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Nonideal mixing of dodecyltrimethyl-
ammonium halides and nonionic
surfactant in adsorbed films and micelles

Abstract The ion—dipole interaction
between dodecyltrimethylammoni-
um cations and nonionic surfactant
molecules in adsorbed films and
micelles was investigated by con-
centrating on the difference in the
degree of counterion binding by
employing dodecyltrimethylammo-
nium chloride (DTAC)-octyl methyl
sulfoxide (OMS) and dodecyltrime-
thylammonium bromide (DTAB)—
OMS mixtures. The phase diagrams
of adsorption and micelle formation
were constructed and then the non-
ideal mixing of different species of
surfactants was demonstrated in
terms of the excess Gibbs free ener-
gies of adsorption and micelle for-
mation, and the surface excess areas.
Furthermore the dependence of

them on the counterion was clearly
shown. All these results were found
to support our previous view that
the direct interaction between sur-
factant cation and the dipole of the
hydrophilic part of a nonionic
surfactant is essential in cationic-
nonionic surfactant mixtures, i.e.,
the DTAC system with a lower
counterion biding has more negative
excess thermodynamic quantities
than the DTAB system with a higher
one.
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Introduction

Mixed-surfactant systems are employed commonly in
industrial applications and therefore have been studied
extensively toward the understanding of the underlying
principles of observed phenomena [1, 2, 3]. Although
some advanced techniques, such as NMR, neutron
reflection, IR reflection absorption spectroscopy, sum-
frequency spectroscopy, serve as powerful ones for
clarifying the structures of surfactant solutions and ad-
sorbed films [4, 5, 6, 7, 8, 9 ] thermodynamic studies in a
systematic also way give important information on the
macroscopic and often microscopic nature of them. We
have applied the following procedure to several surfac-
tant mixtures and shed light on the miscibility and the
molecular interaction of surfactants; the surface tension

is measured very precisely as a function of the total
concentration and mole fraction of surfactant mixture
and, then, the excess Gibbs energy is evaluated on the
basis of the phase diagrams of adsorption (PDA) and
micelle formation (PDM) [10, 11, 12].

In a series of studies on ionic—nonionic surfactant
mixtures [13, 14, 15], we have pointed out the strong
mutual interaction between the different kinds of species
for both cationic and anionic surfactants, and suggested
that it is due to

1. The direct ion—dipole interaction between the cationic
surfactant ion and nonionic surfactant.

2. The indirect interaction through the countercation
between the anionic surfactant ion and nonionic
surfactant.
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Now it is required to confirm these suggestions by
using more detailed and systematic thermodynamic
studies, and/or by means of some advanced techniques
cited earlier.

We have already demonstrated by investigating the
adsorption and micelle formation of the dodecylam-
monium chloride—octyl methyl sulfoxide (OMS) and
dodecyltrimethylammonium bromide (DTAB)-OMS
systems that the strong mutual interaction is enhanced
more on decreasing the surface density in the former
mixture, while on increasing it in the latter. This gives
supporting evidence of the point 1 from the viewpoint of
the molecular packing in the adsorbed film and micelle
[16]. In further corroboration of point 1, another avail-
able way is to control the counterion binding to sur-
factant cations and consequently to alter the magnitude
of the cation—nonionic surfactant interaction. The more
counterions are bound to surfactant cations, the less the
interaction becomes. Considering that DTAB has a
lower critical micelle concentration (cmc) and higher
surface density at a given concentration than dodecylt-
rimethylammonium chloride (DTAC) and that both the
adsorbed film and micelles are enriched in Br~ compared
to CI” in the bromide—chloride surfactants mixture [17],
the comparison of the magnitude of the nonideal mixing
between the DTAB-nonionic surfactant and DTAC-
nonionic surfactant systems is expected to offer further
supporting evidence of point 1. Since the strong inter-
action has been already reported for the DTAB-OMS
mixture [16], the DTAC-OMS mixture is the best one
for this purpose.

We measured the surface tension of the aqueous
solution of DTAC and OMS mixture against air and
analyzed the results by means of our thermodynamic
theory [12] to construct the PDA and PDM and then to
evaluate the excess thermodynamic quantities. The re-
sults were compared with those of the DTAB-OMS
system and it was examined whether point 1 is sub-
stantiated from the viewpoint of the counterion binding
in the adsorbed films and micelles.

