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Polarography has been used to measure the extent of
aggregation of a number of monazo acid dyes in aqueous
solution. The effects of increasing hydrophobic character
and the number and position of the hydrophilic sulphonate
groups have been investigated. Increasing length of alky!
chain promotes aggregation particularly when this reaches
four carbon atoms. The effect of increasing degree of
sulphonation depends upon the positions in the dye
rolecule into which additional groups are introduced.
The state of aggregation could not be completely
explained in terms of a simple monomer-—dimer
equilibrium,

Introduction

The tendency of many dyes to associate in aqueous solution
has long been recognized, and it has been suggested [1] that
this tendency is universal for dyes.

An understanding of the association of dyes in water is of
importance in both thermodynamic and kinetic studies of
dyeing systems since almost all textile dyes are still applied
from aqueous systems. However, despite much published
information, there is a lack of agreement about the nature of
dye aggregates in solution and more particularly about their
size.

The present study uses polarography to investigate the
effects of structural differences on the aggregation of groups
of closely related monoazo acid dyes. This technique allows
for the determination of diffusion coefficients which are then
related to molecular weights by means of an empirical
equation [2].

Although this relationship has been criticized [3], polar-
ography has been used quite extensively [2, 4, 5] during the
last ten years in dye-aggregation studies, giving results which
agree well with those using other techniques both for dyes
such as the cationic Methylene Blue (C.1. Basic Blue 9), which
forms mainly dimers [1, 6, 7, 8], and for the anionic Congo
Red (C.I. Direct Red 28), which forms aggregates containing
many thousands of molecules [2].

The nature of dye aggregates, the types of bonding
involved in their formation and the role of water in the
aggregation process have been considered more fully elsewhere

[9].
Experimental

DYES
The dyes used in the investigation can be divided into two
groups:

Group A
These are of general formula

Dye C.I. Generic Name R’ R? R?
Number or Compound
I Acid Red 88 -S0O, Na -H -H
I Acid Red 44 -H -SO,;Na -SO;Na
III I-Naphthylamine-

4-sulphonic acid
— Schaeffer’s acid
v Acid Red 18

-SO,Na -80,Na -H
-SO;Na  -80;Na -SO,Na

Group B
These are of general formula

SN
R eN=N— Y
- -
£/
TS0,
Dye C.1. Generic Name R* RS
Number or Compound
v Acid Orange 12 -H -H
VI p-Toluidine = Schaeffer’s acid -CH, -H
VH p-Ethylaniline — Schaeffer’sacid -C,H; -H
vin o-Ethylaniline - Schaeffer’s acid -H -C,H,
1X p-n-Butylaniline — Schaeffer’s acid -C,H,

Preparation and Purification
Dyes 1, Il and IV were commercial samples from which
electrolyte was removed by dissolving the dyes in dimethyl
formamide and subsequent hot filtration. Dyes 111, V, VI, VII,
VIII, and IX were prepared by diazotization of the relevant
amine-containing component and coupling with the appropri-
ate naphthol derivative. The dyes were isolated by evaporation
to dryness, the products then purified by successive recrystal-
lizations from ethanol/water mixtures, and finally dried for 24
h at 45°C. All reagents used in the syntheses were of
laboratory grade.

Thin layer chromatographic analysis on each dye showed
no visible impurities. Elemental analyses (C, H and N)
indicated the presence of 1-2 moles of water associated with
each dye molecule. Dye 1V was found to contain rather more
water (ca 4 moles).

POLAROGRAPHIC MEASUREMENTS
These were made using a Radiometer PO 4 Polariter with drop
time controller. The dropping mercury electrode was the
cathode, and a silver wire, the anode. Capillary characteristics
were a drop time of 1 drop per second and a rate of mercury
flow of 3.49 mg/s at a column height of 60 cm.

All dye solutions were 0.01 M in potassium chloride and
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were buffered at pH 4.62 with 0.005 M citric acid/trisodium
citrate buffer. Solutions were de-acrated with nitrogen and the
temperature maintained at 25 £ 0.1°C. Polarograms were
recorded over the potential range —0.1V to --1.0V.

HYDROPHILIC/HYDROPHOBIC RATIO

The hydrophilic/hydrophobic ratios were determined by the
method of Hadfield and Lemin [10] using water/butanol
mixtures and dye concentrations of 1.0 x 107M.

Results and Discussion

The dyes studied fall conveniently into two groups, group A
representing structures showing variation in the number and/or
position of sulphonate groups, and group B consisting of
homologues of increasing length of alkyl side chain.

By observing the dependence of wave height on the height
of the mercury column, it was established that the polar-
ographic waves due to the dyes were diffusion-controlled.
Diffusion coefficients were calculated by means of the llkovic
[11] equation, ip = knD*C

where {p = Diffusion current
k = Capillary constant
n = Number of electrons transferred per ion reduced
D = Diffusion coefficient
C = Concentration of the species being reduced

The value of » has been shown to be 4 for dyes of the kind
used [12,13], and this value was confirmed for Dyes V and VI
by controlled potential coulometry with a mercury cathode.

