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Synthesis and Surface Activity of Some Cationic
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OUR CATIONIC Gemini surfactants were synthesized and

characterized using different tools. Their surface activities were
measured using surface and interfacial tension measurements. The
effect of their spacer chain length on the surface activity, emulsification
power and interfacial tension was studied. The thermodynamic
parameters showed the tendency towards micellization and adsorption.
The results showed that longer spacers increased the micellization
tendencies of the surfactants, while shorter spacers increased the
adsorption propensity at the air-water interface.
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Cationic surfactants consist of a positively charged hydrophilic head group and
a hydrophobic tail group. Research on the interfacial properties of monomeric,
dimeric and oligomeric ionic surfactants is very important practically, mainly in
the petroleum, chemical and pharmaceutical industries ® . A wide range of
applications is connected with their adsorption and aggregation properties, high
viscosity, detergency, solubilization ability, improvement of wetting, profound
antimicrobial activity against bacteria, yeasts, and molds ¢ and the preparation
of micro and meso-porous structures (zeolites); these properties have been the
subject of several review articles ©°. Gemini surfactants are a novel type of
surfactant synthesized in the recent ?/ears. Its advent has greatly broadened the
perspective of interfacial science *°*? . Compared with the conventional
surfactants, Gemini surfactants are more efficient in lowering surface tension
and have a much lower critical micelle concentration (CMC). Despite their
recent development, Gemini surfactants are already a hot subject in colloids and
surface science and are considered to be a type of surfactants that will be most
widely used in the twenty-first century > . Gemini surfactants are made up
of two hydrophilic and two hydrophobic chains covalently linked through a
spacer group, which significantly affects their properties ®®. All the Gemini
surfactants have two important features, namely, much lower critical micelle
concentration (CMC) values and highly efficient reduction of the surface
tension of water ‘" . These surfactants have been attracting increasing attention,
because their unique properties are superior to those of conventional single-
chain (monomeric) surfactants 2V but little information is available about
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micellization of Gemini surfactants in solutions of different pH ©> 2 In
emulsification, as an example, selection of the surfactant or surfactant system
will depend on the materials to be used and the properties desired in the end
product. During the last few years our laboratory has made extensive efforts to
study the use of surfactants in enzymatic and non-enzymatic hydrolysis of
carboxylate and phosphate esters ®*“®. In this investigation the synthesis and
characterization of some diquaternary Gemini surfactants were reported. The
effect of the spacer chain length on their surface activity and physicochemical
properties was studied in their solution.

Experimental

Synthesis of 3-aminopyridine Schiff base

A mixture of 3-aminopyridine (0.3 mole, 26.4 g) and benzaldehyde (0.32
mole, 33.9 g) was reacted in Dean stark apparatus in presence of xylene (150
ml) as a solvent and p-toluene sulphonic acid as a dehydrating agent. The
reaction was stopped after obtaining the calculated water of the reaction (0.3
mole, 5.4 ml). The reaction mixture was allowed to cool then 100 ml of distilled
water is added to the mixture in a separating funnel. Then, the mixture was
allowed to separate into two layers, the organic layer contained the product and
the unreacted materials and the aqueous layer which contained the catalyst was
separated. The solvent was evaporated from the organic layer and vacuum
distillation was performed to remove the unreacted benzaldehyde.

Synthesis of quaternary ammonium Gemini surfactants

A mixture of the obtained Schiff base (0.05 mole, 8.8 g) and dibromoalkanes
(0.025 mole) namely: 1,5-dibromopentane (5.75 g), 1,6-dibromohexane (6.1 g),
1,10-dibromodecane (7.5 g) and 1,12-dibromdodecane (8.2 g) was refluxed
individually in acetone (150 ml) as a solvent for 12 hr. The reaction was
allowed to cool overnight to complete precipitation of the products. Then, the
reaction mixture was filtered and the product was recrystallized from acetone,
washed by diethyl ether and then dried under vacuum for 4 hr. The products
were analyzed using elemental analysis, FTIR and "H-NMR spectroscopy.

