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The reaction kinetics of a homobifunctional bis(monofluoro-s-triazine) reactive
dye was studied in a mixture of alkaline solution and methanol at 70 °C by ion-pair re-
versed-phase high performance liquid chromatography. From the measured pseudo-first
order reaction rate constants, the chemical reactivity and the selectivity of the particu-
lar reactive dye forms, were evaluated.
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Introduction

Homobifunctional reactive dyes containing
two monofluoro-s-triazine reactive groups, were
introduced as Cibacron LS dyes about five years
ago by Ciba-Geigy. These dyes represent an eco-
nomical and ecologically-friendly progressive
range of reactive dyes. The dyes are characterised
by a very high substantivity towards cellulose
fibres and therefore they achieve good exhaustion
levels in the presence of very low electrolyte con-
centrations, theese being only about 25 % of the
amount of salt normally required for reactive dyes
in exhaust dyeing of cellulose!.

Because of their two reactive groups, bi-
functional dyes have an increased probability of
chemical reaction with cellulose fibres compared
to monofunctional dyes with one reactive group.
As with other bifunctional dyes, the dyes of Ciba-
cron LS type also achieve very high fixation values
of about 80 %. It is expected that after the replace-
ment of the fluorine atom on one triazine reactive
group in the homobifunctional Cibacron LS dye by
a cellulosyl substituent in the fixation reaction, or
by a hydroxyl group in an unfavourable hydrolysis
reaction, the reactivity of the remaining mono-
fluorotriazine group is greatly decreased.

In basic research on fixation reactions and
the chemical selectivity of reactive dyes, alcohols
are often used as models for the hydroxyl groups
of cellulose??3, Previous work in this area com-
prises studies of only simple monofunctional reac-
tive dyes. The aim of the present research was to
determine the reactivity and the selectivity of the
initial bis(monofluoro-s-triazine) form, as well as
the still reactive, partly hydrolysed, and methan-
olysed forms of the scarlet homobifunctional Ciba-
cron LS dye in a homogeneous mixture of metha-
nol and alkaline buffer solution, corresponding to
a model 10:1 liquor ratio at the recommended fix-
ation temperature of 70 °C. The concentrations of
all dye forms in the reacting mixture and their
changes during the course of the reaction were

monitored simultaneously by high performance
liquid chromatography.

Experimental
Reactive dye

The dye used was a commercial sample of the
bis(monofluoro-s-triazine) dye Cibacron Scarlet
LS-2G of the following general chemical structure,
where D incorporates a monoazo-based chromo-
gen moiety and Y an alkyl -(CH,)_- unit?%.
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Hydrolysis and methanolysis reactions

A solution of 0.025 g of the dye in 5 ml of
buffer of pHy . 7 (Carlo Erba) and 25 ml of deio-
nised water was heated to 70 °C, and then added
to a mixture of 220 ml of buffer of pH,, . 11
(Riedel-de Haén AG) and 25 g of methanol (p.a.,
Carlo Erba), preheated to the same temperature.
After various times, 10 ml aliquots were with-
drawn from the constantly stirred reaction mix-
ture thermostatically controlled at 70 °C. The dye
samples removed were quenched in ice-water mix-
ture and neutralised by the addition of dilute HCI
(p.a., KT Podnart) to stop further reactions.

HPLC analysis

High performance liquid chromatographic
analysis of the dye samples was performed by a
Thermo Separation Products instrument using
octadecylsilan (Hypersil ODS 3 um) in a column of
250 mm X 4 mm i.d. as the stationary phase, and
a mixture of solvents A and B as the mobile pha-
se?. Solvent A was 100 % acetonitrile (CHROMA-
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SOLV® for HPLC, Riedel-de Haén AG) containing
0.025 mol 1! tetrabutylammonium bromide (p.a.,
Fluka Chemie AG). Solvent B was a 30/70 mixture
of acetonitrile containing 0.025 mol 1! tetrabutyl-
ammonium bromide and deionised water contain-
ing 0.05 mol 1I"! ammonium dihydrogen phosphate
(p.a., Kemika). The gradient system shown in Ta-
ble 1 was used at a flow rate of 1.3 ml min~!. The
injected volume of the samples analysed was 20 ul.
Solutions of the homobifunctional reactive dye
were detected at a wavelength of 501 nm by a
Spectra Focus Forward Optical Scanning detector.

