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Anomalous dyeing behaviour has been found when regular acrylic fibre treated in hydrochloric acid,
in which the sulphonic acid group was present entirely in the acid form, was dyed in neutral condition
with azo and anthragquinone disperse dyes. In the very early stages of dyeing there was an
abnormally high degree of dye exhaustion, with bathochromic (azo) or hypsochromic {anthraguinone)
colour changes on the fibre. These phenomena gradually disappeared after prolonged dyeing, with
normal adsorption equilibria and colours eventually being obtained. The results were explained on
the basis of protonation by the sulphonic acid groups of treated fibre which occurs at the azo nitrogen
or the amino nitrogens of the substituents in the 1- or 1,4-positions of anthraquinone. The normal
adsorption equilibria after prolonged dyeing was attributed to hydrolysis of the cyano side group to
form carboxylic acid. This produces ammonia to liberate neutral dye from the protonated dye cation
adsorbed electrostatically by the sulphonic acid anion of the treated fibre.

INTRODUCTION

An important characteristic of regular acrylic fibres is the
fact that they generally contain strong acid groups, typi-
cally the sulphonic acid group, which serves as a dyeing
site for cationic dyes [1,2]. However, little is known about
the role and influence of this strong acid group when the
acrylic fibres are dyed using the disperse dyes.

In our previous thermodynamic investigations in this
field, we found anomalous dyeing behaviour accompa-
nied by a pronounced colour change, which is caused by
the interactions between the sulphonic acid group and
the disperse dyes [3]. Although in industry acrylic fibres
are dyed chiefly with cationic dyes, there is also consider-
able interest in dyeing them with disperse dyes [4,5]. The
object of the present paper is to study in detail this
anomalous dyeing behaviour accompanied by colour
changes to the acrylic fibres with sulphonic acid groups.
We believe that this will assist in understanding the
principles of dyeing not only acrylic fibres, but also of
other synthetic fibres containing strong acid groups.

EXPERIMENTAL

Materials

Polyacrylonitrile fibres

Exlan type K, a commercial acrylic fibre which was spun
from sodium thiocyanate aqueous solution of an
acrylonitrile(AN)/methylacrylate(MA) copolymer (AN/
MA ratio about 90/10 by weight) was used after scouring
in an aqueous solution of 1 g nonionic surfactant (Noigen
HC, Dai-ichi Kogyo Co.)in 11water for 30 min at 60°Cand
a liquor ratio of 20:1, followed by washing in water and

drying at 60°C. This sample (abbreviated in the present
paper to PAN-r) was 3.3 dtex in diameter and contained
51 mmol/kg sulphonic acid group. PAN-r having the
sulphonic acid group present only in acidic form (PAN-
rH) was prepared by treating the PAN-r fibre in a large
excess of 0.01 moll aqueous hydrochloric acid solution
for 15 min at 100°C, followed by repeated washing in
water until non-acidity was confirmed. PAN-r fibre hav-
ing the sulphonic acid group present as the sodium salt
form (PAN-rNa) was prepared by a similar treatment of
the PAN-r fibre with 1 mol/l aqueous sodium chloride
solution. PAN-rH and PAN-rNa fibres are described in
Table 1.

Table 1 Description of fibre samples used

Strong acid groups
(mmol/kg fibre)

Weak acid groups

Fibre Total Htion  Na'ion (mmol/kg fibre)
PAN-rH 51 51 0 124
PAN-rNa 51 0 50 56

A reference fibre (PAN-co), which did not contain the
strong acid group, was spun in the same manner asabove
from a copolymer prepared by a radical polymerisation
method with azo-bis-isobutylonitrile (AIBN) as the cata-
lyst. The PAN-co fibre, 3.3 dtexin diameter, was similarly
scoured, washed and dried.
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Dyes

Seven monoazo, six aminoanthraquinone and one
benzanthrone derivatives were used (Figure 1). Among
these, pAAB was a special-grade commercial chemical.
AAQ, R-9, R-15, V-1 and V-4 were prepared from high-
purity cake supplied by Sumitomo Chemical Ind. Co.and
Nihon Kayaku Co. They were recrystallised three times
from ethanol/water solution and dried in vacuo. The other
dyes were used after purification from the commercial
dyestuffs by dissolving in ethylene carbonate/water
(90/10 by vol.) solution and recrystallising three times by
addition of water. The crystals obtained were further
purified by repeated recrystallisation from ethanol/water
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Figure 1 Dyes used in the present study
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Method