Surface and interfacial tension measurements

Surface and interfacial tension measurements were performed using Kriiss
K6 tensiometer by the platinum ring detachment method, Germany. Freshly
prepared aqueous solutions of the synthesized Gemini surfactants were used
with the concentration range of 0.01 to 0.00001 M/L at 25 °C. The solutions
were poured into a clean Teflon cup with a mean diameter of 28 mm (Teflon
cup was used to prevent the adhesion of the surfactant to the glass cup walls).
The solutions were left for 2 hr to allow the stabilization and complete
adsorption at the solution surface, then the apparent surface tension values were
measured for a minimum of 3 times and the recorded values were taken as the
average of these values @ . The platinum ring was then removed, washed with
diluted HCI solution and followed by distilled water.

Egypt. J. Chem. 56, No. 1 (2013)



Synthesis and Surface Activity of Some Cationic Gemini Surfactants ... 37

The interfacial tension measurements were obtained between aqueous
solution of the synthesized Gemini cationic surfactants at concentration of 0.1%
by weight and light paraffm oil at 25 °C using same procedures of the surface
tension measurements ©

Emulsion stability

Emulsion stability was measured by vigorously stirring a mixture of 10 ml
(0. 5%) of the synthesized cationic surfactant solutions and 10 ml of paraffin oil at
25 °C Y Emulsifying power (emulsion stability) of the surfactant solutions was
expressed as the time required for separation of 9 ml of pure surfactant solution.

Results and Discussion
Structure
The chemical structures of the synthesized surfactants were confirmed using
elemental analysis, IR and NMR spectra. Table 1 represents the calculated and
obtained ratios of the different elements in their chemical structures, which
proves their purity.

TABLE 1. Characterization of the synthesized Gemini surfactants .

Molecular Carbon % Hydrogen % Nitrogen % Bromine %

Compound  weight,
Calc Found Calc Found Calc Found Calc Found

MWt, g/mol
SB-5 594.39 58.60 5820 5.09 505 943 9.36 26.89 26.70
SB-6 608.42 59.22 5881 530 526 921 9.14 26.27 26.08
SB-10 664.53 6145 61.02 6.07 6.02 843 837 2405 2388
SB-12 692.58 6243 6200 640 6.36 809 8.03 2307 2291

IR spectra showed bands at 3056, 2930, 2860, 1624, 780-920 cm™.

NMR spectra had the following signals at 6 (ppm) = 1.3 (CH,, m, nH), 4.5
(CH=N, s, 2H), 7.3 (phenyl, m, 18H). That proves the expected chemical
structures of the synthesized surfactants as represented in Scheme 1.
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Scheme 1. Synthesis of the Gemini cationic surfactants (n=3,4,8,10).
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(b)
Spectral analysis of compound SB-6

Surface activity

The surface tension vs. —log concentration of aqueous solutions of the
synthesized Gemini surfactants SB-5, SB-6, SB-10 and SB-12 was measured at
25 °C. The surface tension profile of the different surfactants showed no
minimum, which indicates the purity of the surfactants and that there is no
contamination in their structures. The minimum appeared mainly in impure or
commercial surfactants due to the residual compounds which have higher
surface activity than the surfactant under investigation, and appeared in the
lower concentration region.
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The obtained surface tension values decreased with increasing the concentration
at the lower concentration ranges (pre-micellar region), until reached almost
constant values by increasing the concentration (post micellar region) (Fig. 1). The
break points of these two regions determined the critical micelle concentration
values (CMC) of the surfactants which were listed in Table 2.
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Fig. 1. Surface tension vs. concentration of the synthesized Gemini cationic surfactants
(A:SB-6, O:SB-12) at 25 °C.

The adsorption of the surfactant molecules at the air-water interface can be
interpreted by studying two parameters: the surface pressure and the maximum
surface excess (['max)- The surface pressure (oy/0logC) indicates the pumping of
the surfactant molecules to the interface of the solution. Increasing this term
revealed that the molecules are adsorbed at the interface more preferably than
the lower values ©?. It is clear from Table 2 that the increase in the spacer chain
length decreases the surface pressure of the surfactant towards the interface.