Table 1 - Linear gradient system

Results and discussion

Reactive dyes containing fluoro-s-triazine
groups react with nucleophilic reagents by the
nucleophilic bimolecular (heteroaromatic) substi-
tution mechanism?6.

The reactions of a homobifunctional dye of
symmetrical chemical structure in a mixture of al-
kaline buffer solution and methanol represent a
complex system of parallel and consecutive hydro-
lysis and methanolysis reactions, which can be il-
lustrated by a simplified scheme such as Fig. 1,
where D denotes a dye chromogen.

The expected time-dependent changes in the
amounts of the six dye forms in the reaction mix-

Time ture according to Fig. 1 were confirmed by HPLC
- Solvent A Solvent B

t/min oven oven analysis (Fig. 2). The value of the sum of the inte-
grated areas of all six peaks, each corresponding
0 20 80 to particular dye forms, was constant during the

5 30 70 course of reaction.
The dye forms in the HPLC chromatograms
192 40 60 were qualitatively identified by comparison of
their peak retention times with those obtained in
13 20 80 chromatograms of only hydrolysed and metha-
nolysed samples of the same Cibacron Scarlet
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Fig. 1 - Parallel and consecutive hydrolysis and methanolysis reactions of the dye forms of a
symmetrical homobifunctional bis(monofluoro-s-triazine) dye.
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Fig. 2 — Chromatograms of Cibacron Scarlet LS-2G dye in the mixture of
methanol and alkaline solution recorded after various reaction times,
where A represents bis(monofluoro-s-triazine), B monofluoromono-
methoxybis-s-triazine, C bis(monomethoxy-s-triazine), D monofluoro-
monohydroxybis-s-triazine, E monohydroxymonomethoxybis-s-triazine
and F bis(monohydroxy-s-triazine) dye forms.

LS-2G dye under identical chromatographic condi-
tions, as well as by logical deduction according to
the relative changes in their amounts in the reac-
tion mixture with time and their orders of elution
from the column. The amount of the bis(mono-
fluoro-s-triazine) form exponentially decreases
with reaction time, while the amounts of the mo-
nofluoromonohydroxybis-s-triazine and of the mo-
nofluoromonomethoxybis-s-triazine forms first in-
crease and then decrease. The amounts of the
bis(monomethoxy-s-triazine), of the monohydro-
xymonomethoxybis-s-triazine and of the bis(mo-
nohydroxy-s-triazine) dye forms increase with re-
action time. The changes in amounts of the partic-
ular dye forms in the course of the reactions are
clearly seen in Fig. 3. Methanolysis is always the
preferred reaction with respect to hydrolysis, and
therefore at any time the concentrations of the
methanolysed dye forms are larger than the hy-
drolysed dye forms.

In the studied mixture, methoxide and hy-
droxide anions are the attacking nucleophiles in
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Plot of peak areas of bis(monofluoro-s-triazine) A,
monofluoromonomethoxybis-s-triazine B, bis(mono-
methoxy-s-triazine) C, monofluoromonohydroxybis-
-s-triazine D, monohydroxymonomethoxybis-s-tria-
zine E and bis(monohydroxy-s-triazine) form F of
Cibacron Scarlet LS-2G dye against reaction time t.
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reactions with the reactive dye forms. In the deri-
vation of rate equations, we assumed that hydro-
lysis and methanolysis reactions proceed by the
same nucleophilic bimolecular (heteroaromatic)
substitution mechanism and that the attack of a
nucleophilic (methoxide or hydroxide) anion on
the electrophilic carbon of the reactive triazine
group is the rate-determining step of the individ-
ual reactions, as well as that the nucleophilic an-
ion concentrations are both constant during the
course of reaction by the presence of a large excess
of methanol and alkaline buffer solution, and that
therefore pseudo-first order kinetics can be ex-
pected. The rate of decrease in the concentration
of a bis(monofluoro-s-triazine) dye form at con-
stant temperature may be written by the equation
for a pseudo-first order reaction?”:

—d[A]
dt

= (kHl + le)[A] @h)

in which [A] is the concentration of the bis(mo-
nofluoro-s-triazine) dye form at any reaction time
t, and ky; and &y, are the pseudo-first order rate
constants of parallel hydrolysis and methanolysis
reactions of one monofluoro-s-triazine reactive
group in the dye form A.

