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Abstract A series of novel nine symmetric diquaternary
gemini amphiphiles was synthesized having the formula:

Br (RRR,N"CH,COO - (-CH,CH,O - ) COCH,N"RRR, Bt~

where Rl = C11H23COOCH2CH2, C15H31COOCH2CH2
and/or C]7H35COOCH2CH2 alkyl Chain, R = CH2CH20H
and n = 10, 15 and 25 ethylene oxide units. Surface active
properties at air-aqueous solution were determined using
Gibb’s adsorption equations including critical micelle
concentration (CMC), effectiveness (mcmc), efficiency
(pCs0) and minimum surface area (A.,;,). The effects of
hydrophobic and hydrophilic chain length on the surface
and thermodynamic parameters of the diquaternary surf-
actants were discussed. Surface tension—concentration
profiles of diquaternary amphiphiles display the formation
of various aggregative structures, e.g., spherical micelles
and lamellar shapes, as well as bearing lower critical mi-
celle concentration than the expected values for the cor-
responding N*/CH, ratio of monoquaternary amphiphiles.
The calculations of minimum surface area (A,,;,) appear to
have higher values for the molecules at the interface,
reinforcing the idea of air—water interface attachment of
both positively charged nitrogen atoms. Thermodynamic
data including, free energy, entropy and enthalpy changes
(AG, AS, AH) for adsorption at the air—water interface and
also for micellization in the bulk of surfactant solutions
were calculated. The data showed a great tendency of the
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synthesized molecules for adsorption at the interfaces
rather than micellization in the bulk of their solutions.
Solubilization behaviors of the prepared amphiphiles were
described as a vital application of these compounds. The
effect of their structures on the solubilization process to-
wards polar and nonpolar solubilizates was also explained.
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Introduction

Gemini-surfactants or gemini amphiphiles are a unique
type of surfactant and they are characterized by two con-
ventional single-tail surfactants whose head groups are
joined covalently by a spacer moiety with variable lengths.
In aqueous solutions, gemini surfactants spontaneously
aggregate into micelles whose shape and size are highly
sensitive to the length and type of the spacer groups [1].
Gemini surfactants show very low critical micellar con-
centrations (CMC) compared with the corresponding
monomeric (monoquaternary) surfactant [2]. Some have
been found to form giant worm-like micelles [3, 4] at low
concentration without any added salts or hydrophobic
counterions as in the case of the classically studied systems
[5, 6]. Gemini or dimeric surfactants have been generating
increasing interest owing to their tunable molecular
geometry [7] and their superior performance in various
applications.

Several investigators [8—14] have focused on gemini
surfactants with linear hydrocarbon tail groups and
quaternary ammonium head groups, having the general
formula:

&)\ Springer AOCS &



72

J Surfact Deterg (2007) 10:71-80

(CaHau 1) IN*(CH3 ), (CH, ), [N (CH3),)(CpiHyri1) - 2B

and for simplifying the structure, it could be represented as
C,_s—m- For symmetrical gemini surfactants (n = m) [11],
the effective head group area increased with increasing s
(up to seven or more), owing to the repulsion between the
positively charged centers (N*). Gemini surfactants are
therefore important for fundamental studies of self-assem-
bly since they offer a way to modify the ‘‘dimensionless
packing parameter’’ (g). This parameter reflects the effec-
tive molecular geometry of a given surfactant molecule in a
micelle. Thus, the effective molecular geometry is wedge
like (1/3 < g < 1/2) for molecules with smaller spacers
(s = 2 or 3) and cylindrical micelle whereas the geometry is
cone-like (g < 1/3) for large spacers.

Experimental Procedures
Preparation of Triethanolamine Monoester

Triethanolamine (0.1 mol) and lauric, palmetic and/or
stearic acid (0.1 mol) were each esterified in toluene under
nitrogen gas as an inert atmosphere until the azeotropic
amount of water (1.8 mL) was removed. After removal of
the toluene under a vacuum using a rotary evaporator,
triethanolamine monolaurate, triethanolamine monopalmi-
tate and triethanolamine monostearate were obtained.
Subsequent purification (two times) was done by means of
vacuum distillation to remove the excess and unreacted
materials [15]. The prepared triethanolamine monoesters
had the chemical structure:

HOCH,CH,N(CH,CH,0COR)CH,CH,0H
where R = alkyl chain of C11H23, C15H31 or C17H35.

