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Studies of the Electrolytic Conductance of a Dye Solution. I. Complex
Formation in an Aqueous Solution of the Mixture of Chlorazol
Sky Blue FF and Chrysophenine G

By Kinko SHINZAWA, Yoshi¢ TANizak1 and Noboru ANDO

(Received December 10, 1962)

As is commonly known, the McBain effect!?
caused by the aggregation of dye ions is ob-
served in most direct dyes in an aqueous solu-
tion®. A typical McBain effect has been found
in Methylene Blue®, the basic dye, and later
it was confirmed by a change in the absorp-
tion spectrum that this dye forms an aggregate
with an increase of its own concentration®.

Recently, studies have come to be made, by
means of spectrophotometry, of the complex
formation of unlike dye molecules in mixtures
in an aqueous solution®~". These studies have
discovered the important fact that Chlorazol
Sky Blue FF and Chrysophenine G form com-
plexes in definite mole ratios®™. In the case
of Methylene Blue in water mentioned above,
the evidence of its aggregation was found in
the measurements of conductance® as well as
in those of the absorpsion spectrum®. In the
same way, it may be expected that a proof
of complex formation between Chlorazol Sky
Blue FF and Chrysophenine G will also be
derived from the conductance measurement.

In the present paper, the authors will in-
vestigate the complex formation of a two-
component dye mixture in an aqueous solution
from the view point of electrolytic conductance.
Unfortunately, however, in the field of con-
ductance study, there is no rule such as Beer’s
law in the field of light absorption. Though
a theoretical treatment of the conductance of
a mixed electrolyte solution has been attempted
by Onsager and his co-workers®, no application
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of the theory to experimental results has yet
been made. Considering that we can not yet
analyze quantitatively the conductance of dyes,
even in a single solution, much less can we
expect to perform a satisfactory analysis of dye
mixtures. Accordingly, as a first step towards
a preliminary investigation, attention is directed
to the examination of how the complex for-
mation of Chlorazol Sky Blue FF and Chry-
sophenine G is reflected in the conductance
of a mixed system. Also, we will examine
how the complex formation is to be under-
stood in relation both to the conductance
characters of the mixture and to those of its
components.

Experimental

The dye samples used were Chlorazol Sky Blue
FF and Chrysophenine G, both of which had already
been used in other reports by the present authors™.
Potassium chloride (the extra pure grade of the
Japan Pharmacopeia) was once recrystallized from
distilled water. Sodium chloride (the extra pure
grade of the Japan Pharmacopeia) was purified once
by recrystallization from a water-alcohol solution.
Conductance water was prepared from a specially-
designed distilling apparatus ; its specific conductance
upon measurement was (5~10) x10-"mho/cm. at
30°C.

Conductance measurement
means of the usual Wheatstone bridge. The fre-
quency of the oscillator was 800 cycle/sec. A null
point was determined with a cathode ray oscillo-
scope. Waves on the oscilloscope vanished in the
cases of resistance under 10°cohm. In the other
cases, however, the minimum point was regarded
as a null point. The volumes of the four conduct-
ance cells employed were from 15 to 20ml. The
electrodes of two of the cells were square platinum
plates 19x13x0.3 mm3, while those of the other
two were 15x13x0.3mm3; all of them had been
platinized beforehand. The cell constants were
determined by measuring the conductance of a
0.01 D aqueous potassium chloride solution!® at
30°C. All the cell constants were redetermined
every one or two months.

During the preparation and measurement of solu-
tions, attention was paid to avoid the effect of
the carbon dioxide in air. For this purpose,
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desired volumes of distilled water or solutions were
measured out in flasks through burettes under the
carbon dioxide-free conditions by the use of a parti-
cular device; thus, the sample liquids were pre-
pared without being exposed directly to the open
air. The mother solution and distilled water were
stored once in each stock bottle, and then sample
solutions were prepared from them within 24 hr.
All of the concentrations were determined by weight.
Each series of solutions in concentrations was pre-
pared by diluting a mother solution. All solution
measurements prepared were carried out within two
days. The three thermostated water bath were
adjusted at 30, 40 and 60°C and were constant
within £0.02°C. The resistance of a cell containing
a solution became constant over 10 min. after it had
been soaked in a bath. In this report, the observed
values are of 20 min. after. The resistance of water
as a solvent approached a constant value in about
10 min., but it did not give a stationary value,
showing an inclination to decrease slightly with
the lapse of time. However, in this case the resis-
tance after 20 min. was employed as an observed
value of the water used.