By integrating Eq. 1 and replacing the con-
centrations of the bis(monofluoro-s-triazine) dye
form by its linearly related peak areas, Eq. 2 is ob-
tained:

A
1n(A°) = (kg + Ry )2 (2)

where A, and A are the peak areas of the bis(mo-
nofluoro-s-triazine) form at time ¢ = 0 and at a
later reaction time ¢.

Pseudo-first order kinetics were experimen-
tally confirmed within an initial reaction time
interval of 15 minutes, when the dependence of
In(Ay/A) on reaction time was still linear and the
average square of the correlation coefficient in the
linear plot for four experiments was 0.997. Rate
measurements were also carried out with 10-fold
greater and 10-fold smaller initial concentrations
of the bis(monofluoro-s-triazine) dye at the same
conditions. The obtained plots of In(A/A) against
time were linear with the unchanged slope con-
firming the pseudo-first order reaction character.
The total pseudo-first order rate constant of the
decrease in the amount of the bis(monofluoro-
-s-triazine) dye form, which according to Eq. 1
is equal to the sum of the rate constants of the
two parallel reactions ky; + ky, could be deter-
mined as the slope of the straight line passing
through the origin in the graph of In(Aj/A) vs.
time (Fig. 4).

After 15 minutes of measurement the concen-
tration of the bis(monofluoro-s-triazine) form in
the mixture decreases relatively by an average of
86.1 %. The relative increase in the concentration

In Ag/A

2 F
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1
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Fig. 4 — Plot of In(Ay/A) against reaction time t.

of the monofluoromonomethoxybis-s-triazine dye
form is on average 1.8 times higher than that of
the monofluoromonohydroxybis-s-triazine form.
After 15 minutes the relative increase in the con-
centration of the bis(monomethoxy-s-triazine)
form is 2.4 times higher than that of the bis(mo-
nohydroxy-s-triazine) form, and also 1.2 times
higher than that of the monohydroxymonometho-
xybis-s-triazine form.

The rate of formation of the monofluoromo-
nomethoxybis-s-triazine dye form B is:

8 = Ry A1 (b + g B

(3)
where ky5 and k), are the pseudo-first order rate
constants for competitive hydrolysis and metha-
nolysis reactions of the remaining fluoro-s-triazi-
ne group in form B.

The rate of formation of the monofluoromo-
nohydroxybis-s-triazine dye form D is:

21— iA1= Gy + D)

(4)
where kyy, and k4 are the pseudo-first order rate
constants for parallel hydrolysis and methanolysis
reactions of the remaining fluoro-s-triazine group
in form D.

In Eqgs. 3 and 4, [A], [B] and [D] are the con-
centrations of bis(monofluoro-s-triazine), of mono-
fluoromonomethoxybis-s-triazine and of mono-
fluoromonohydroxybis-s-triazine forms at any re-
action time ¢.

From Fig. 3 it is evident that during the
course of reaction the still reactive partly metha-
nolysed form B and partly hydrolysed form D first
increase to their maximum values and then de-
crease. The forms B and D reach their maximal
concentrations at the same time, i.e. after 3 or 4
minutes of measurement depending on the partic-
ular experiment.

On dividing Eq. 3 by Eq. 4 we obtain:
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d[BI _ Ay [A] = (Ryys + ko) [BI

= 5
d[D] gy [A]l = (kg + kyrs)[D] ®

When the concentrations of partly metha-
nolysed B and partly hydrolysed D forms increase,
their rates of formation are higher than their
rates of consumption and therefore from Eqs. 3
and 4 it follows that &y [A]l > (kys+ky,)[B] and
kg [A]l > (Ryy+kys) D]

By supposing that at a time of measurement
when the amounts of these dye forms are still in-
creasing, long before they reach their maximas,
the rates of consumption of these forms are negli-
gible, compared to their rates of formation and
hence Eq. 5 can be simplified to Eq. 6:

diBl _ Ay
— = (6)
diDl &y
By integrating Eq. 6 Eq. 7 is obtained:
[Bl—[BI k
—— ="M (7

[DI-[Dl, km

where [B], and [B] are the concentrations of the
monofluoromonomethoxybis-s-triazine form, and
[D], and [D] are the concentrations of the mono-
fluoromonohydroxybis-s-triazine form at the be-
ginning and at the particular time, when the
amounts of these forms are still increasing and
have not yet reached their maximal values.