Preparation of Polyoxyethylene Diester
of Bromoacetic Acid

Polyoxyethylene (n = 10, 15 and 25 ethyleneoxide units)
(0.1 mol) and bromoacetic acid (0.2 mol) were each
esterified [16] in toluene as a solvent until 3.6 mL of water
had been removed. After removal of the solvent, poly-
oxyethylene-di-(bromoacetate) esters having the following
chemical structures were obtained as follow:

BrCH,COO — (CH,CH,0), — COCH,Br

Preparation of the Cationic Gemini Amphiphiles

Triethanolamine monoesters (0.05 mol) and the polyoxy-
ethylene-di-(bromoacetate) derivatives were refluxed in
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acetone for 12 h [15]. The products obtained were filtered,
recrystallized twice from benzene and dried in a vacuum
oven (2 mm-Hg) at 50 °C for 2 h.

Elemental analyses confirmed the purity of the synthe-
sized surfactants and the presence of the function groups
were confirmed by the FTIR-spectroscopic data as shown
in Table (1).

"H-NMR spectra of the synthesized surfactants were
performed using a Bruker model DRX-300 NMR spec-
trometer with TMS as an internal standard. The spectra
showed signals at: 0.9 ppm (t, 6H, CH3), 3.6 ppm (t, 8H,
—-CH,0OH), 4.7 ppm (S, 4H, —CH,OH) disappeared by
addition of D,O, 2.1 ppm (S, 4H, -CH,COO-), 3.9 ppm
(t, 8H, -COOCH,-), 3.7 ppm (t, 32H, —-CH,O-) and the
hydrogen atoms of the repeated methylene groups in the
hydrophobic chains appeared as a quartet signal at 1.1 ppm
with integration number identical to the number of
hydrogen atoms. That confirmed that the chemical structure
of the synthesized surfactants is as follows:

2Br

z
\
Z+

I I R
—CH,—C—O0—{CH,—CH,—0}-C—CH, N-R,
n R

where, n =10, 15, 25 and R = CH,CH,OH and
Rl = C11H23COOCH2CH2 (lauric), C15H31COOCH2CH2
(palmetic) and C;7,H35COOCH,CHj, (stearic).

Surface Tension Measurements

Surface tension measurements were obtained using a K-6
Du-Nouy Tensiometer (Kruss GmbH). Freshly prepared
aqueous Gemini amphiphile solutions, with a concentration
range 0.01-0.00001 mol/L,, were poured into a clean
30 mL petri dish with a mean diameter of 28 mm.
Apparent surface tensions [16] were measured a minimum
of three times. The platinum ring was then removed, wa-
shed with diluted HCI followed by distilled water. The
measurements were carried out at different temperatures,
namely 25, 40 and 55 °C.

Solubilization

Solubilization towards octanol and paraffin oil (as polar
and nonpolar solubilizate, respectively) was determined as
a possible future application of these compounds. The light
scattering technique was used to determine the solubiliza-
tion behavior [15] of the diquaternary gemini surfactant.
The instrument used was a Hatch Model 2100P Turbi-
dimeter (the measurement unit of the instrument is the
NTU, which is the Nephelometry—Turbidimitry Unit). The
experiment was done by adding different quantities of
paraffin oil to 100 mL of the surfactant solution (0.15%)
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Table 1 Elemental analysis of the synthesized gemini amphiphiles (n = number of ethylene oxide units)
Compound M Wt C (%) H (%) N (%) Br (%)

Calc Found Calc Found Calc Found Calc Found
Lauric DQ
n=10 1304.51 55.21 55.28 9.04 9.02 2.14 2.00 12.42 12.40
n=15 1504.46 55.85 55.82 9.17 9.16 1.86 1.74 10.77 10.60
n=25 1904.52 56.72 56.70 9.34 9.33 1.47 1.32 8.50 8.23
palmetic DQ
n=10 1416.36 57.62 57.60 9.46 9.47 1.97 1.86 11.44 11.35
n=15 1616.86 57.92 57.90 9.53 9.50 1.73 1.70 10.03 9.95
n=25 2016.54 58.33 58.28 9.62 9.60 1.38 1.30 8.03 8.00
Stearic DQ
n=10 1472.21 58.69 58.62 9.64 9.60 1.90 1.83 11.00 10.91
n=15 1672.25 58.85 58.81 9.45 9.39 1.67 1.61 9.68 9.59
n=25 2072.39 59.07 59.01 10.13 10.10 1.35 1.47 7.81 7.72