Results and Discussion

Concerning the two series of binary mixtures
at the respective constant ratios of Blue
(Chlorazol Sky Blue FF) and Yellow (Chry-
sophenine G), the values of the observed
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Fig. 1. Relation of conductance of the mix-
ture of Blue and Yellow to square root of
its total equivalent concentration.

In each series the concentration ratio of Blue
and Yellow is constant.
O: Cg/Cr=0.1034
@®: sum

©: Co/Cr=1.1716
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specific conductance, xons, divided by the total
equivalent concentration of the dyes involved
have been plotted against the square root of
the total concentration. This provides the
white and the half black circles in Fig. 1. A
black circle in this figure represents the value,
ksum/(Cr+ Cg), calculated by the following ex-
pressions, using the specific conductances of
the components in a single solution:

Esum=kp+ ke = (CrAr+ CsAg) > 1/1000 (1)
ksum/ (Cr+Ca) = (frdr+fods) X1/1000 (2)

Here, Cr and Cg are the equivalent concen-
trations, Ar and /g, the equivalent conduct-
ances, and fr=Cr/(Cr+Cs) and fo=Cs/
(Cr+ Cg), the equivalent fractions of Blue and
Yellow respectively. The “ sum ” value defined
here may give a standard for deciding whether
or not the observed conductance is abnormally
increased in a mixed system. This is because
the value of ksum implies the conductance of
mixture when no interaction is produced by
mixing between ion species; therefore, rsum
should be larger than ks, according to the
general tendency of electrolyte solutions for
the mobility to decrease with an increase in
the concentration. In the comparison of * sum ”
and “obs” conductances in the mixture, it
may be convenient to express the conductance
in the very form of & divided by the total
equivalent concentration at which x was ob-
served (Eq. 2). This form is considered to
have the physical meaning that it is the mean
conductance applied to a one-gram equivalent
of the cations and anions in the solution.

The conductance curves in Fig. 1 indicate
the relation,

Kobs/EC ; Esum/20C (3)

in the greater part in the concentration region
observed here. In Eq. 3, 21C means (Cr+Cg).
This fact indicates that new ion species having
a larger mobility per charge than any respec-
tive component are produced in this system.
Considering the fact, already clarified by ab-
sorption spectra, that in such a system Blue
(F) and Yellow (G) form the (FG and FG»)
complexes® ™, the new ion species mentioned
above may be regarded as such complexes.

In the two series of constant mixing ratios
shown in Fig. 1, the differences between the
corresponding conductances, x/>.C, of “obs”
and “sum?” are greater at the lower concen-
trations and decrease with an increase in the
concentration. This tendency appears more
remarkably in the case of Cg/Cr=1.716 than
when the values is 0.1034. The correlations of
“obs™ and “sum?” in the other series, which
are not illustrated here, showed a similar ten-
dency, but only in the case of the especially
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large ratio of Cg/Cr=4.811 did the correlation
at higher concentration go into the reverse
tendency, i.e. (xobs/2C) <(ksum/2C). In a
series of constant ratios of mixing, the con-
centration ratio of the complexes formed to
the respective residual components is considered
to be nearly constant. Consequently, it may
be said that the above fact indicates that the
decreasing conductance rate of the complexes
with its increasing concentration is greater
than those of components. Moreover, this can
easily be accepted because the ionic charges
of complexs FG and FG; are 6 and 8 respec-
tively.

Thus, in the series of constant mixing ratios,
the correlation between kobs/>.C and ksum/2.C
varied with the total concentration, even when
the concentration ratio of the complex to the
residual components is constant. However,
the system in which the total equivalent con-
centration is kept constant will be give rise
to the following advantage over the above
system : the changes in the respective equivalent
conductances of the complexes formed and in
the residual dye components with the mixing
ratio may be considered to be not very large™.
If the xons/>)C curve agaist f reveals a marked
bend point, with a system involving ion species
of respective constant equivalent conductances,
the fraction value for this point could be closely
related to the composition of a complex formed
(see Appendix). In the present case, it can
be considered that each conductance value is
constant in the neighborhood of the central
part of f, so that a conclusion will be derived
in the way just mentioned.

The kops/>3C values for the total concentra-
tion of 2.25xX10~*eq./kg. in several mixture-
compositions, obtained from Fig. 1 and from
other, unshown ones, against the equivalent
fraction of the component are expressed by
white circles in Fig. 2. Here, black circles re-
present keum/2>.C values. The ons/20C and
£sum/2.C values are connected by broad lines
and broken ones respectively. This figure
shows that (xops/23C) > (ksum/22C) in the
whole region and that the differences between
them are largest at about fo=0.5. Inspecting
in more detail, £obs/>C at first increases rapidly,
forms a shoulder, and then comes to a maxi-
mum value with an increase in f; from 0.