The response of the absorption detector used
is equal for all dye forms in the reaction mixture
at the chosen wavelength?8, and hence instead of
the ratio of the concentrations of the particular
dye forms the ratio of their peak areas can be used
in all the derived equations.

By considering the ratio of the rate constants
of methanolysis to parallel hydrolysis of a mono-
fluoro-s-triazine group in the bis(monofluoro-s-
-triazine) dye form, ky,/ky;, calculated from Eq. 7
and the sum of these rate constants determined as
the slope of the line in the plot of In(4,/A) against
time, the individual pseudo-first order rate con-
stants ky; and ky; can be computed.

The rate constant of hydrolysis of the remain-
ing monofluorotriazine group in the monofluoro-
monohydroxybis-s-triazine form D, %, can be de-
termined by considering the ratio of ky,/ky, ob-
tained in the alkaline buffer solution alone®® at
the same temperature of 70 °C, having the value
of 4.15.

From Eq. 4 at the time when the concentration
of the partly hydrolysed dye form D reaches its max-

imum value and & - 0, the rate constant of

methanolysis of the remaining monofluoro-s-tria-
zine group in the monofluoromonohydroxybis-s
-triazine form D, ky;;, can be calculated as follows:

[A]
ks = ﬁkm — kyy (8)

where [A] and [D] represent the concentrations of
the bis(monofluoro-s-triazine) and the monofluo-
romonohydroxybis-s-triazine dye forms at the
time when the monofluoromonohydroxybis-s-tria-
zine form reaches its maximum.

We assume that the ratio of the rate con-
stants of competitive reactions of the partly hy-
drolysed form is equal to that of the partly metha-
nolysed form: kys/kyy = kyo/kps.

At the time when the monofluoromonometho-
xybis-s-triazine ((118715] form is at its maximum con-

centration and arTa 0, Eq. 3 can be rearranged

as:

[A]
kys + Ry = B ki 9)

where [A] and [B] are the concentrations of the
bis(monofluoro-s-triazine) and the monofluoromo-
nomethoxybis-s-triazine dye forms at the time
when the monofluoromonomethoxybis-s-triazine
form reaches its maximum.

From Eq. 9, the particular rate constants for
hydrolysis k5 and methanolysis ky, of the re-
maining monofluoro-s-triazine group in the mono-
fluoromonomethoxybis-s-triazine form can be cal-
culated by considering their rate constant ratio
kyo/kygs and the rate constant of methanolysis k.

When the values of all the calculated rate con-
stants and of the peak areas of the dye forms A, B
and D at a time before the forms B and D reach
their maximum are inserted in Eq. 5, it is seen
that values of the terms (kg3 + ky,)[Bl and (ky, +
kyi3)[D] are not negligibly small and that the ratio
calculated in this way on the right side of Eq.
5 is higher than the primarily used ratio of
([BJ-[B],)/([D]-[D],) by 8.6 %, 3.3 % or 2.3 %, de-
pending on the particular experiment. On this ac-
count for an individual experiment the formally
used ratio of the increase in the amount of the
partly methanolysed form to that of the partly hy-
drolysed form ([B]-[B]y)/([D]-[D],) is reduced by
the appropriate percentage. The ratio reduced in
this way is equal to the ratio of the rate constants
of methanolysis to hydrolysis of the bis(monofluo-
ro-s-triazine) form, ky;,/ky;. Thus the calculations
of all rate constants for methanolysis and hydroly-
sis of particular dye forms have now to be re-
peated by the already explained procedure. In
these calculations five place decimal values of the
rate constants were used in order to eliminate er-
rors caused by their rounding off.