Preparation of dye liguor

The dye liquor was prepared by dissolving the disperse
dye in boiling water, followed by filtration with a hot
glass filter and dilution with hot water to the required
concentration. The concentration of the dye was deter-
mined from the absorbance of the liquor based on an
absorbance vs concentration curve. The absorbance was
measured with a Hitachi 124 spectrophotomer at the
wavelengths of the maximum absorption. The solubilities
at 90 and 100°C of each disperse dye were reported in our
previous paper [3]. The mother liquor thus prepared was
divided, while still hot, into the required number of
dyeing vessels for measuring the dyeing rate.

Measurement of dye exhaustion

A 1 g sample of the fibre was dyed in 100 ml of dye
solution using a 200 ml flask equipped with a reflux
condenser and a stirring device. Dyeing was carried out
in a polyethyleneglycol bath thermostatically controlled
within + 0.3 degC. After a certain time, the exhaustion of
the dye from the solution was determined by measuring
the absorbance of the residual dye liquor. Direct determi-
nation of the amount of the dye taken up by the fibre was
also carried out by measuring the absorbance of an aque-
ous ethylene carbonate solution in which the dyed fibre
was dissolved. There was good agreement between the
two methods.

Hue of dyed fibre

The reflectance spectrum of the dyed fibre was plotted by
a Hitachi EPR-II recording spectrophotometer. The hue
of the dyed fibre was described in terms of the dominant
wavelength (DWL) evaluated according to the CIE stand-
ard colorimetric system.

Acid group content of fibre

The fibre was dissolved in dimethylformamide to a con-
centration of 0.5%. Using this solution, the following
titrations were carried out [2,6,7]. The amount of hydro-
gen ion present was determined by conductometric
titration with 0.01 mol/l sodium hydroxide/ethanol sol-
ution using a Yanagimoto MY-7 conductivity bridge
equipped with a platinum dip-cell. The total amount of
the strong acid group was obtained by titratingimmediate-
ly after the solution was cation-exchanged with Amberlite
IR-120 (Rohm & Haas). The amount of polymer adsorbed
on the Amberlite was confirmed to be negligible.

The weak acid group of the fibre, almost all of which
wascarboxylic, was determined by potentiometric titration
with 0.01 mol/I sodium hydroxide/ethanol solution using
a Yanagimoto PT-3 automatic titrator equipped with
platinum/calomel electrodes.

RESULTS

The total amount of the strong acid groups on the fibres
was 51 mmol/kg. We were able to confirm that the



counterions for the strong acid groups were protons
(PAN-1H), which were wholly transformed to sodium
cations for PAN-rNa [8]. The amount of weak acid groups
was found to be 124 and 56 mmol/kg for PAN-rH and
PAN-rNa respectively.

Figure 2 shows how dye exhaustion and uptake varied
according to time when PAN-rH and PAN-rNa were
dyed with pAAB at 100°C. It is clear that both exhaustion
and uptake follow similar trends, as previously described.
However, a remarkable difference in dyeing behaviour
was found between PAN-rH and PAN-rNa. For the latter
the rate curve is normal, i.e. a steep initial increase in
exhaustion (or uptake) followed by a gradual increase up

to the equilibrium. For the former, the rate curve exhibits
a much steeper initial increase, reaching as high as 80%
exhaustion at a dyeing time of 30 min. The value of 80%
exhaustion is about twice as high as those attained with
PAN-rNa at equilibrium. The maximum exhaustion with
PAN-rH is soon followed by a steady decrease with time,
reaching an equilibrium value that is about 15% higher

than with PAN-rNa.
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Figure 2 Percentage exhaustion vs time in the dyeing of PAN-rH and

PAN-rNa fibres with pAAB (20 mg/l) at 100°C

Such anomalous dye exhaustion exhibited by PAN-rH
was not found when dyes R-15 and Y-13 were used, as
shown in Figure 3. Little difference in the exhaustion of
the two dyes was revealed between PAN-rH and PAN-
rNa, and all the rate curves were normal.