The maximum surface excess is the maximum concentration of surfactant
molecules at the interface of the solution in the saturation case. The maximum
surface excess of the synthesized Gemini surfactants was calculated from the
slopes of the pre-micellar part (6y/dlogC) in Fig. 2, according to the Gibb’s
adsorption equation as follows:

IMax =(0y/0l0gC)/2.303nRT

where, I'nax IS the maximum surface excess at the saturation condition, n is the
number of active species in the solution equal to 3 in case of Gemini
surfactants, R is the gas constant and T is absolute temperature, the results were
listed in Table 2. It is clear from that data in Table 2 that the gradual increase in
the spacer chain length decreases the concentration of the surfactant molecules
at the interface.
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Fig. 2.Effect of spacer chain length on the critical micelle concentration of the synthesized
Gemini surfactants at 25 °C.

On the other hand, the average area occupied by the adsorbed surfactant
molecules at their solution interface can be calculated using I'yax Values as
follows:

Anin = 1/(Nay. T'max)
where, N, is Avogadro’s number.

The average area at the interface available for each surfactant molecule is
increased by increasing the spacer chain length. The maximum area occupied at
the interface was 67.4 nm” obtained for SB-12 surfactant, while the lowest area
was 44.6 nm?® for SB-5 surfactant. The obtained values of A, are larger than
the published values of the saturated Gemini surfactant . That can be
attributed to geometry of the Gemini molecules at the interface. Analysing the
data of A, in Table 2 showed that the increase in A, was 22.8 nm? by
increasing the spacer chain length from 2 to 10 methylene groups. That showed
the average value of the individual methylene group is 2.28 nm? which is in
good agreement with our previously published data (2.2 nm?) @2,
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TABLE 2. Surface activities of the Gemini surfactants at 25 °C .

CMC, Yoo Interfacial tension, _ Can, oo A, Emulsification, AGr. AGu
Compound mNm yelogC CMC/Cyy Sec

mM  mNm® mNm? X10° M X1ot nm? kImol™* kJmol*
SB-5 133 50 15 21.8 316 -6.37 372 421 446 120 -16.4 =223
SB-6 001 47 13 24.8 66.8 -5.03 294 913 56.5 300 -183 -268
SB-10 039 43 9 29 14.8 -4.01 2.71 26.35 61..3 Stable -19.91  -29.7
SB-12 028 41 6 30.8 3.87 -4.22 2.47 7235 67.4 Stable -203 -32.7

CMC: critical micelle concentration in mM, ¥y surface tension at CMC, Ry effectiveness, Cap: efficiency, Iy maximum surface
excess, dyBlogC: slope of surface tension vs concentration profile, CMC/C,: ratio between CMC and efficiency, A, minimum
surfacearea, AGp,c: micellization free energy, AG, g, adsorption free energy.
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The chemical structures of the Gemini surfactants play an important role on
their surface activity, and mainly on their CMC values. In case of saturated
Gemini surfactants, the terminal alkyl chains have a high tendency towards
geometrical conformation at the interface ®®, which decreases the area occupied
by each molecule at that interface. As a result, the surface concentration is
increased gradually by increasing the terminal alkyl chain length and also by the
gradual increase of the spacer chain length. The increase of surface
concentration increases the concentration of surfactant molecules at the
interface, and consequently increases their CMC values. Gemini surfactant
molecules adopt different conformations depending on the spacer length. Before
micellization 12-2-12 monomers are in the trans conformation. While in case of
12-4-12 and 12-6-12, they are in the cis conformation . In the case of the
trans conformation, the free energy of transfer for the surfactant monomer from
the aqueous phase to the pseudo micellar phase is relatively lower as compared
to the cis conformation case. Hence, micellization is relatively more easily
facilitated for 12-2-12 (lower CMC) and vice versa for 12-4-12 and 12-6-12. In
case of the unsaturated or conjugated terminal hydrophobic groups, the
geometry of these groups is highly restricted toward conformation and their
situation is forced to be planner at the interface. Hence, by increasing the spacer
chain length, the area occupied by each molecule at the interface is increased.
That decreases the surface concentration of these molecules at the interface,
which forced the molecules to micelize at lower concentration than the saturated
homologous do.