Experimental

DTAC was synthesized from dodecyl chloride, which was dis-
tilled under reduced pressure, and an aqueous solution of trim-
ethylamine. The product was recrystallized several times from an
ethyl acetate/ethanol (10/1 volume ratio) mixture. OMS was
synthesized by oxidizing octyl methyl sulfide, which was distilled
under reduced pressure, by z-butyl hypochlorite in methanol. The
crude materials were recrystallized from a petroleum ether/etha-
nol (99/1 volume ratio) mixture. The purity was checked by
observing no minimum on the surface tension versus molality
curve around the cmc. Water was distilled three times from
alkaline permanganate solution.

The surface tension, 7, of the aqueous solution of the mixture
was measured as a function of the total molality, 7,z and composi-
tion of OMS, X, defined by
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Fig. 1 Surface tension versus total molality curves of the dode-
cyltrimethylammonium chloride (DTAC)-octyl methyl sulfoxide
(OMS) system at fixed compositions: X =0.010 (1), 0.050 (2),
0.0998 (3), 0.200 (4), 0.350 (5), 0.500 (6), 0.640 (7), 0.840 (8),
0.921 (9), 1.000 (10)

m=myy +m_ +my=2m +m (1)
and
Xy = my/in (2)

at 298.15+£0.01 K under atmospheric pressure by the drop-volume
technique [18]. Here m; and m, are the molalities of DTAC and
OMS, respectively. The experimental error of the surface tension
was about +0.05 mN m™".

Results and discussion

Qualitatively the behavior of adsorption and micelle
formation of the DTAC-OMS mixture is similar to that
of the DTAB-OMS mixture on the whole. For the
present purpose, however, the quantitative difference
between the two systems is essential and therefore the
results of the experiments and their analysis are
demonstrated in a rather repetitious way by quoting
the results of the previous DTAB-OMS system.

The surface tension of the aqueous solution of
the mixture is plotted against 7 in Fig. 1. The y value
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decreases rapidly with increasing 7 and takes an almost
constant value at high molalities. The cmc was deter-
mined from the breakpoints on the y versus m curves.
The cme, C, and the surface tension 7€ at the cmc are
plotted against X, together with the corresponding
curves of the DTAB system in Fig. 2. The C versus X,
curves have a minimum at X»~0.7-0.8, where the mini-
mum of the DTAC system is steeper than that of the
DTAB one. The yC value decreases with increasing X,
and the difference between the two curves is not so large
but distinct. The difference between the two systems
demonstrated in Fig. 2 asserts that the nature of the
counterions affects undoubtedly the miscibility and,
therefore, the mutual interaction between surfactant
molecules in the adsorbed film and micelles.

First, let us examine the miscibility in the adsorbed
film on the basis of the PDA shown in Fig. 3a. The solid
and broken lines show the 7z versus X; and XJ! curves at
a given Y, respectlvely Here the compos1t10n of OMS in
the adsorbed film, X2 , is defined in terms of the surface
densities of the species, I'!' by

=Tt ) o)
and is evaluated by applying the relation
X=X — (XX /m) (am/afzz)m (4)

to the solid lines in Fig. 3a [10, 11, 12]. It should be
noted that the PDA has a deformed cigar shape and
that the 71 versus X3 curve deviates negatively from
the straight line connecting the m values of pure
components, th, given by

)Xy + . (5)

Since Eq. (5) is the criterion for the ideal mixing of
surfactants in the adsorbed film [10, 11, 12], the devia-
tion from the straight line in Fig. 3a proves the nonideal
mixing of DTAC and OMS molecules. The excess Gibbs
energy of adsorption, gHF, calculated by using the
equation [12]

m= (m2

g™t = RT[X{ In (X /mdX{") + X3 In (s /X3 ]

(6)

demonstrates the nonideal mixing quantitatively and is
plotted against X! at a given y in Fig. 3b. The g"'F value
is negative over the whole composition region and thus
suggests stronger mutual interaction between ionic and
nonionic surfactants than between the same kinds of
surfactants. If this were due to the interaction between
cationic surfactant ions and the hydrophilic part of
OSM, its magnitude should depend on the degree of
neutralization of the surfactant cation (counterion
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Fig. 2 a Critical micelle concentration (cmc), C , versus X>: DTAC—
OMS system (1); dodecyltrimethylammonium bromide (DTAB)-
OMS system (2). b Surface tension, 7€, versus X, at the cme:
DTAC-OMS system (1); DTAB-OMS system (2)

binding). The more negative values of the DTAC system
compared to the DTAB system at a given surface
tension support our view of this interaction scheme.