All of the above compounds show satisfactory IR spectra: 1,200 cm™" (ether linkage), 1,735 cm™ (ester bond, carbonyl), 2,800 cm™" (aliphatic
C-H stretching), 3,040 cm™! (quaternary N*) and 3,500 cm™! (alcoholic OH, centered at 3,300 cm’l)

and dispersed into droplets by hand. The system was then
mixed using a rotary shaker at 150 rpm for different time
intervals (5, 10, 15, 20, 30, 40, 50, 60, 70 and 80 min) at
25 °C. The solubilization behaviors of the surfactant sys-
tems were measured in NTU units.

Results and Discussion

There are two variables existing in the gemini molecules
under investigation which influence their behavior — the
alkyl hydrophobic chains (tails) and the nonionic
polyoxyethylene hydrophilic chains (spacers). Hence the
behavior of these compounds will be greatly affected by
both length and nature of hydrophobic and hydrophilic
groups in the molecules. Influences of the mentioned
variables will be discussed separately in the following
discussion.

Effect of Hydrophobic Chain Length on the Surface
Active Properties of Gemini Amphiphiles

Surface Tension (y) and Critical Micelle Concentration
(CMCO)

Figures 1, 2, 3, 4, 5 represent the variation of surface
tension (y) against —log concentration of the synthesized
gemini amphiphile solutions at 25, 40 and 55 °C. The
surface tension isotherms of the gemini amphiphiles show
no minimum at the critical micelle concentration, which is
a good indication for their purity. The surface tension
values of the gemini amphiphiles have lower values than

the corresponding monoquaternary homologues which
indicates their higher surface activity. The critical micelle
concentrations were determined based on the surface ten-
sion data and presented in Table 2. Analyzing the surface
tension isotherms indicates that the increasing in hydro-
phobic chain length from 12 to 18 carbon atoms increases
the surface tension at equilibrium, Figs. 1, 2, 3. Mean-
while, the critical micelle concentrations (CMC) decreased
to lower values, (Table 2).

The critical micelle concentrations of quaternary surf-
actants containing one positive charge (N*) follow the
equation [17]: CMC = A — BN, where N is the number of
carbon atoms along the alkyl chain of the surfactant mol-
ecule, A and B are constants. In case of doubly charged
cationic surfactant molecules, large deviations from the
above equation are identified, which resulted from the
higher charge density on these molecules due to the pres-
ence of two (N¥) groups and partially charged nonionic
species [5].

The surface tension isotherms of the synthesized gemini
amphiphiles exhibit two inflection regions. The first, at
lower concentrations (nearly at constant concentration)
occurs between 0.0001 and 0.0002 mol/l, denoted as CMC,
(secondary critical micelle concentration), while the sec-
ond at relatively higher concentrations represent the critical
micelle concentration CMC,. CMC, values were found to
be highly sensitive towards the increasing length of the
hydrophobic side chain. The secondary critical micelle
concentration may be due to the multilayer aggregates
formed in dilute solutions [18-19]. This aggregative
structure is highly effective towards variation of concen-
tration and temperature due to the large number of sur-
factant molecules participating in each structure. The latter
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Fig. 1 Relation between surface tension and —log concentration of
lauric diquaternary polyethyleneoxide-400, filled circles at 25 °C,
open circles at 40 °C, asterisks at 55 °C

65 -
60 -
55¢
50
45+

40 |

Surface tension, mNm™!

1

35t

30

5 4614314 361331 3 261 231 2 1.61 131
-log Concentration, M/L

Fig. 2 Relation between surface tension and —log concentration of
palmetic diquaternary polyethyleneoxide-400, filled diamonds at
25 °C, open circles at 40 °C, asterisks at 55 °C
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Fig. 3 Relation between surface tension and —log concentration of
stearic diquaternary polyethyleneoxide-400, filled diamonds at 25 °C,
open circles at 40 °C, asterisks at 55 °C
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Fig. 5 Relation between surface tension and —log concentration of
stearic diquaternary polyethyleneoxide-1000, filled diamonds at
25 °C, open circles at 40 °C, asterisks at 55 °C

geometrical aggregates decrease the surface tension rap-
idly, then on increasing the surfactant concentrations,
deformation occurred and consequently spherical micelles
are formed at CMC,. The multilayer structure (lamellar
phase) [4] is greatly affected by temperature and dispersed
by currents at higher degrees (40 and 55 °C) due to the
random motion of the molecules. The aggregation of the
dialkyl amphiphiles includes different geometrical struc-
ture which varied between double layer structures and
multiloop structures [18]. These structures form a bilayer
assembly of amphiphile molecules in the solutions [19].
Increasing the temperature increases CMC,, which can be
interpreted as resulting from the presence of polyoxy-
ethylene chains in the surfactant molecules.