*L This concept is based on the fact that, in this series,
the equivalent concentration of sodium ions and the sum
of those of dye ions are constant. That the electrical ef-
fect on an ion due tothe other ions in a solution is constant,
however, can be said of the systm in which the constant
is not the total concentration but the ionic strength I,
i.e., Lnizi® (n; and z;: the number and the charge of the
i-th ion respectively). Since the value in this series
changes because of the different charges of the two dye
anions, the above assumption can not be exactly true.
(See Ref. 9, p.117, Eq. 4-3-69).
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Fig. 2. Relation of conductance of the mixture
of Blue and Yellow to equivalent fraction of
its components.

The total equivalent concentration is kept at
2.25x10-%*eq./kg.
O : obs. @®: sum

This tendency appears more clearly at higher
temperatures.

The same relation at six different concen-
trations of (1~25)X%x10-%eq./kg. are shown
in Fig. 3. Roughly speaking, the kobs/>2C
curves at the several concentrations are similar
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Fig. 3. Relation of conductance of the mix-
ture of Blue and Yellow in six different total
equivalent concentrations to equivalent frac-
tion of its components.

The total equivalent concentrations are as

follows ; (x10-*eq./kg.)
O: 1 O: 2.25 D: 4, ®: 9
- 16 @: 25 —: sum
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to one another and show that (&ons/3.C)>
(ksum/23C). However, the maximum points of
the curves show a slight tendency to deviate
from 0.5 to a large value in fe with an in-
crease in the total concentration. The
shoulders of the curves observed at about
fe=0.15 in Fig. 2 disappear with an increase
in the concentration.

On the other hand, as is well known, the
aggregation of many dye anions is promoted
by the presence of another electrolyte®. Thus,
in this case each Blue or Yellow anion might
be promoted in its aggregation by the effect
of the partner dye. Consequently, the McBain
effect caused by this effect must be taken into
account. The promotion effect of the self-ag-
gregation of the dye anion will be produced
mainly by the co-existing electrolyte. There-
fore, the magnitude of this effect is supposed
to be estimated from that produced by the
equivalent amount of sodium chloride. From
this viewpoint, measurements of the binary
system of Blue and sodium chloride were
carried out in the first place. In Fig. 4 are
shown the &/>C values, where >C means
(Cr+ Cxac1), versus the square roots of the total
equivalent concentrations of two cases in these
results. The solid and broken lines represent
Kobs/ 2.C and ksum/2.C respectively. This figure
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Fig. 4. Relation of conductance of the mixture
of Blue and sodium chloride to square root
of its total equivalent concentration.

In each series the concentration ratio of Blue
and sodium chloride is constant.
©: Cnuct/Cr=0.6970

O: Crac1/Cr=0.1015 @: sum
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indicates that (#xobs/>C) < (ksum/2JC) in the
greater part, but that at a very low concentra-
tion a slight inverse relation appears. This
would suggest that the aggregation of Blue
anions is promoted more or less by the effect of
sodium chloride. The x£/>C values versus equi-
valent fractions for the binary mixture of Blue
and sodium chloride, corresponding to the dye
mixture in Fig. 3, are shown in Fig. 5. The
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Fig. 5. Relation of conductance of the mix-
ture of Blue and sodium chloride in six dif-
ferent equivalent concentrations to equivalent
fraction of its components.

The total equivalent concentrations are as

follows ; (x10-*eq./kg.)
O: 1 ©: 2.25 Q: 4 ®: 9
o™ 16 @: 25 —: sum

circles represent the observed values and are
connected by broad lines. In order to avoid
superposition of plots, the &/>C axes for re-
spective concentrations are shifted from one
another. This figure shows that the “ obs”
value is larger than the “sum” value when
the total concentration is below 4 X 10~*eq./kg.
This tendency is clearer at a larger fy.c1 (or
at a smaller fr) value. On the other hand,
when the total concentration is above 4x10~*
eq./kg., the “obs” value is smaller than the
“sum™ value over the whole region. A
similar tendency appears for three different tem-
peratures, though slightly clearer for higher
temperatures. In short, the promotion of the
self-aggregation of Blue anions in mixture with
sodium chloride is certainly recognized by the
increase of xops/2.C in low concentrations, as
has been shown above, but its increase is too
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small to be compared with that in mixture with
Yellow ; further, the kons/23C curves in Fig. 5
do not show a tendency to have their maxima
at f=0.5 as do these in Fig. 3.