Dyeing of PAN-rH with pAAB was also accompanied
by a noticeable colour change. This is shown in Figure 4,
where the reflectance spectra are given for PAN-rH dyed
for 0.5, 2 and 8 h (the spectra for PAN-rNa dyed with

pAAB for 0.5 and 8 h are also shown). The pronounced
hue change with time is clear; in the initial stage the fibre
assumes an intense red colour caused by the absorption
around 500 nm, it then gradually changes to reddish-
yellow and finally to yellow at equilibrium. At this stage
the spectrum canbe seen to be close to those for PAN-rNa,
for which no change in the hue during the whole course

of the dyeing was found.
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Figure 3 Percentage exhaustion vs time in the dyeing of PAN-rH and
PAN-rNa fibres with Y-13 (3 mg/l} and R-15 (10 mg/l); exhaustion
determined from absorbance of dye liquor
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Figure 4 Change in reflectance spectra of PAN-rH and PAN-rNa
fibres dyed with pAAB (20 mg/l) at 100°C at various dyeing times

Such hue change found in the dyeing of PAN-rH with
pAAB was never observed when dyeing PAN-rNa with
pAAB, R-15 and Y-13. With the latter two dyes the reflect-
ance spectra obtained with PAN-rH and PAN-rNa after
0.5 h dyeing are compared in Figure 5; the spectra are
coincident with each other for both dyes.

Table 2 quantifies the extent of the anomalous dye
exhaustion and the accompanying colour change exhib-
ited by PAN-rH when dyed with various disperse dyes.
Both the anomalous dye exhaustion and the colour change
were particularly marked for the azo dyes R-1,R-17,R-19

JSDC Vorume 108 January 1992 23



100

PAN-rH
PAN-rNa

Reflectance, %

| I I I
400 480 560 640 720

Wavelength, nm

Figure 5 Refiectance spectra of PAN-rH and PAN-rNa fibres dyed for
0.5 h with Y-13 (3 mg/l) and R-15 (10 mg/l) at 100°C

Table 2 Exhausticn after 30 min in dyeing of PAN-rH and PAN-
rNa fibres with disperse dyes and resultant hue'@

Hue of dyed fibre

Dye
Type of exhaustion
Dyes pkK,[22] fibre at 30 min (%) DWL® Colour
AAQ 0435 H 33 579 Weak yellow
Na 31 579 Weak yellow
R-9  0.558 H 65 496  Moderate pink
Na 65 495 Moderate pink
R-15 0.781 H 46 502©  Reddish-purple
Na 46 50219 Reddish-purple
V-1 158 H 56 500  Reddish-purple
Na 41 559©  Vivid purple
V-4 H 72 5191©@  Reddish-purple
Na 52 463 Bluish-purple
B-3 1.67 H 66 5620  Weak purple
Na 46 478 Weak blue
pPAAB 2.95 H 86 815 Moderate red
Na 37 579 Yellow
03 252 H 87 595 Reddish-orange
Na 49 581 Yellowish-orange
0-5 H 64 596 Reddish-orange
Na 47 599 Reddish-orange
R-1  3.12 H 97 493©  Purplish-red
Na 33 495 Purplish-red
R-7 H 73 496/ Purplish-red
Na 35 610 Red
R-17 H 98 493t} Purplish-red
Na 33 495 Purplish-red
R-19 2.52 H 83 495¢)  Purplish-red
Na 17 675 Red

(a) Dyeing conditions: dye concn 5 mgyi, liquor ratio 100:1, time 30 min,
temperature 100°C

{b) Dominant wavelength (nm) by CIE method

(c) Complementary wavelength in CIE chroma chart
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and O-3, where the maximum dye exhaustion obtained
with PAN-rH was two to five times larger than that
obtained with PAN-rNa at the corresponding dyeing
time (30 min}. Similar behaviour with PAN-rH was also
found in dyeing with 1,4-diaminoanthraquinone deriva-
tives, namely B-3 (Figure 6), V-1 and V-4. The extent of the
anomaly depended on the substituent groups of the dye
molecule. As seen from Table 2, anomalous dye exhaus-
tion and hue change were virtually absent when dyeing
with l-aminoanthraquinone derivatives such as AAQ,
R-9 and R-15.
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Figure 6 Change in reflectance specira of PAN-rH and PAN-rNa
fibres dyed with B-3 (5.5 mg/l) at 100°C at various dyeing times