Effectiveness (7 ,.) and Efficiency (pCy)

The effectiveness (m ) is defined as the difference be-
tween the surface tension value of distilled water (o) and
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Table 2 Surface active parameters (temperature 77 critical micelle
concentration CMC; effectiveness 7.n; efficiency pCoo; minimum
surface area A,,;,; ratio of charged head group to ethylene oxide units,
N*/CH, (POE) and n = number of ethylene oxide units) of the syn-
thesized gemini amphiphiles at 25, 40, 55 °C

Surfactant T, -log Teme M pCoo Amin NT/CH,
—— °C (CMC) Nm™ (A>  (POE)
Alkyl n
chain
Lauric 10 25 2.60 39.0 420 1735 1/10
40 245 40.0 430 -
55 228 41.0 462 —
15 25 217 41.0 440 2440 1/15
40 2.05 42.0 462 -
55 1.92 43.0 4.65 -
25 25 207 42.0 443 267 1/25
40 1.92 42.0 475 -
55 1.79 43.0 490 -
Palmetic 10 25 3.00 30.0 425 2640 1/10
40 2.80 31.5 432 —
55 270 34.5 470 -
15 25 237 31.0 450 2794 1/15
40 2.24 32.0 479 -
55 2.10 33.0 495 -
25 25 230 33.0 4.63 298.0 1/25
40 2.18 34.0 5.00 —
55 2.03 35.0 5.14 -
Stearic 10 25 3.17 27.0 430 3260 1/10
40  3.00 28.0 438 -
55 2.80 30.0 480 -
15 25 290 28.0 470 363.0 1/15
40 2.70 29.0 5.00 —
55 253 31.0 5.00 —
25 25 2.0 32.0 5.10 490.0 1/25
40 2.35 33.0 522 -
55 221 35.0 533 -

that of surfactant solution (y) at the critical micelle con-
centration:

Teme = Yo— Y

While, the efficiency (pCyp) is the —log concentration of
the surfactant solution, which lowers the surface tension
20 units. The most efficient surfactant produces a greater
depression of the surface tension at CMC. Gemini
amphiphiles have good surface activity, Table 2, which
shows in general the decrease in surface tension values at
the CMC compared with the monoquaternary homologue
series [20, 21].

The effectiveness values ranged between 30 and 43 m
Nm™'. The increase in hydrophobic chain length has a
reducing effect on 7.y, values. The same behavior could

also be observed in the efficiency values, pC,y (Table 2).
Increasing the number of methylene groups (-CH,—) along
the hydrophobic chains increases the hydrophobicity of the
molecules, hence water—hydrophobe interactions increase
which decreases the surface tension, followed by a de-
crease in the effectiveness, as well as the efficiency.

Minimum Surface Area (An;n)

The minimum surface area (A,,;,) of surfactant molecules
is defined as the average area occupied by each surfactant
molecule on the air—-water interface. A,,;, values increase
with decreases in the angle between surfactant molecule
(tail) and the interface, which describes the angular posi-
tion of surfactant molecules at the interface.

The minimum surface area (A, of the synthesized
gemini amphiphiles has been calculated and listed in Table 2
based on Gibb’s adsorption model of 2:1 electrolytes [15]:

Amin == 1016/NAFmaX7
Tmax = (dy/dlog C)/3 x 2.3036RT

where N4 is Avogadro’s number; 7 C and R denote surface
tension in m Nm™, bulk concentration in (mol/l) and the
universal gas constant (8.31 x 10" J mol™" K™"), respec-
tively.

Table 2 shows that the minimum surface area (Ap;n)
values of the synthesized gemini amphiphiles in their solu-
tions are proportionally influenced as the hydrophobic side
chains increase. It is important to mention that the A;,
values are much higher than 20 Az, which indicates the sur-
factant molecules are not normal to the air—water interface,
but at different angles that depend mainly on the number
of methylene groups (—CH,—) of the hydrophobic tail.