Next, the results obtained in the same way
with the binary mixture of sodium chloride
and Yellow are shown in Fig. 6. From Fig. 6
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Fig. 6. Relation of conductance of the mixture
of Yellow and sodium chloride in six different
equivalent concentrations to equivalent frac-
tion of its components.
The total equivalent concentrations are as
follows ; (x10-%eq./kg.)
O: 1 ©: 2.25 Pd: 4 ®: 9
- 16 @: 25 —: sum

it is clear that, in the region where the total
concentration is below 9x10~*eq./kg., the re-
lation (ﬂobs/EC})(Esum/Ec)) where EC in-
dicates (Cxac1+Cg), appears for all equivalent
fractions more clearly in the case of smaller f,
and that in the region above this concentra-
tion the relation is reversed. As a whole, the
results of this figure are similar to those of
Blue and sodium chloride.

To sum up these results, we can certainly
say that the conductance of Blue or Yellow is
affected by sodium chloride, and also that the
difference in “obs” and “sum” values in a
mixture of the dye and sodium chloride is not
so large as that in the combination of Blue
and Yellow. Accordingly, it may probably be
considered that the largest difference in “ obs ™
and “sum™ at about the same equivalent frac-
tion of Blue and Yellow in Fig. 3 is due to
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the complex formation of FG:. Thus, the for-
mation of FG: is concluded from the above
discussion, while the formation of another
complex, namely FG, is found spectrophoto-
metrically. According to the above argument,
an abnormal feature responsible for FG is to
appear at fe=1/3, but Fig. 3 does not show
any distinctive peak or shoulder at this part
of the curve. Comparing the two parts into
which a curve of Fig. 3 is divided at a maxi-
mum, the difference between xons/2.C and
Ksum/ 23C is greater in the region richer in F
than in G. This seems to correspond to the
formation of FG.

The shoulder of the kobs/(Cr+Cg) curve at
about fc=0.15 in Fig. 3 may be explained by
the fact that Yellow is accelerated in its ag-
gregation by the presence of Blue, since the
shoulder corresponds to the abnormal increase
of Kobs/(Cxac1+Cc) obtained with the same
fraction of a mixture of sodium chloride and
Yellow (Fig. 6).

In Figs. 2 and 3, it must be noticed that
the relative increase in conductance due to the
complex formation becomes larger with the
temperature. If the complex formation is only
considered in the system, this does not agree

0.8
- \ 60°C
0.6
W
z 0
2 04r —7
= 5
- L&
a— - W 7
) L8
o2rf Y
0 J
500
Wavelength, mg
Fig. 7. The visible absorption spectra of Chry-

sophenine G-Sky Blue FF aqueous solution:
temperature, 60°C ; cell, 2 cm.

Chrysophenine G Sky Blue FF
mol. /1. mol./l.

1 0 4.000x10-¢
2 1.016:x10-8 4.000x10-8
3 4.000<10-8 4.000x10-¢8
4 8.072x10-8 4.000:<10-8
5 3.412x10-° 4.00010-¢
6 1.211:x10-4 4.000:<10-8
7 3.998 x 10—+ 4.000:<10-8
8 8.023x10-¢ 4.000x10-¢
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with the general rule that the amount of com-
plex formed should decrease with the tem-
perature. This will be understood by taking
into account the self-aggregation which com-
petes with the complex in decomposing by
raising the temperature. In this case the self-
aggregation should be considered to be more
unstable than the complex. However, at the
present stage, thermodynamic values of the
self-aggregation which can be compared with
those of the complex have not yet been
obtained.

Some results, however, may support the
above consideration. It has been reported that
Blue and Yellow in an aqueous solution form
a 1:1 and a 1:2 complex at room tempera-
ture”™. According to further investigation!,
it may be concluded that even at 60°C the
same complexes are formed, as is shown by
the well-defined isosbestic points illustrated in
Fig. 7. The estimated enthalpy changes show
in this case —24 kcal./mol. for F + G — FG
and —20 kcal./mol. for FG + G — FG,. These
values are larger than the adsoption energies
obtained for the respective components of the
cellulose.

Next, the conductance curve of Blue in the
single aqueous solution is shown in Fig. 8.
It indicates that the McBain effect, which is
due to the aggregation considered, comes to
disappear with an increase in the temperature ;
the curve becomes nearly a straight line at

- 50°C
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Fig. 8. Conductance of Chlorazol Sky Blue FF

in aqueous solution. Cf stands for the equiv-

alent concentration.