It was found that almost all the commercial PAN fibres
having strong acid groups, when treated with strong acid
as described above, show the same pronounced colour
change in the course of dyeing with pAAB. These in-
cluded Orlon 42 (Du Pont), Dralon {BAY) and Cashmilon
(Asahi Chem.) [9]. It was noted that PAN-co prepared by
us, as well as the old type of Courtelle, a commercial fibre
(Courtaulds) having carboxylic acid groups as the dyeing
sites [2], showed neither anomalous dye exhaustion nor
hue change [9]. This can be ascribed to the absence of
strong acid groups in the latter two fibres.

It is evident from the results obtained that the strong
acid groups of PAN-rH have significant influence on the
dyeing of acrylic fibres with some azo and anthraquinone
disperse dyes, causing an abnormally high degree of dye
exhaustion at the initial stage and an accompanying hue
change.

Figure 7 shows the dye partitions between fibre and
dye solution attained at equilibrium in the dyeing of
PAN-rNa and PAN-rH with pAAB at 100°C. Irrespective
of the anomalous phenomena described above, the Nernst
partition law is obeyed [5,10-14]. Figure 7 also shows the
relationship between dye concentration in the PAN-rH
fibre and that in the liquor when the maximum anoma-
lous dye exhaustion was obtained (Figure 2). Concentra-
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Figure 7 Partition equilibria of pAAB between fibre and dyebath at
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tions in the fibre obtained at maximum dye exhaustion
([D)gmax) Were always higher than at the equilibrium
([Dlseq) when compared with the corresponding dye
concentration in the solution ([D],). This leads to the
conclusion that the attraction between the dye and the
fibre operating with the anomalous dye exhaustion was
much greater than at equilibrium. In Figure 7 where [D],
exceeds 140 mmol/l, {Dl; .y is higher than [D].q by
approximately 26 mmol/kg in all cases.

DISCUSSION
From the evidence described above relating to the dyeing
of PAN-rH fibre with pAAB, it is probable that the dye
species initially adsorbed is different from that estab-
lished at the final equilibrium. This implies that some
transient adsorption mechanism is involved in the initial
stage. Moreover, it is likely that PAN-rH is chemically
modified from the original at the final equilibrium, be-
cause the side groups of the polymer chain, cyano and
carboxymethyl, appear to be partially hydrolysed to
carboxyl groups. In Figure 7 the values of [D]q are seen
to be larger by a small amount for PAN-rH than for PAN-
1Na, probably indicating such a chemical modification.
In order to examine the transient form of pAAB, the
absorption spectra of pAAB in sulphuric acid solution
were obtained as shown in Figure 8. The intense absorp-
tion at 380 nm of pAAB that appeared in the neutral
solution shifted with increasing concentration of sul-
phuric acid to longer wavelengths, around 500 nm
(bathochromic shift by about 120 nm}); two definite
isosbestic points at about 340 and 450 nm were evident.
Such spectral change is explainable on the basis of a
reversible protonation onto the pAAB molecule, the
change being reversible according to the acidity.
Previous studies in this area [15-19] have identified a
pronounced colour change induced by strongly
protonated azobenzene derivatives in acids, called
halochromism. Such protonated azobenzene derivatives
absorb at wavelengths shifted generally by about 200 nm
towards red (bathochromic shift) compared with
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Figure 8 Change in absorbance spectra of pAAB in aq. sulphuric
acid/ethanol solution at various concentrations of sulphuric acid

unprotonated species. In the present study the shift for
pAAB was about 120 nm (Figure 8). The bathochromic
shift caused by protonation equilibria at azo nitrogens
has been described by Fabian [17] in terms of the Pariser-
Parr-Pople (PPP) method.

