 23% of



TABLE 3

Elastic Properties of Silk Thread*

One One Increase Five Five Increase
dyeing blank A, -8, dyeing blank A8,
Extension treatment treatment —x100 treatments treatments ——x100

Property {%) A, B, 8, As Bs B,
Work 2 48.4 322 50.3 33.9 34.2 ~0.8
recovery (%) 3 34.5 28.7 20.2 278 28.2 -1.4

4 26.8 237 13.1 25.0 23.5 6.4

5 23.3 211 10.4 23.2 20.7 121
Tensile strain 2 74.6 60.7 22.9 66.2 b4.2 22.1
recovery (%} 3 62.9 59.9 5.0 60.3 53.2 13.3

4 59.9 52.3 14,5 58.3 50.1 16.4

5 54.8 49.0 11.8 57.0 47.2 20.8

*Unmadified sample

the fibre dissolved and the residuai fibroin contained
2.12 mmol LAL per 100 g of the fibre [24]. The alkaline
conditions in the present work were much milder than
thase in the above treatments. Therefore the amount of LAL
formed during dyeing was expected to be very low relative
to the amount of dye fixed (5-10 mmol/100 g of fibre}.
Thus the contribution of LAL to the changes in physical,
chemical and mechanical properties of the fibre would be
unimportant, and negligible in contrast to that of the dye
cross-links.

This was confirmed by the solubility test of the blank-
dyed samples (Table 4).

TABLE 4

Solubility of Dyed and Blank Samples*

Sample Solubility (%)
Dyed once 35.43
Blank dyed once 99.83
Dyed five times 12.74
Blank dyed five times 67.50

*Unmodified sample

The unmodified sample treated under the dyeing condi-
tions but without dye dissolved completely in LICNS, but
the solubility of the dyed sample decreased to 35.43%. After
five repeated blank treatments under the same conditions,
solubility was reduced to 6§7.50%, which could be due to the
formation of LAL, but the solubility of the cofresponding
dyed sample was much lower. This indicates strongly that

the formation of the cross-links in the dyed samples was
due predominantly to the difluorochloropyrimidyl dye.
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