The gemini amphiphiles have twice the surface area at
the interface as their single-headed counter parts [15],
which refers to the two firmly anchored quaternary nitro-
gen centers (N*) at the interface [22]. The area of the lauryl
diquaternary derivative is the lowest of the synthesized
series of alkyl diquaternary compounds. Upon increasing
the alkyl chain length, the molecules occupy a larger area
at the air—water interface. Thus, the stearate diquaternary
derivative has the largest area at the interface, (Table 2).

Effect of Hydrophilic Chain Length on Surface Active
Parameters of Gemini Amphiphiles

The presence of polyoxyethylene (POE) chains in the
synthesized lauryl-, palmetyl-, and stearyl polyoxyethylene
gemini amphiphiles affected their surface active properties.
Hence, the effect of POE chains will be discussed in the
following sections.
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Surface Tension and Critical Micelle Concentration
(CMO)

Figures 3, 4, 5 represent the effect of various oxyethylene
units on the surface tension of lauryl polyoxyethylene di-
quaternary amphiphiles.

It was found that the variation of surface tension values
upon increasing oxyethylene repeat units is insignificant at
higher concentrations especially the shorter POE chains
(y =33 and 30 m Nm™' for lauric diquaternary, 42 and
41 m Nm™ for palmetyl diquaternary at n = 10 and 15,
respectively) at 25 °C.

Increasing the temperature up to 40 and 55 °C de-
creases the surface tension values significantly (Figs. 3,
4, 5). This behavior can be explained as being a result of
the combination between the cationic and nonionic
characters of the diquaternary amphiphiles [17]. The
nonionic property in the synthesized gemini amphiphiles
reflects mainly on the values of the critical micelle
concentrations (CMC) at higher temperature. Increasing
the spacer chain length (POE) separates the two posi-
tively charged centers (N*). As a result, the average CH,/
charge (N¥) ratio decreased, which encourages the mic-
ellization at higher concentrations [7, 9—11]. The results
of the critical micelle concentration (CMC) and the
influence of temperature on polyoxyethylene chains
showed better agreement with the explanations of several
investigators [23-25].

Effectiveness (7 ) and Efficiency (pCy)

The presence of nonionic spacer chains influences the
effectiveness (m.,) of the diquaternary amphiphile solu-
tions at their CMC. Lower POE spacer groups posses lower
Teme Values at CMC, while increasing the spacer lengths
increases the 7., values for palmetyl- and stearyl diqua-
ternary amphiphiles with some deviation for lauryl diqua-
ternary amphiphiles (POE = 25 units), Table 2.
Increasing the temperature increases the effectiveness
(Tteme), Wwhile the efficiency (pC,y) of the synthesized
amphiphiles increased as an absolute value Table 2.

Effect of Structure on Thermodynamic Parameters of
Micellization and Adsorption of Gemini Amphiphiles

According to the Gibb’s equations of thermodynamics, the
thermodynamic functions of micellization and adsorption
including, free energy, entropy and enthalpy change (AG,
AS, AH, respectively) were calculated from the surface
parameter data listed in Table 3 according to the following
equations [15]:
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A Gpic = —2.303RT log(CMC),

A Gugs = A Gric — (0.6023 x 10" X eme XA min)-
ASmic = OAGuic/OT&AS 4 = OA Gogs/OT,

AHpic = AGmic + TAS&AHus = AGus + TAS.

Table 3 represents the micellization thermodynamic func-
tions for the different synthesized gemini amphiphiles at
different temperatures. The standard free energy of micel-
lization (AG,;c) was found always in negative values indi-
cating that the process of micellization is a spontaneous one.
Also, the standard free energy decreases by increasing the
hydrophobic chain length. Meanwhile, a slight decrease in
(AGyic) occurred on increasing the spacer chains (oxyeth-
ylene units). This is due to the hydrophobic chains and their
repulsion by water molecules which is the motivating factor

Table 3 Thermodynamic parameters of micellization (free energy of
micellization AG,;.; entropy of micellization AS,,;. and enthalpy of
micellization AH,,;.) of the synthesized gemini amphiphiles at 25, 40,
55°C