Aminoazobenzene derivatives have two distinct
protonation sites: the azo nitrogens and the amino group
[15,16]. Protonation at the latter position causes band
shifting to shorter wavelength [16}, corresponding to the
w.v. region below 320 nm, and is not exhibited clearly in
Figure 8. Consequently the bathochromic shift to red
exhibited in Figure 8 by pAAB in acidic solution is ex-
plained by protonation at the azo nitrogens.

Tanizaki et al. [15] and other authors [16-19] have
argued that protonation at the azo nitrogens of
aminoazobenzene derivatives proceeds at the B-nitro-
gen. This is also supported by the total charge density
calculations obtained by the molecular orbital (MO)
method, which demonstrates higher charge density on
the B-nitrogen than on the a-nitrogen [19].

1t should be noted that the spectral change in Figure 8
in acidic solution essentially resembles that shown in
Figure 4. Based on this close resemblance between spec-
tral changes on one hand and the explanations given
above on the other, it seems likely that the pronounced
colour changes and the anomalous dyeing behaviour of
PAN-rH demonstrated by Figure 2 are due to the large
bathochromic shift induced by the transient protonation
at the B-nitrogen of pAAB, the proton being supplied
from the sulphonic acid group of PAN-rH. A strong
attraction results between the protonated pAAB and the
deprotonated, negatively charged sulphonic acid anion
of PAN-rH, which in turn causes the abnormally high
degree of dye exhaustion observed. This mechanism is
shown in Scheme 1, where D, and D¢denote the disperse
dye molecules in the solution and in the fibre respec-
tively, DH™ is the protonated, positively charged tran-
sient adsorption form of the dye molecule in the fibre and
the F is the skeletal part of the PAN molecule.

D, + HORSF—(COOH), —= DOy SF—(COOH);

(CN), (CN),
Scheme 1
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The much higher concentrations of dye in the fibre at
the transient maximum exhaustion (Figure 7) are ex-
plained by Scheme 1 in terms of the strongly attractive
electrostatic forces, compared with the electrostatically
neutral forces operating at the equilibrium. In Scheme 1
DH~ is written close to O575F(CN),(COOH); in order to
stress the role of the attractive interactions between the
two ions. Furthermore, this mechanism proposed for
PAAB can be extrapolated to include the other monoazo
dyes shown in Figure 1. The extent of the change in dye
adsorption and the accompanying band shift dependson
the substituent groups present in the dyes, as these influ-
ence the charge densities at the corresponding azo
nitrogens.

The proposed mechanism s consistent with the results
recently reported by Shibusawa et al. [20], who studied
the absorption spectrum of a sulphonated cellulose dyed
with a non-ionic azo dye in acidic conditions. These
authors explained the observed spectrumby superimpos-
ing the spectrum of the azo dye and that of its conjugated
acid, whose adsorption maximum exhibited a large batho-
chromic shift compared with that of the original azo dye.

Unlike azo dyes, not all anthraquinone dyes studied
manifested hue changes and anomalous dyeing behav-
iour. As shown in Table 2, 1,4-diaminoanthraquinone
derivatives (V-1, V-4 and B-3) do show this behaviour,
while 1-aminoanthraquinone derivatives (AAQ, R-9 and
R-15) do not. Figures 6 and 9 show the spectral change
obtained with dye B-3 both in the course of dyeing PAN-
rH and in solutions of various acid concentrations respec-
tively. Inmarked contrast with theazo dyes, the absorption
bands of B-3 shift to the shorter wavelengths
(hypsochromic shift) at much higher concentrations of
sulphuricacid than shownin Figure 8. Such hypsochromic
shifts observed in strongly acidic solutions of B-3 are
explained as follows.
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Figure 9 Change in absorbance spectra of B-3in aqueous sulphuric
acid/ethanol solutions at various concentrations of sulphuric acid

It is well known that large bathochromic shifts are
induced in anthraquinone derivatives with amino
substituents in the 1-position. This is caused by
intramolecular charge transfer involving the lone-pair
electrons of the amino groups [16,17]. The extent of the
shift depends on the electron-donating ability of the
substituents on the amino group [18]. The bathochromic
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and hyperchromic effects in 1,4-diaminoanthraquinone
derivatives have been shown to be both at longer wave-
lengths and stronger in intensity than in monoamino
derivatives [18]. Kogo et al. interpreted such an enhanced
effect by means of PPP MO calculations [21].