From the diffusion coefficients, the molecular weights (M)
were calculated by means of the relationship established by
Hillson and McKay [2]:

LogM=—-11.64 —2.65LogD

The resultant molecular weights can be considered as average
ones and, from them, the average aggregation number (V) can
be readily determined. The values of V are plotted against dye
concentration in Figures 1 and 2. With the single exception of
Dye I, the extent of aggregation increases with increasing
concentration within the range 0.5 — 5.0 x 107 mol/l. Dye 11
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Figure | — Vartation in aggregation number with
concentration (group A dyes)
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appears to rtemain in the dimerized form over a wide
concentration range, while Dyes V and VI tend to limiting
values of V between one and two. The only feature in the
structures of these dyes, which makes them differ from the
others, is that all three have a benzene or naphthalene nucleus
carrying no hydrophilic group, and at most a single methyl
group as the alkyl substituent. It is possible that formation of
a simple dimer is encouraged by the presence of a relatively
unhindered benzene or naphthalene ring. The formation of
higher aggregates may require longer alkyl groups like the
ethyl group in Dyes VII and VIIL In this context it is perhaps
significant that Dye 1X gives V values of the order of 3000 at a
concentration of 3 x 107 mol/1.
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Figure 2 - Variation in aggregation nuwmber with
concentration (group B dyes)

Within group A, Dye II forms a relatively stable dimer
while the other three associate in a less defined manner. These
three Dyes (I, 11l and IV) differ in respect of the number of
sulphonate groups they carry, and at all concentrations the
extent of association is greatest for the dye with the least
number of sulphonates.

The ability of a dye to associate with itself depends,
among other things, on its tendency to form hydrophobic
bonds [14] and this should be reflected in the hydrophilic/
hydrophobic ratio of the dye. For the monosulphonated dyes
of both groups, but excluding dye IX, it was found that there
is a linear relationship between the limiting aggregation
number and the hydrophilic/hydrophobic ratio. This is shown
in Figure 3. Dye IX, with a butyl side chain, is an exception; it
agrees with the results of Greider [15] on the standard
affinities of dyes. He found that there was a linear relationship
between the standard affinity and the length of an alkyl side
chain, but that deviations occurred when there were more than
three carbon atoms in the side chain.

While an increase in the degree of sulphonation results in
an increase in the hydrophilic/hydrophobic ratio, the aggrega-
tion number depends on the positions as well as on the
number of sulphonate groups, and it was not possible to
establish any general relationship other than that described for
the monosulphonated dyes studied.

As it has been suggested [16] that, in aqueous solutions of
dyes, association to dimers may be the dominant process at
low concentrations, it is of interest to consider how far the
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Figure 3 - [Effect of hydrophilic/hydrophobic ratio on
aggregation number of monosulphonated dyes (dye
concentration: 3 x 107 M)

present results can be interpreted in terms of a monomer—
dimer equilibrium.

If the total concentration of dye is C, and the concentra-
tions of monomer and dimer are C, and C,, respectively, then
(assuming equilibrium between monomer and dimer only)

monomer concentration C; = C (1 -a)

dimer concentration Cy =al)2
where « is the fraction of dye dimerized.

Taking the monomer and dimer diffusion coefficients as D,
and D, , respectively, then,

current due to monoemer, i = knC, D%

current due to dimer, iy =k2nCyDy %

The observed diffusion current (7} is the sum of /; and i, and,
if D is the apparent or mean diffusion coefficient calculated
by applying the llkovic equation to the observed current, then,

(=i, +iy = knCD"%
from these equations it follows that,
D% — D%
D% —Dy*%

& =

The diffusion coefficient, [);, cannot be obtained from the
diffusion current at high dye concentrations, as it is very likely
that aggregates greater than dimers are formed at high
concentrations. However, an estimation of D, may be
obtained by using the Hillson and McKay [2] equation, which
gives the following relationship for the diffusion coefficients
of species, the molecular weights of which are in the ratio 2:1.

DZ/DI = (0.5)1/2.65
or DQ Yo =0.877 .Dl Y

The D,% values were obtained by extrapolation of the
measured diffusion coefficient to zero concentration, resulting
in a value of 2.18 x 10 c¢m/s* for Dye V,and 2.11 x 107
em/s” for Dye VI.

When values of « are determined at various concentrations,
the dimerization constant (Kyy) is calculated from:

_ (Cy) .
(C)? 20(1-a)

D

TABLE 1

Diffusion Coefficients and Dimerization Constants for Dyes V
and VI

Dye Concentration D% Log (Kp/t mol™)
M x 10%) {ecms % x 10%)

Dye V.  Dye VI DyeV  Dye VI

0.5 2.15 2.08 3.28 3.20

1.0 2.12 2.02 3.32 3.61

2.0 2.01 1.95 4.09 4.02

30 1.97 1.91 4.50 4.38

5.0 1.94 1.88 4.95 4.79

Results are given in Table 1. The dimerization constant, log Ky,
shows a variation over the dye concentration range 0.5-5 x
10™ mol/I. A similar treatment was applied to data of Coates
[16] involving a monosulphonated o-o'-dihydroxyazo dye
where polarographic results indicated dimerization was occur-
ring over the concentration range involved. These results are
given in Table 2, and a similar variation is found.

TABLE 2

Diffusion Coefficients and Dimerization Constants for Coates’s
Data [16]

Dye Concentration D% Log (Kp/l mol™)
(mM) (cms™ x 10°%)
0.083 2.02 2.76
0.166 1.98 3.10
0.415 1.96 2.87
0.622 1.92 3.16
0.83 1.82 4.30

In a recent investigation of a series of substituted
4-phenylazo-1-naphthol-6-sulphonic acids, Ott [17]) er al
found inconsistencies which did not allow quantitative deter-
mination of thermodynamic parameters based on a simple
monomer—dimer equilibrium for these dyes. [t was suggested
that this might be due to the presence of higher aggregates
andfor azo-—-hydrazo tautomerism. The calculated log Ky
values presented here suggest that a polarographic treatment
assuming a simple monomer—dimer equilibrium is insufficient
to account for the observations. Departures from simple
theory can be expected for several reasons:

(1) Activity coefficients have been ignored.

(2) The presence of higher aggregates.

(3) The inaccurancy of the polarographic method. It is
generally accepted that measured polarographic
currents are probably no more accurate than 2%
implying that aggregation numbers can only be signifi-
cant to approximately £10%.
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