Surfactant T, °C  AGpic ASic AH e
- . Kcal/Mol  Kcal/Mol K Kcal/Mol
Alkyl chain n
Lauric 10 25 -9.703 - -
40 -8.509 0.080 —4.584
55 -7.490 - -
15 25 -7.926 - -
40 —7.086 0.050 —4.052
55 -6.299 - -
25 25 -7.026 - -
40 -7.009 0.010 +4.533
55 -5.890 - -
Palmetic 10 25 -8.940 - -
40 -8.689 0.020 -1.735
55 —8.852 - -
15 25 —7.053 - -
40 -8.519 0.050 +11.126
55 -9.959 - -
25 25 -8.043 - -
40 -9.144 0.060 +6.968
55 -10.347 - -
Stearic 10 25 -6.467 - -
40 -7.210 0.080 +7.587
55 -8.462 - -
15 25 -8.641 - -
40 -9.390 0.010 +5.688
55 -9.840 - -
25 25 -8.373 - -
40 -7.356 0.025 +13.158
55 —7.246 - -
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in micelle formation. In spite of the formation of hydrogen
bonds and the attraction of head groups by water molecules,
the alkyl chain-water molecules repulsion forcing the am-
phiphile molecules into a less energetic state which is the
micelle form to reduce the mentioned repulsion.

The standard enthalpy change of micellization (AH ;)
was found to be positive at some times and negative at
others enforcing the idea that the micellization process is
governed by the total entropy change (AS.;.) and the
main factor affecting the micellization is the transfer of
methylene group from the interior of the micelle to its
bulk. That transfer decreases the entropy change to lower
values due to the highly ordered chains in the bulk of the
micelles. Table 4 shows the variation of adsorption
parameters of the synthesized diquaternary gemini am-
phiphiles at different temperatures. The standard free
energy change of adsorption (AG,q) was found to be
more negative than that for the micellization process
(AGpic), which refers to the higher tendency of these
amphiphiles to adsorption at air—water interface rather

than micellization. The preference of adsorption is gov-
erned by the thermodynamic stability of the molecules at
the air-water interface. The free energy change of
adsorption per methylene group for the diquaternary
amphiphiles was found to be —0.50 Kcal [26]. It is clear
from analyzing the data of adsorption in Table 4 that
(AG,4s) per methylene group of gemini amphiphiles is
higher than the values predicted by other investigators
[26]. This increase in AG,q/(—CH,—) can be traced to the
presence of the nonionic spacer chains within the am-
phiphiles, which increases the adsorption process at the
air-water interface. The hydrogen bonds occurring be-
tween the water and surfactant molecules provide good
stability for the adsorbed amphiphiles at the interface,
which is considered a good agreement with the data ob-
tained from A, values. Decreasing the polyoxyethylene
spacer length shifts AG.4/(-CH,—) to lower values
(<—0.50 Kcal) indicates that the POE chain length is the
predominant factor influencing the amphiphile adsorption
at the air—water interface.

Table 4 Thermodynamic

parameters of adsorption (free Surfactant T.°C AGuas ASaas AH 45 AGa4s (CH)
eneray of adsorption AG,a.; Alkyl chain . Kcal/Mol Kcal/Mol K Kcal/Mol Kcal/Mol
entropy of adsorption AS,qs and
enthalpy of adsorption AH,q) of Lauric 10 25 -10.301 - - 0.51
the synthesized gemini 40 -9.627 0.045 +4.458
amphiphiles at 25, 40, 55 °C
55 -8.003 - -
15 25 -8.125 - - 0.27
40 -7.329 0.053 +9.260
55 -7.211 - -
25 25 -7.613 - - 0.15
40 ~7.476 0.01 -4.346
55 -7.324 - -
Palmetic 10 25 -9.263 - - 0.46
40 -9.016 0.016 —4.008
55 -9.000 - -
15 25 -7.153 - - 0.26
40 -8.690 0.063 +11.029
55 —-10.006 - -
25 25 -8.759 - - 018
40 -9.624 0.058 +8.530
55 -10.853 - -
Stearic 10 25 -6.725 - - 0.34
40 -7.632 0.060 +11.148
55 -8.753 - -
15 25 -6.863 - - 0.23
40 -7.989 0.075 +15.486
55 -8.005 - -
25 25 -8.527 - - 0.17
40 -7.926 0.040 +13.313
55 -7.813 - -
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Effect of Structure on Solubilization Behaviors
of the Synthesized Gemini Amphiphiles

The mechanism of solubilization has been of interest and
clarified in several publications [27, 28]. The nature of
surfactant molecules (hydrophobic and hydrophilic parts)
has a great influence on the solubilization process. Micellar
volume also was found to influence the solubilization
process. The origin of solubilization (oil-removal) via the
micellar system is based on two factors:

1. Adsorption of the solubilizate on the micelles, which
depends on, the polar sites in the micelles and the
solubilizate (first stage solubilization).