In case of our synthesized Gemini cationic Schiff bases, the terminal groups
are two phenyl groups linked by a double bond (azomethine group) and the
spacer groups are varied from 5 to 12 methylene groups (Scheme 1). The
geometry of these molecules is forced to be planner at the interface due to the
lack of the flexibility of these groups. The rigidity of the structure increased the
area of the molecules at the interface and consequently the surface
concentration is decreased. The decrease in surface concentration indicates that
the interface is completely covered by the adsorbed surfactant molecules.
Hence, the molecules undergo to the bulk of their solution to form micelles. The
critical micelle concentration of the synthesized surfactants was decreased by
increasing the spacer chain length gradually from 5 to 12 methylene groups as
represented in Fig. 2.

Surface tension reduction, effectiveness and efficiency (me, Zeme, PC20)

The surface tension reduction at the critical micelle concentration of the
synthesized surfactants is ranged between 50 and 41 mN/m (Table 2). That
indicates the lower surface activity of these surfactants compared to the
saturated cationic Gemini surfactants ®? . This can be attributed to the lower
surface concentration of the surfactants at the interface and also to the high
hydrophobic characters of these molecules ®®. The higher surface tension
reduction accompanied by longer hydrophobic spacer chain length is attributed
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to the fast interface saturation. That describes the fast adsorption of the
surfactant molecules at this interface. SB-5 surfactant has the highest surface
tension reduction at CMC, which points out the lower adsorption tendency than
the other surfactants.

The effectiveness values (mem:) Of the prepared surfactants are shown in
Table 2, where the efficiency is slightly increased from 21 to 30 mN/m by
increasing the number of methylene groups from 5 to 12. This is due to the fact
that the efficiency of adsorption at interfaces increases linearly with an increase
in the carbon atoms of hydrophobic group ®®3” . While, the efficiency values
(Pcyo) decreased gradually by increasing the hydrophobic chain length. The
efficiency parameter indicates the adsorption behavior of the surfactants at the
interface. Higher efficiency values revealed to lower adsorption tendency.

The ratio between CMC and the efficiency determines the tendency of the
surfactant molecules towards the micellization and adsorption in the solution.
Increasing this value indicates the high tendency towards adsorption than
micellization, and vice versa. It is clear from the values of CMC/C, listed in
Table 2 that the surfactants lean towards adsorption by different tendencies. SB-
5 has the lowest tendency towards adsorption by four folds than micellization.
The highest adsorption tendency was obtained in case of SB-12 by 67 folds than
micellization.

Emulsification power and interfacial tension

The emulsification powers of the synthesized Gemini cationic surfactants were
determined as a time required to breakdown the emulsion formed between
surfactant solution and paraffin oil. The emulsification of the surfactants is one of
the most important surface properties at the interface. The emulsification tendency
in some cases is important to form stable emulsions, as in case of solubilization,
emulsification processes, cosmetics and drug formulations. While, in some
applications it is not favorable especially in case of petroleum applications including
demulsification and corrosion inhibition. Table 2 lists the emulsification tendency of
the synthesized surfactant in presence of light paraffin oil. It is clear that the
emulsification power is completely dependent on the space chain length. Short
spacer of two methylene groups has the lowest emulsification tendency at 120 sec,
while increasing the spacer chain length to six methylene groups considerably
increases the emulsification power to 300 sec. The longest spacer of twelve
methylene groups produces stable oil/solution emulsion even after 30 days. The
results can be easily related to the depression at surface tension and the saturation
concentration of these surfactants at the air-solution interface.

On the other hand, the interfacial tension is related to the saturation of the
surfactant molecules at the interface. The data in Table 2 revealed that the
interfacial tension of the surfactants under consideration is decreased by
increasing the spacer chain length, and the lowest interfacial tension was
obtained in presence of the longest spacer chain of this series.
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Thermodynamics of adsorption and micellization

The thermodynamic data of adsorption and micellization of the synthesized
surfactant were calculated according to the following equations, where n is
equal to the number of the ionic species in the solution = 3 ©:

AGpic = 2.303nRT (log CMC)
AGgygs = AGpic — (0-6xncchAmin)

The listed values in Table 2 revealed that the two processes of adsorption and
micellization occurred spontaneously with more preference towards adsorption than
micellization. That was indicated by the more negative values of the adsorption free
energy than the micellization. Furthermore, SB-12 showed high difference between
the adsorption and micellization free energies, with more negativity in adsorption
free energy. That showed the stability of the adsorption monolayer of SB-12 at the
interface than their presence in the bulk in forms of micelles.
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