113 T. Hoshi, Y. Tanizaki and N. Ando, to be published.
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60°C, and then at 80°C it is bent conversely*2,
In this case it must be said that at 80°C, the
highest temperature observed, the dye anion
is closest to the single and that at 30°C the
aggregation number is largest.

Assuming that the straight line of the higher
concentration region at 80°C is due to the
single dye ion species, the line is extraporated
to obtain 4,. The Walden product, Ay, (70
viscosity coefficient of water), is evaluated;
then the correspoding ,’s at the respective
temperatures are estimated by the Walden
rule. The results are indicated in black circles
in Fig. 8. When the black circles are con-
nected with the corresponding observed curves,
the broken lines shown in Fig. 8 are obtained.
These curves evidently reveal the change in
aggregation against the temperature. It may
be supposed from the above discussion that
Blue is nearly a single-dye ion species, though
not quite a single one.

From the above interpretation, it is proper
to consider that the compactness of the com-
plexes in the system under consideration is
stronger than that of the self-aggregates and
that, for this reason, the higher the tempera-
ture, the larger the difference between the
£obs/ (Cr+Cg) value and the corresponding
£sum/(Cr+Cg) value.

Summary

The conductances of aqueous solutions of
Chlorazol Sky Blue FF (Blue), Chrysophenine
G (Yellow), sodium chloride and their binary
mixtures at various constant ratios have been
measured. The conductance observed with a
mixture of Blue and Yellow increased abnor-
mally compared with that obtained by the
sum of individual dye conductances; the dif-
ference between the observed and the sum
values reached a maximum at about the same
fraction of the equivalent concentration of
component dyes. A similar relation of the
conductance against the fraction of the equiv-
alent concentration of components, obtained
with mixtures in which component dye was
substituted by sodium chloride, did not
always show a coincidence between the ob-
served value and the sum one. The difference,
however, was much smaller than that obtained
with dye mixtures. Thus, the abnormal in-
crease described above may be attributed to
the formation of complexes of Blue and Yellow ;

*2 The increase of conductance at the very low concen-
tration is interpreted as due to the dissociation of the OH
group. (cf. C. Robinson and H. E. Garrett, Trans. Faraday
Soc., 35, 771 (1939).) Because, comparing the Walden pro-
ducts for the low concentration region at 80 and 60°C, that
of the former is considerably larger than that of the latter,
indicating the iecrease of charge per species.
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a 1:1 complex and a 1:2 complex, consisting
of Blue and Yellow already known, were suf-
ficiently reflected in the conductance curve,
especially in a 1:2 complex.

Laboratory of Physical Chemistry
Tokyo Institute of Technology
Meguro-ku Tokyo

Appendix

A general theory of the relationship between the
composition of the complex and that of the solu-
tion has been set forth by Eaton!®. This theory
will be applied to conductance as follows. Here
we assume that the conductance of an electrolyte
is linear to its concentration, C, with a gradient
A/1000. For a binary mixture of A and B, whose
total equivalent concentration is fixed, the A curve
against the equivalent fraction fa (or fg) becomes

12) J. C. Eaton, Appendix to F. M. Arshid et al., J.
Chem. Soc., 1955, 67.
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a line connecting Aax and Ag, provided that no
interaction exists between A and B, as follows:

A=1000k5um /(Ca+Cp) = { fada+ (1—fa) 46}

When p mol. of A react with g mol. of B to form
rmol. of complex AB: pA+¢B=rAB, then

1000k0bs/(Ca+Cs) = {fada+ (1 —fa) As}
+ {Ac—apAa/(ap+bq) —bgAs/(ap+bq)} fc

where fc is the equivalent fraction of the complex
formed and @ and & the charges of A and B re-
spectively. Therefore, xous/(Ca+Cg) is linear to
fc. fc reaches its maximum at fa=ap/(ap+pq)
in the case of a=b. Accordingly, we can calculate
p/q from the fa value of kons/(Ca+Cg) at its
maximum. However, when a=b, facfcemax> IS
dependent on the equilibrium constant, K, and
facfe=max>=ap/(ap+bg) only when K=eo. Though
in the present case of the combination of Blue and
Yellow, the charges are 4 and 2 respectively, namely
a=b, it may safely be said that the above relation
is applicable to this combination, as, for instance,
the equilibrium constant of F+2G=FG; is 3101,