2. Diffusion of the solubilizate into the micelles, which
depends mainly on the effective volume of solubili-
zation (later solubilization stage).

The effective micellar volume (V) concerning the
solubilization may be proportional to the geometrical size
of the aggregate. It depends on the packing of the mole-
cules in the aggregate and the mutual compatibility of the
surfactant and oil molecules. In most cases, V. is pro-
portional to the size of the micelle (or aggregate). When the
aggregate size is too large as in the case of gemini am-
phiphiles, the packing of surfactant molecules becomes too
tight. Increasing the hydrophobic chains from C;, up to C;g
increases the host core of the giant diquaternary aggregates
[10]. Increasing the aggregate volume damages these
aggregates leading to smaller spherical micelles and hence
decreasing their solubilizing power [29, 30].

Accordingly, the solubilization process can be divided
into three stages throughout Figs. 6, 7, 8, 9. The first
stage includes the adsorption of solubilizate molecules at
the micellar interface, which is indicated at ¢ = 0. The
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Fig. 6 Solubilization behavior of nonpolar solubilizate (paraffin oil)
using lauric diquaternary surfactants with different polyethyleneoxide
spacers, filled diamonds n = 10, asterisks n = 15,0pen triangles
n =25, at 25 °C
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Fig. 7 Solubilization behavior of nonpolar solubilizate (paraffin oil)
using stearic diquaternary surfactant with different polyethyleneoxide
spacers, filled diamonds n = 10, asterisks n = 15,0pen triangles
n =25, at 25 °C

NTU

16 | A _ a—
8, re(e‘/ﬂ/_n
0 n n n n n n n )
0 10 20 30 40 50 60 70 80
Time, min.

Fig. 8 Solubilization behavior of polar solubilizate (octanol) using
lauric diquaternary surfactant with different polyethyleneoxide
spacers, filled diamonds n = 10, asterisks n = 15,0pen triangles
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Table 5 ANTU/At of the penetration stage of nonpolar solubilizate at
25 °C

Surfactant n=10 n=15 n=25
m=12 86 306 0
m=16 10 12

m=18 16 5 6

Table 6 ANTU/At of the penetration stage of polar solubilizate at
25 °C

Surfactant n=10 n=15 n=25
m=12 1.2 1.2 0.4
m=16 0.6 0.8 0.8
m=18 3.2 0.8 1.2

second stage of solubilization takes place when adsorbed
solubilizate molecules penetrate into the micellar core.
This stage required varied from a few minutes for
smaller micelles to several hours in the case of giant
aggregates. Turbidity of the system during this stage
gradually increased as indicated in Figs. 6, 7, 8 and 9. In
smaller micelles, rapid increases in turbidity could be
observed in less time as in the case of (12-15-12) surf-
actants. The last stage of the solubilization process is the
steady state solubilization, which appears in solubiliza-
tion profiles as a straight line with an approximate
slope = zero.

In the case of nonpolar solubilizate (paraffin oil)
(Figs. 6, 7), the first stage turbidity is found at very low
values, which indicates low adsorption of nonpolar mole-
cules at the micellar surface due to its polar nature
(polyethylene oxide layer). Penetration occurred into
the micellar cores as the time of the second stage of the
experiment was increased. It was found that increasing
the HLB values of the synthesized surfactants increases the
solubilization extent of their micelles. Generally, the
smaller hydrophobic chains appeared to have ahigher
efficiency in solubilizing nonpolar substrates and vice
versa.

Meanwhile, in the case of polar solubilizate (octanol)
(Figs. 8, 9), the initial stage solubilization is found at high
values indicating the good adsorption of octanol molecules
to the polar surface of the micelles. At the second stage of
solubilization, the turbidity of the system is gradually in-
creased at a lower rate, Tables 5, 6. This is due to the
hydrogen bonds between surfactant and octanol molecules.
These hydrogen bonds decrease the octanol penetration
into the micellar core. Hence, the turbidity of the system
stays mostly at relatively lower values.
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