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Abstract Surface tension, fluorescence, and dynamic
light scattering were used to investigate the properties of a
binary surfactant system comprising an anionic gemini
surfactant (DLMC) and cationic gemini surfactant (II-12-
EO,). Surface tension measurements afforded the critical
micelle concentration (cmc) of the mixture and the values
are all lower than those of pure constituent surfactants. For
the mixtures of II-12-EO,/DLMC, the micelle aggregation
number decreases with the increase of II-12-EO,, and the
micropolarity of the micelle is lowest when the molar
fraction of II-12-EO; is 0.5; the hydrodynamic radius (R},)
of the mixed micelle first increases and then decreases with
the addition of II-12-EO,, and larger micelles are obtained
when the molar fraction of II-12-EO, is 0.5 or 0.7.
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Introduction

Gemini surfactants are composed of two hydrophilic and
two hydrophobic groups connected through a spacer group
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at or near the headgroup. Owing to their special molecule
structure, gemini surfactants present many excellent prop-
erties and advantages compared with conventional surfac-
tants; these features help in the construction of aggregates
at the molecular level. Therefore, more and more attention
is being paid to gemini surfactants [1-5].

In many practical applications, mixtures of surfactants are
often used which present much better properties than those
attainable with the individual components. There are many
reports about the mixtures of traditional surfactants or the
mixtures of gemini surfactants with traditional surfactants
[6-8], but none of them has, to our knowledge, investigated
mixtures of gemini surfactants. In this paper, we studied the
mixed system of a cationic gemini surfactant [N,N'-bis(di-
methyl dodecylate ethanol) glycol ether dibromide] (II-12-
EO,) with an anionic gemini surfactant (N,N'-dilauryl eth-
ylenediamine dipropionic acid) (DLMC) (Fig. 1).

Experimental Section
Materials

The cationic gemini surfactant (II-12-EO,) was synthesized
and purified to greater than 98 % as previously reported
[9]. The anionic gemini surfactant (DLMC) was also syn-
thesized and purified to greater than 98 % as previously
reported [10]. Sodium bromide of analytical grade from
Sinopharm Chemical Reagent China was baked at 773 K
for 5 h before use.

Experimental Methods

The drop volume method was used to measure the surface
tension of the mixed surfactants [11]. The experiment
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[C11H23(CH,),(CH3),N"(CH,),0(CH,),N*(CH;3)2(CH,),COOC; 1 Hy3] 2Br
IL12-EO,

€, Hay3CON(CH,CH,COONa)(CH,),N(CH,CH,COONa)OCCy  Hys
DLMC

Fig. 1 Gemini surfactant formulae

results were accurate within 0.1 mN m™'. All the mea-
surements were performed in 0.1 M NaBr solution and at
313 £ 0.1 K. The critical micelle concentration (cmc)
values can be obtained from the break point of the surface
tension versus concentration curves.

Micelle aggregation number (V,,) of surfactants can be
measured by the steady-state fluorescence quenching
measurements. Pyrene (Py) is used as a fluorescent probe
(P) and diphenylmethane (DPK) is used as the quencher
(Q) [12, 13]. Each spectrum has one to five vibronic peaks
and those at 373 nm and 384 nm can be used to evaluate
the micropolarity of the micelle in which the quenching
process is going on. The higher the values of I,/I5, the more
hydrophobic environment of the micelle inner core.

Dynamic light scattering measurements were carried out
for the mixture of II-12-EO,/DLMC at 313 £ 0.1 K, using
a laser light scattering spectrometer (ALV/SP-125) with a
multiple digital tau correlator (ALV-5000). The instrument
is equipped with a cylindrical UNIPHASE He—Ne laser
(A = 632.8 nm) [14].

Results and Discussion
Surface Chemical Properties of the Mixed Systems

The cmc and surface tension (y.n,.) under the cmc are two
major parameters to estimate the surface activity of sur-
factant. The surface tension values (y) of the single and II-
12-EO,/DLMC mixtures were measured, and the surface
tension curves are shown in Fig. 2.

As show in Table 1, it is clear that all the cmc and ycp,c
values of II-12-EO,/DLMC mixed systems are smaller than
those of the two single components, indicating a synergistic
behavior of these two gemini surfactants.

