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It is a widely-accepted concept that the micelle
formation of ionic surfactants in aqueous solutions
is governed by two factors, the cohesive energy
among the hydrocarbon chains and the repulsive
electrical energy among the charged heads.!-®
In previous papers,®% we have discussed the
micelle formation of surfactants, such as dimethyl-
dodecylamine oxide® and sodium decylbenzene
sulfonate,®> by means of these two factors. With
a surfactant whose electrical state depends on the
pH of the solution, however, there is yet another
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way to discuss its micelle formation—through the
ionization energies of the micellar and mono-
dispersed species. In the present paper an at-
tempt is made to treat micelle formation in terms
of the ionization energy of an ionic-nonionic
surfactant. The surfactant studied is dimethyl-
dodecylamine oxide, which can exist in either
nonionic or cationic form, depending upon the
pH of the solution. These two forms are related
by the equation:

C;.HysN(CH;),0 + H+ 2
Ci.HpsN* (CH,),OH

Figure | sets out the relationship between micel-
lization equilibria at §=0 and g=p, where 8 is
the degree of ionization of the surfactant. The
process 1 represents the micellization in the nonionic
form at f=0. The standard free energy change
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Fig. 1. The diagram of micellization and ioniza-

tion equilibria.
in micellization per mole, 4G,°, is given®:5> by:

4G,° = RTIn CMC; . (1)
The process 4 represents the micellization in the
cationic form at S=p, whose free energy change,
4G,°, is given by:

4G,° = RTIn CMGC; ., 2)

when one assumes that the system is ideal in the
presence of excess added salt.”»®> The processes
2 and 3 represent the ionization of the monomer
and micelle, respectively, from S=0 to S=p.
In the process 2 the free energy change in ioniza-
tion, 4G,°, may be written by:

p=p
4G,° = er In K (8)dB
B

=0

= —2.3RT ﬁ Lmpfft.,(ﬁ)dﬁ @)

=0
where K, is the ionization constant of the monomer,
which, in the present case, is constant independently
of 8, as may be seen in Fig. 2.9 Therefore, the
right-hand side of Eq. (3) may be reduced to

—23pRT-pKy,. In the process 3, the free energy
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Fig. 2. Values of pK;, and pKy as a function
of 8.
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change in ionization, 4G3°, may be written by:

4G,° = RT? f " 1n Ku(B)d8
f=0
f=p
= —2.3RTX L . pKu(g)dp 4)

where Ky is the ionization constant of the micelle,
which depends on 8 as is shown in Fig. 2.8 The
X in Eq. (4) is a correction factor for the ionization
energy of the micelle, which may have some
relation, for example, with the number of gegenions
around the micelle and with the change in micellar-
aggregation number with §. In the diagram
under consideration, the following energy balance
should hold:

4G,° + 4G5° = 4G,° + 4G,° (5)
Therefore:
4G.° = 4G,° — 4G,° + 4G;° (6)

Table 1 gives the values of X, which were cal-
culated to satisfy Eq. (6) from the observed values
of CMC at different pH values in the presence
of 0.10m NaCl. (The addition of excess salt is
required if one is to use Eq. (2) and also obtain a
constant value of X at a constant ionic strength.)
The correction factor, X, is nearly equal to 0.86
and is independent of the pH (or §) value except
at a low pH. Thus, the CMC value at a certain
degree of ionization, p, may be estimated by the
equation:

log CMC;_ , = log CMCj_,
B=p
4+ p-pKm — 0.86 L "pKu(pap ()

In Fig. 3 the CMC values obtained from Eq. (7)
are plotted against pH in comparison with those
experimentally obtained in the presence of 0.10M
NaCl. The similar plots in the absence of added

—log CMC, mol/l
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Fig. 3. The CMC ws. pH plots obtained from
Eq. (7) (Q) and from the experiment (JJ}) in
the presence of 0.10M NaCl.



June, 1968] NOTES 1449
TasLE 1. VARIATIONS OF CMCops, 4Gy°, (4G1°—4G2°+4G;°) axp X witH pH
CMCops —-4G,° —(4G,°— 4G,° + 4G5°

pH p mol/I X 108 keal/mol " kealfmol ) 1

3.0 0.91 3.16 5.77 0.36+6.02x 0.89
4.1 0.65 1.94 6.06 2.13+4.54% 0.86
5.1 0.41 1.24 6.33 3.73+3.03% 0.86
6.1 0.19 1.00 6.45 5.18+1.50% 0.85
7.1 0.052 0.95 6.48 6.13+0.41% 0.86
9.5 0.00 0.95 6.48 6.4840.00 -

~log CMC, mol/l
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Fig. 4 The CMC us. pH plots obtained from

Eq. (7) (O) and from the experiment () in
the absence of added salt.

salt, obtained by Eq. (7), are shown in Fig. 4. The
discrepancy in the calculated CMC values from
the observed values at low pH values in the ab-

sence of added salt is somewhat larger than that
in the presence of excess added salt. Probably,
the assumption described in Eq. (2) is no longer
reasonable in the absence of added salt, especially
in the lower pH region.

From the preceding considerations, it can be said,
in conclusion, that the CMC of a surfactant whose
ionized state depends on the pH of the solution
can be estimated by using the ionization constants
of the monomer and micelle of the surfactant. At
any degree of ionization, p, the CMC can be ex-
pressed by Eq. (7) as long as Eq. (2) is valid.

Experimental

The CMC values at different pH values were deter-
mined by the solubilization method using an oil soluble
dye, Yellow-OB, as a solubilizate.®»19 The ionization
constants of the monomer and micelle were obtained
from the potentiometric titration of the surfactant,
the details of which have been presented in a previous

paper.®
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