In acidic solution protonation on the mono- or di-
aminoanthraquinone derivatives occurs at the lone-pair
electrons of the amino nitrogens. This impedes
intramolecular charge transfer from amino to carbonyl
groups, leading to weakening or elimination of the
bathochromic and hyperchromic effects, as a result of
which the reverse hypsochromic shifts are brought about,
as observed in Figures 6 and 9. The extent of the shift
depends on the electron-donating ability of the
substituents on the amino group. Such substituent effects
are reflected by the susceptibility to protonation of the
amino nitrogens of the anthraquinone derivatives. The
pK, values reported by Shibusawa et al. [22} (Table 2)
demonstrate that susceptibility to protonation (i.e. bas-
icity) is greater in the 1,4-diaminoanthraquinone deriva-
tives than in the 1-amino derivatives. Thus the reason for
the absence of a clear hypsochromic shift in 1-amino-
anthraquinone derivatives (Table 2) can be attributed to
the weaker substituent effect compared with that in 1,4-
diaminoanthraquinone derivatives. Consequently under
more higher acidic conditions, about 2-5 mol/l, similar
hypsochromic spectral changes can be realised in solu-
tions of 1-amincanthraquinone derivatives [23]. Acidity
in the region of the sulphonic acid group in PAN-rH fibre
is equivalent to 0.05-0.5 mol/l, which is insufficient to
bring about hypsochromic shifts in the 1-amino-
anthraquinone derivatives. On the other hand, anom-
alous dye exhaustion and hue changes can readily be
induced in the azo derivatives. This is demonstrated by
the large pK, values for the B-azo nitrogens of these
derivatives, as shown in Table 2.

As with the azo dyes, the transient form of the 1,4-
diaminoanthraquinone derivatives protonated at the
amino lone-pair electrons can be adsorbed on PAN-rH
fibre, which would explain the anomalous dye exhaus-
tion exhibited by V-1, V-4 and B-3 (Table 2). In addition
dye Y-13, a 2-methoxybenzanthrone, shows neither hue
change nor anomalous dye exhaustion in the dyeing of
PAN-rH (Figures 3 and 5), nor does it show the spectral
changes in acidic solutions below 2 mol/i [23].

Another phenomenon tobe explainedis the subsequent
disappearance, on prolonged dyeing, of the anomalous
dye exhaustion and hue changes that arise in the dyeing
of PAN-rH. This s plotted on Figure 2 in terms of the slow
decrease in the exhaustion curve that occurs after the
maximum. Also, in Figure 4 the spectrum for 8 h dyeing
approaches those for PAN-rNa.

Clues to solve this problem are given in Figures 10-12,
showing what happened when PAN-rH fibre was simply
treated in boiling neutral water before dyeing with pAAB.
As seen in Figure 10, the anomalous dye exhaustion
exhibited by the untreated original fibre becomes weaker
on prolonged treatment and disappears after 5 h (in
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Figure 12 Increase in weak acid group for PAN-rH and PAN-rNa
fibres during pretreatment in boiling water

Figure 10 each exhaustion curve is shifted parallel to the
abscissa by the time of the treatment). Bathochromic
colour shifts of pAAB, not given in Figure 10, also disap-
peared completely on treatment in boiling water over 5h

before dyeing. Moreover, when the PAN-rH fibre treated
in boiling water for 8 h was retreated by hydrochloricacid
as described in the Experimental section, both the anoma-
lous dye exhaustion and the bathochromic shifts were
again observed (Figure 10).

Figure 11 shows the amount of hydrogen ions present
(i.e. sulphonic acid groups) and the total amount of the
strong acid groups as a function of treatment time in
boiling water. The hydrogen ion concentration decreases,
indicating some chemical reaction, while the total acid
concentration remains constant over the whole treat-
ment time. The amount of weak acid groups was found to
increase (Figure 12), although this was not observed in
PAN-rNa fibre.