The surface maximum absorption (I',,,x) and the aver-
age minimum area per molecule (A,,;,) can be computed by
the Gibbs Egs. (1) and (2) [11]:

-1 oy )
m=———@— )

2.303nRT \Olgc/
A= (Nalma) ' x10™ (2)

where y is the surface tension (mN/m), T is absolute
temperature (K), R is 8.314 ] mol ™! K_l, Ny is the Avo-
gadro constant, and the value of n (the number of species
whose concentration changes with change in c) is taken as
1 in the presence of excessive counterions.
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Fig. 2 Surface tension curves of the I1-12-EO,/DLMC mixed system.
n (DLMC)/n (II-12-EO,):1 10:0, 2 9:1, 3 7:3, 4 5:5, 53:7,6 1:9, 7
0:10

Table 1 Surface chemistry of the II-12-EO,/DLMC and the single
components

o cmce Yeme 1—‘max X 1010 Amin Aideal,min

mol/m~3 (mN/  (mol/cm?) (nm?)  (nm?)
m)

DLMC 1.12 x 107* 31.2 251 0.67

0.1 3.16 x 107> 26.8 432 038  0.69

0.3 1.58 x 107> 257 6.43 027 0.71

0.5 1.51 x 1075 237 7.13 025 0.73

0.7 1.58 x 107 247 6.44 030 0.74

0.9 378 x 107> 27.1 5.37 045  0.76

II-12- 199 x 107* 305 2.03 0.82

EO,

The component of one is the 1I-12-EO,/DLMC, o, is molar fraction of
the 1I-12-EO,/DLMC

For the mixtures of II-12-EO,/DLMC, if there is no
interaction between the two components, then the ideal
cross-sectional area per molecule can be calculated using
Eq. (3) [11]:

Aideal‘min = X?Amin,l + (l - XT)Amin‘Z (3)

where Ain; and A, are the cross-sectional areas per
molecule of the first individual surfactant and the second
surfactant, respectively.

According to the ideal mixture theory, the cmc values of
the mixture can be computed using Clint Eq. (4):

1 o 1 —ua
a7 = ot )
o o

where « is the molar fraction of II-12-EQO, in the mixture
system; C}1,CY and C% are the cmc values of 1I-12-EO»,,
DLMC, and their mixture, respectively. Ideal mixture
theory is only suitable for synergistic surfactant mixtures
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which consist of the same hydrophilic group or non-syn-
ergistic mixtures based on similar hydrophilic groups.
However, there will be large deviations for non-synger-
gistic mixtures which have different hydrophilic groups. In
such cases, non-ideal mixed micelle theory should be
applied.

According to non-ideal mixed micelle theory, the cmc
values of the mixture can be computed by Eq. (5):

1« n I -« (s)
cr o el B!
where fM and f are the activity coefficient of each single
surfactant. When ¥ = fM = 1, the Eq. (5) is equivalent to
Eq. (4), and the mixture is regarded as an ideal mixture
system.

The activity coefficient of a surfactant can be calculated

using Egs. (6) and (7):
St =exp [B(1 —)’] (6)
A = exp [BY ()] (7)
where le"’ is the molar fraction of II-12-EO, in the micelle,
pM is the interaction parameter of surfactants in the micelle
and reflects the degree of interactions among the
surfactants.

As shown in Table 1, the A, values of the mixed
system are smaller than those of A;geq min, and this suggests
a strong interaction between the two surfactant molecules.
This is because each gemini surfactant has two ionic heads
and there are therefore strong electrostatic attractions
among the mixed surfactants. This phenomenon is also
confirmed by the values of ° and p™.

In Fig. 3, the dashed line plots the cmc values which
were calculated from Eq. (4) through the ideal mixture
theory; the full line plots the cmc values which were
computed from Eq. (5) according to the non-ideal mixture
theory; the points are the measurement values of the
experiments. It is clear that all the experimental values are
always lower than the corresponding cmc;ge,; Values and all
the cmc values of the mixed systems are lower than those
of the single surfactants, which indicates the existence of
interactions that result in non-ideality of the mixture sys-
tems. The values of the solid line are basically consistent
with the experimental values, which shows that the non-
ideal mixture theory is applicable in this system.