Furthermore it should be noted that the gH'F value
increases with rising y and that the magnitude of the
increase is larger for the DTAC system. Then the surface
excess area, AE, evaluated by the equation [19]

AV = (1/NA) (08" /07) 1,

(7)
is negative and more negative for the DTAC system as
shown in Fig. 4. Taking into account that the mean area
per adsorbed molecule of DTAC and that of OMS are
respectively 0.60 and 0.33 nm? at the cmc, the mixing of
DTAC and OMS molecules in the adsorbed film is
accompanied by a decrease of several percent in the
occupied area. Thus it is said that the effective filling of
OMS molecules into the available space among the
hydrocarbon chains of DTAC enhances the surfactant
cation—dipole interaction between the polar head
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Fig. 3 aTotal molality versus composition at fixed surface tension:
y/mN m~' =30 (1), 35 (2), 45 (3), 50 (4), 55 (5). 7 versus X» (-); n
versus XH (- - -). b Excess Gibbs energy in the adsorbed film versus

composition at constant surface tension: y/mN m™' = 45 (1), 50 (2),
55 (3). DTAC-OMS system (—); DTAB-OMS system (——)

groups. The smaller decrease in the DTAB system shows
the less strong surfactant cation—nonionic surfactant
interaction and again this justifies our view of the
interaction scheme.

Next, let us inspect whether the miscibility of the
surfactants in the micelle also supports our view of the
interaction scheme. The composition in the micelle, XzM,
calculated by applying the following equation [11]

=X - (hX/C)(0C/0%),, (8)

to the C versus X curve in Fig. 2a is shown in the form
of the PDM in Fig. 5. The PDM has an azeotropic point
at X,=0.8 and then suggests that the mutual interaction
between DTAC and OMS molecules is stronger than
that between the same species. To demonstrate the dif-
ference in nonideal mixing in micelles between the
DTAC and DTAB systems, the excess Gibbs energy
of the micelle formation, gME, was calculated by the
following equation [12]
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Fig. 4 Excess area versus composition at 50 mN m™": DTAC-
OMS system (1); DTAB-OMS system (2)

GME = RT[XM In (CX; /C0XM) + XM In (€ /€28,
9)

where C? is the cmc value of pure component i. The
calculated gME value is plotted against XM (curves 1)
in Fig. 6. It should be noted that the effect of counte-
rions on the molecular interaction in micelles is
exhibited very distinctly and that the DTAC system has
more negative gMF values than the DTAB system.
Taking note that the degree of counterion binding at
the micelle surface is considered to be larger for the
bromide ion than for the chloride ion and providing
that our view of the interaction scheme is correct, the
interaction between polar head groups of the DTA™
ion and the OMS molecule should be enhanced and
thus gMF is expected to be more negative in the DTAC
system compared to that in the DTAB one. The results
in Fig. 6 again substantiate our idea that the strong
mutual interaction is due to the direct interaction be-
tween the hydrophilic part of the nonionic surfactant
and the cationic surfactant ion.

If surfactant cations and nonionic surfactants interact
with each other according to the proposed scheme, the
magnitude of the interaction is affected by the geometry
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Fig. 5 cmc versus composition: C versus X, (-); C versus )?21\4 =-)

where the interaction takes place. Therefore it is useful
to examine whether a difference in the excess Gibbs free
energy exists between the micelle (curved interface) and
the adsorbed film (flat interface) when they have the
same composition of surfactants. In Fig. 6, the excess
Gibbs energy of adsorption at the cmc gH*E*C versus
X2 € curves, are compared with the g versus XM
curves. It is clear that the g"FC value is more negative
than the gM'F one at a given composition for both sys-
tems. Therefore it is said that the molecular interaction
between the different species is more strengthened in the
adsorbed film than in the micelle. Taking account of the
negative value of A"F given in Fig. 4, the difference is
due to the more effective packing of OMS and cationic
surfactant molecules for the ion—dipole interaction in the
adsorbed film than in the micelle; OMS molecules may
use the space among the hydrocarbon chains of cationic
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Fig. 6 Excess GlbbS energy versus composition: g
gHEC versus X"

-

Versus X2 ;

surfactant ions more effectively in the planar adsorbed
film than in the spherical micelle [16]. It is noted that
there is a significant difference between §g"E€ and gM-E
even when the adsorbed film and micelle are mostly
constructed of DTA * ions, while there is no appreciable
difference when they mostly consist of OMS molecules.
This means that the geometrical advantage of the planer
adsorbed film against the spherical micelle is realized
even when a smaller amount of OMS can accommodate
effectively in the space among the hydrocarbon chains
of DTA™ ions, while it is not realized when smaller
numbers of DTA ™ ions are present in the fields of
OMS molecules. This is consistent with our view of the
interaction scheme.
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