The pH of the dyeing liquor was unaffected during the
whole course of the dyeing of PAN-rH fibre with pAAB,
irrespective of the dye exhaustion and hue change. Also,
the anomalous dyeing behaviour could be reproduced
when deionised water and a platinum beaker were used,
indicating no influence by external foreign ions. Hence
the species that causes the appearance and the subse-
quent disappearance of anomalous dye exhaustion and
the halochromic colour changes must be the hydrogen
ions of the sulphonic acid groups in the PAN-rH fibre.
Also, the reactions concerned are related to the species
existing in the interior of the fibre, not those in the dyeing
liquor.

Scheme 1, as previously explained, relates to the intro-
duction of anomalous dye exhaustion and halochromic
colour change, both of which are subsequently elimi-
nated by the mechanism shown in Scheme 2, ie. the
intermolecular hydrolysis of the cyano side groups of
PAN-rH, catalysed by hydrogen ions of the sulphonic
acid groups of PAN-rH existing in the neighbourhood of
the reaction sites of Scheme 1. The acidity in the neighbour-
hood of the reaction sites defined by Scheme 2 is equiva-
lent to 0.05-0.5 mol/l (cf. Figures 4 and 8). The reaction
illustrated by Scheme 2 transforms the cyano group into
a carboxyl group (Scheme 3), producing ammonia and
consumes hydrogen ions of the sulphonic acid group.

H+
DHO5™ SIT-—(COOH),» + 2HO — Dy + NH;f O3~ SF|—“—(COOH),+1
(CNj, {CN) 4
Scheme 2

H+
—CN + 2HO + H* —= —COOH + NHg*

Scheme 3

The increase in weak acid groups (Figure 12) as treat-
ment of the PAN-rH fibre progresses in boiling water can
now be explained by Scheme 3 [24,25]. Since ammonia is
a stronger base than both the azo and the amino groups
in the dye molecules, itreplaces the dye molecule adsorbed
in the form of DH™, with Dy being liberated in turn
(Scheme 2). The liberated dye molecule is adsorbed by
means of normal, electrostatically neutral intermolecular
forces, asis the general case in dyeing with disperse dyes.
On the other hand, reaction by Scheme 1 ceases whenthe
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available hydrogen ions have been consumed by the
treatment in boiling water. The total amount of strong
acid groups is constant, although a proportion is trans-
formed to ammonium group, depending on the time of
hydrolysis (Scheme 4).

D, + HO3S’1:“_(COOH)1’ —D; + NHt O~ SFI:—(COOH)M
{CN), (CN}py
Scheme 4

The strong acid groups in the form of ammonium salt
can revert completely back to the acid form by treatment
with hydrochloric acid, as a result of which the anoma-
lous dye exhaustion and the accompanying halochromic
colour change are reproduced (Figure 10). The final equi-
librium state is represented by Scheme 4.

On the other hand, Scheme 5 represents the dyeing
process for PAN-rNa fibre, corresponding to the process
generally accepted for the dyeing of synthetic fibres such
as acetate and polyester with disperse dyes. Scheme 5 is
in agreement with the results obtained for PAN-rNa
fibres in Figures 2, 3, 7 and 12. In addition to the reaction
in Scheme 2, the possibility of the ester group of the
copolymeric component being hydrolised should not be
excluded (Scheme 6) [26]. However, this is not likely for
tworeasons: hydrolysis does not affect the concentration
of hydrogen ions, nor does it influence on the central
thesis of the present paper.

D, + Na*Os_ST—(COOH)k:Df + Na+O§S!|-'—(COOH)k
(CN),, (CN),
Scheme 5

H+

—COOR + H,O0 —= —COOH + ROH
Scheme 6

Many kinds of synthetic fibres can be modified so that
they become dyeable with cationic dyes, by introducing
strong acid groups such as sulphonic acid. For these
modified synthetic fibres we believe the same principle
proposed in the present paper should be similarly appli-
cable. For the dyeing industry halochromic colour changes
on the textile material occurring during the dyeing pro-
cess are undesirable. The halochromic colour change is
usually sensitive to the pH of the dyeing liquor. Treat-
ments to prevent halochromism in acrylic fibres have
been developed that can be applied during fibre making
[27] or during dyeing [28].