Molecular Interactions

The nature and strength of the interaction in the mixed
system can be determined by the calculation of parameters
f. The molar fraction x7 and interaction parameter 5° at
the air/water interface can be calculated using Eqgs. (8) and

) [11]:
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Fig. 3 Plot cmc versus o of the II-12-EO,/DLMC mixed system.
Dashed line cmc values calculated from ideal mixture theory
[Eq. (4)], solid line cmc values computed using non-ideal mixture
theory [Eq. (5)]; asterisks experimental values

27 In(onern/ f ) — (8)

(1= 27)* (1 = a)era/ (1 = 75) 3]
o _ In(oicin/xfc}) 9
T Y

where x7 is the molar fraction of II-12-EQ, in the surface
layer, cj, is the total concentration of surfactant at the
given surface tension. c(f and cg are the concentrations of a
single surfactant at the same surface tension, «; is the
molar fraction of II-12-EQ, in the mixed system, and 3 is
the interaction parameter of surfactants in the surface
phase.

The micellar interaction parameter ™ in the mixed
system can also be obtained from Egs. (10) and (11) [2]:

2o ey / £ )

(1= [(1 =) ey /(1= 27) 3]
B = In(oncfy /y'el) (11)

(1= 7

The term x7' is the molar fraction of II-12-EO, in the
micelle and c73 is the cmc value of the mixture system. ¢}
and ¢3' are the cmc values of the pure component and ™ is
defined as the interaction parameter of surfactants in the
mixed micelles. When the value of § (€ and B™) is neg-
ative, it means the existence of attraction between the two
components. And the more negative the value is, the
stronger the mutual attraction; when the value of f is
positive, it indicates mutual repulsion between the two
components; when the value of f§ is 0, it suggests an ideal
mixture of the surfactants in the micelle or surface layer.
For II-12-EO,/DLMC mixtures, the values of x7, x1", °,
and ™ are listed in Tables 1 and 2.
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Table 2 Surface adsorption layer and micelle composition and interaction parameters of the II-12-EO,/DLMC mixed system

% B ay lln% 1-— ClZ.min/c(l)<2) B i ‘ln%’ 1 - C’l”Z,min/cr]rl(z) B = B" ‘ln%
0.1 —6.3 0.33 0.69 0.10 —49 0.39 0.69 0.37 —-04 0.8
0.3 —64 0.47 0.69 0.59 —6.1 0.49 0.69 0.68 -0.3 0.8
0.5 —6.9 0.66 0.69 0.31 —6.3 0.66 0.69 0.50 —0.6 0.8
0.7 —6.8 0.60 0.69 0.50 —6.0 0.60 0.69 0.68 —0.8 0.8
0.9 —6.6 0.60 0.69 0.49 —5.7 0.60 0.69 0.64 -0.9 0.8

Component 1 is 1I-12-EO, and o, is the mole fraction of II-12-EO,

For the mixture of II-12-EQ,/DLMC, the mole fraction
of 1I-12-EQ, increases with the increase of molar fraction
of II-12-EO, both in the surface phase and micellar phase.
It is quite clear that the compositions of surface layer and
micelle correspond to the change of II-12-EO,. And the
negative values of f° and S™ also indicate the strong
interactions between the two gemini surfactants.

The existence of synergism between surfactants can also
be predicted by the strength of the interaction (f) and the
relevant properties of the individual surfactant components
of the mixture.

Conditions for Synergism of the Mixed Systems

The conditions for synergism in the surface tension
reduction efficiency are given by Eq. (12) [11]:

p” <0; <5’ (12)

o}

In )
C

2

The degree of synergism can be judged by Eq. (13):
[+ et/ )
4p°

where ¢12, min 1s the minimum concentration of the mixture
to achieve a given surface tension, c(l)(z) represents the more

1— C]Zymin/C(l)(z) =1- exp{

effective surfactant’s concentration (the smaller one) at a
given surface tension. The data of 17C12,min/c(l)(2) are

listed in Tables 1 and 2, and the larger the value is, the
stronger the synergism.