The particular rate constants of parallel and
consecutive hydrolysis and methanolysis reactions
of the reactive forms of the homobifunctional dye
in the studied mixture of methanol and buffer so-
lution are collected in Table 2, and their ratios in
Table 3, the results being average values of three
experiments.

The calculated values for the pseudo-first or-
der rate constants were also confirmed by a com-
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Table 2 - Rate constants of methanolysis and competitive hy-

drolysis of the monofluoro-s-triazine group in the
bis(monofluoro-s-triazine) form (kyy;, ky,), in the
monofluoromonohydroxybis-s-triazine  form  (kys,
ko), and in the monofluoromonomethoxybis-s-tria-
zine form (kypo, kyps) of Cibacron Scarlet LS-2G dye

ky kyy Ky ko Ky kys
10-1'min1|10-2-min-1|10-2'min-1|10-3'min-!|10-2-min-!|10-2'min-!
1.09 2.66 2.82 6.4 4.88 1.11
+ 0.01 + 0.11 + 0.11 + 0.3 + 0.05 + 0.02

Table 3 - Ratio of rate constants of methanolysis to hydrolysis

of the monofluoro-s-triazine group in the bis(mono-
fluoro-s-triazine) form (ky;;, kyp;), in the monofluoro-
monohydroxybis-s-triazine form (kys, kpo), and in
the monofluoromonomethoxybis-s-triazine form (ky,

kg5) of Cibacron Scarlet LS-2G dye

kaia/kre=
Fyllrs| 2 2 gy lengs| o/ Fots e ets e s | s/ e | Ry e
Feyiolhesss
4.1 4.4 2.2 1.8 3.9 4.1 1.8 2.4

puter program, the curves of peak areas of the dye
forms against time corresponding to those in Fig.
3 were obtained.

From Table 3 it is seen that the rate constant
of methanolysis of the monofluoro-s-triazine
group in any reactive form of Cibacron Scarlet
LS-2G dye, is on average more than 4 times
higher than the rate constant of parallel hydroly-
sis of that group. The dominance of methanolysis
is a result of the greater nucleophilic reactivity of
methoxide ions compared to hydroxide ions, and
probably the greater solvation of hydroxide ions in
the reaction mixture.

The rate constant of methanolysis of the mo-
nofluoro-s-triazine group in the bis(monofluoro-s-
-triazine) form A, is about twice as high as that in
the monofluoromonomethoxy form B, and about 4
times higher than that in the monofluoromono-
hydroxy form D. The ratio of the hydrolysis rate
constants for these dye forms is also about the
same.

The dissociated hydroxyl group on the
triazine ring in the partly hydrolysed form D is
more electron-donating than the methoxyl group
in the partly methanolysed form B, leading to a
stronger deactivation of the remaining reactive
group to further reaction with nucleophiles. The
results show that the reactivity of the remaining
monofluoro-s-triazine group, in the partly hydro-
lysed form, is about twice as low as that in the
partly methanolysed form.

Although, the studied dye contains imino
groups as bridges between the reactive group and

the chromogen, as well as between the two reac-
tive groups, the ionisation of these imino groups
was neglected in the rate equations by assuming
that even if the dissociation occurs it is only a mi-
nor effect, and that the rate constants of the pos-
sibly ionised dye forms are negligible compared
with the relevant nonionised dye forms.

Conclusions

From the calculated pseudo-first order rate
constants of the competitive methanolysis and hy-
drolysis reactions, the chemical reactivity and se-
lectivity of the particular reactive dye forms of the
scarlet homobifunctional Cibacron LS dye were
evaluated. The rate constant of methanolysis of
any reactive dye form is on average 4.2 (+ 0.1)
times higher than that of parallel hydrolysis. The
chemical reactivity of the bis(monofluoro-s-triazi-
ne) dye form is 2.3 (% 0.1) times higher than that
of the monofluoromonomethoxybis-s-triazine form
and also 4 (= 0.1) times higher than that of the
monofluoromonohydroxybis-s-triazine form; how-
ever, the chemical selectivity of all reactive forms
of the homobifunctional dye studied is almost the
same.
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