CONCLUSION

Anomalous dyeing with PAN-rH fibres dyed in neutral

liquors with pAAB and some azo and anthraquinone

derivatives (disperse dyes) has been studied. The charac-

teristics of the anomalous behaviour are:

(a) Abnormally high degree of initial dye exhaustion

(b) Bathochromic(in the case of azo derivatives)or hypso-
chromic (in the case of anthraquinone derivatives)
colour shifts on the dyed fibre

(c) The gradual disappearance of these phenomena as
dyeing proceeds towards equilibrium.
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These phenomena can be explained by the following
mechanisms.

(a) The dye molecule is protonated by the sulphonic acid
group of PAN-rH. Abnormally high exhaustion arises
because of the strong electrostatic attractions between
the protonated dye molecule and the sulphonic acid
anion of PAN-rH. Such electrostatic attractions should
occur in addition to normal adsorption due to the
neutral forces.

(b) Bathochromic colour shifts of the azo derivatives are
induced by protonation of the azo nitrogen in acidic
solution.

(c) Hypsochromic colour shifts are due to the protona-
tion at the amino substituents in the 1- or 1,4-positions
of anthraquinone derivatives. This impedes intra-
molecular electron charge transfer, otherwise causing
bathochromic shifts. The net effect is hypsochromic.

(d) The gradualloss of halochromism is caused by hydrol-
ysis of the cyano side groups of PAN fibre, catalysed
by the proton of the sulphonic acid group of PAN-rH.
The hydrolysis proceeds by the prolonged heating in
aqueous solution, producing ammonia which liber-
ates the adsorbed dye cation as a free molecule. Thus
normal adsorption equilibria can be expected in the
final stages of disperse dyeing,

* * *

The authors are grateful to Prof. K Fukunishi for valu-
able discussions on several topics in the manuscript.

REFERENCES

. W Beckmann, J.S.D.C., 77 (1961) 616.

D Balmforth, C A Bowers and T H Guion, 1.5.D.C., 80 (1964) 577.

M Hoten and S Okada, Sen-i Gakkaishi, 23 (1967) 321.

B Kramrisch, /.5.D.C., 63 (1957) 85.

A Takaoka et al., Sen-i Gakkaishi, 21 (1965) 158.

W Beckmann and O Glenz, Melliand Textilber., 38 1957) 783.

J R Kirby and A Baldwin, Anal. Chem., 40 (1969) 689.

G H Brown and R Al-Urfali, J. Amer. Chem Soc., 80 (1958) 2113.

M Hoten, Unpublished results.

C L Bird, F Manchester and P Harris, Disc. Faraday Soc., 16 (1954)

85.

11. CL Bird and F Manchester, J.5.D.C., 71 (1955) 604.

12. CH Giles, Text. Research J., 31 (1961) 141.

13. M7JSchuler and WR Remington, Disc. Faraday Soc., 16 (1954) 201.

14. E Merian and ] Carbonell, Text. Rund., 16 (1961) 181.

15. Y Tanizaki, T Kobayashi and T Hoshi, Buil. Chem. Soc. Japan, 39
(1966) 558.

16. ] Griffiths, Colour and constitution of organic molecules (New York:
Academic Press, 1976) 177, 192.

17. J Fabian and H Hartmann, Light absorption of organic colorants
(Berlin: Springer, 1980) 74.

18. H Zollinger, Color chemistry (Weinheim: VCH, 1987) 105, 167.

19. STokitaetal., Molecular design of dyes with extended performances (in
Japanese) (Tokyo: Maruzen, 1989) 102, 108.

20. T Shibusawa, R Weber and I’ Rys, ]. Appl. Polymer Sci., 37 (1989)
3399.

2l. YKogoetal, .5.D.C., 96 (1980) 475.

22, T Shibusawa ef al., . Chem. Soc. Japan, 50 (1977) 264.

23. M Hoten, Unpublished results.

24. M Katayama, Acrylic synthetic fibre (in Japanese) (Tokyo: Nikkan
Kyogo, 1954) 283.

25. The chemistry of acrylonitrile, 2nd Edn (American Cyanamid Co.,
Petrochem. Div., 1954).

26. W P Ratchford, Org. Syn., 29 (1949) 2.

27. Japanese P 873 112.

28. Japanese P 613 892.

SOXDNOA W

—