It is clear that all the values of ° are less than zero,
which means the existence of synergism in the surface
tension reduction efficiency. This is also confirmed by the
values of 1 — ClZﬁmin/C?(z)'

When the cmc values of the mixture are lower than the
values of each single surfactant, it suggests the existence of
synergism in mixed micelle formation. The conditions for
synergism are given by Eq. (14):

B <0; <|p"| (14)

m
C
-5
&
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The degree of synergism in the micelle formation can
also be estimated by Eq. (15):

m m /oy |12
H%Mﬁhmwﬂﬁwm}w

where ¢, .. represents the lowest cmc values of the mixed
surfactant system and c{' represents the smaller cmc of the

two components. The data of 1 — €12min / C?(Z) are listed in

Tables 1 and 2.

It is clear that all the §° values of the mixed system are
less than zero, which indicates the exsistence of synergism
in the micelle formation. At the same time, the synergism

is the strongest at the maximum 1 — 12, min / Crln(z) value.

The conditions for synergism in the surface tension
reduction are given by Eq. (16).

T I

(c'/<3)

As shown in Table 2, the II-12-EO,/DLMC mixed
system can fully meet these three conditions, and therefore
the existence of synergism can also be confirmed in surface
tension reduction.

B <0; p7—p" <0; [f7—p"| >

Micellar Characteristics of the Mixed System [14]

As shown in Table 3, the micellar aggregation number of
II-12-EQ, is relatively smaller than that of DLMC. This
can be attributed to the larger ionic head and longer con-
nector of II-12-EQO,, and it also indicates a more compact
micelle structure of DLMC. This phenomenon can also be
confirmed by the value of I,/I5.

Figure 4 shows the variations of /;/I3 with total surfac-
tant molar concentration c. It is apparent that these plots
have the usual sigmoid shape, and the sharp decrease of the
I,/15 values represents the transfer of pyrene from a highly
polar to less polar or more hydrophobic environment,
which corresponds to the formation of micelle. The values
of I/I; for 1I-12-EO, are larger than that of DLMC. This
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Table 3 Micelle aggregation number and average hydrodynamic
radius of II-12-EO,/DLMC (313 K, 0.1 M sodium bromide)

o (II-12-EOy) 0 0.1 0.3 0.5 0.7 0.9 1

N 63 41 35 26 25 25 23
R, 100 14 28 172 170 8l 18

Ig[c/mol-L™]

Fig. 4 Micellar micropolarity of the II-12-EO2/DLMC mixed system
(313 K, 0.1 M sodium bromide) n (DLMC)/n (II-12-EO,): 1 10:0, 2
9:1,37:3,45:5,53:7,6 1.9, 70:10

phenomenon may be attributed to the existence of the
hydrophilic EO, spacer, which enhances the polarity of the
microenvironment. The smaller /;/I5 value of DLMC also
means a more hydrophobic environment of the micelle
inner core.

Dynamic light scattering was used to determinate the
average micelle hydrodynamic radius of the II-12-EO,/
DLMC mixed system when the total surfactant molar
concentration is fixed at 0.001 M. The results show that
the Ry, values of micelle are larger than 100 nm and the
distribution is quite narrow when the values of o (II-12-
EO,) are 0.5 or 0.7, which indicates that large micelles
are formed. The strong interactions of the ionic head can
lead to large micelles, especially between the positive
and the negative ion gemini surfactants. Normally, the
surfactant micelle is spherical within 10 times the cmc,
and with the increase of concentration, the micelle
changes shape from a sphere to a rod and from a rod to
a hexagonal phase. But for the mixed surfactants, espe-
cially for the cationic and anionic gemini surfactants, the
strong interaction between surfactants can largely change
the values of An;,, and lead to new structures of micelle.
It is clear that the mixed systems of gemini surfactants
can form large micelle structures at a very lower
concentration.

Conclusion

The surface chemical properties of II-12-EO,/DLMC
mixed systems were studied and high surface activities
were displayed. The mixed systems exhibit synergism in
surface tension reduction efficiency, surface tension
reduction effectiveness, and micelle formation. The
micellar aggregation number and micropolarity of the II-
12-EO,/DLMC mixed systems were determined. In the
mixed system, the micelle aggregation number decreases
with the increase of molar fraction of II-12-EO,, and the
micropolarity of micelle inner core is the lowest when the
value of n(DLMC)/n(II-12-EQ,) is 1:1. The hydrodynamic
radii of the II-12-EO,/DLMC mixed system are measured
by dynamic light scattering measurements. It is evident that
larger micelle structures are formed at a very low con-
centration when the molar fraction of II-12-EO, is 0.5 or
0.7.
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