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ABSTRACT: Micellization behavior of oppositely charged
gemini surfactants (anionic surfactant; phosphoric acid, P,P′-
1,4-butanedieyl, P,P′-didodecylester, disodium salt (12-4-12A),
and cationic surfactant; butanediyl-1,4, bis (N,N-hexadecyl
ammonium) dibromide (16-4-16) or (D-isosorbate-1,4-diyl
bis(N,N-dimethyl-N-hexadecylammonium acetoxy) dichloride
(16-Isb-16)) has been studied (individually or of a gemini
mixture) by conductivity and surface tension measurements.
Critical micelle concentration (CMC) data show both
synergistic (for 12-4-12A + 16-Isb-16) and antagonistic (for
12-4-12A + 16-4-16) interactions between the two compo-
nents. Small angle neutron scattering (SANS) measurement
shows formation of various aggregates, spherical (or
ellipsoidal), rod-shaped, and vesicular, by changing the mole fraction (at fixed total surfactant concentration, 10 mM).
Viscosity, zeta (ζ)-potential, and transmission electron microscopy (TEM) data are found in conformity of SANS results.
Surprisingly, two morphologies (vesicles and rod-shaped micelles) show stability in a wide temperature range (303−343 K). The
behavior has been explained on the basis of temperature induced dehydration and depletion of micellar charge. Aqueous gemini
mixtures, of different morphologies, have been used for the determination of solubilization efficacy (using UV−visible
spectrophotometer) toward polycyclic aromatic hydrocarbons (PAHs: anthracene; pyrene or fluorene). Molar solubilization ratio
(MSR) data suggest that vesicles enhance the solubilization efficacy. SANS analysis shows that vesicle bilayer thickness increases
upon PAH solubilization. The order of bilayer thickness increase is found to be anthracene > pyrene > fluorene, which is in the
same order as the aqueous solubility of PAHs. This is the first report which correlates morphology to the solubilization efficacy.

1. INTRODUCTION

In many practical applications, oppositely charged surfactant
mixtures show synergistic properties (e.g., critical micelle
concentration or CMC) than those attainable with the
individual constituents.1−3 Compared to conventional surfac-
tants, gemini (or dimeric) counterparts (referred to as m-s-m, m
and s are the number of carbon atoms in alkyl and spacer
chains) show some novel solution properties.4−7 There are
many reports about the solution behavior of the mixture of
gemini surfactants with their single chain analogues.8−11

However, not many reports are available on mixtures of gemini
surfactants.1,2,12 Only in one of these studies, micellar
morphology has been investigated.2 Among gemini and single
chain counterparts, the presence of a spacer is the main
architectural difference and seems responsible for intriguing
properties. Most of the changes with spacers are related to

variation of the length of the polymethylene chain.6,7,13−16 Few
reports are also available with biocompatible spacers.10,17−22

Recently, cationic gemini surfactant has been regularly used
as one of the components of mixed micelles to achieve the
enhanced potential in solubilization, pollutant removal, or
surface activity.10,23−26 In aqueous surfactant aggregates
(micelles or vesicles), solubilization of organic solutes (e.g.,
higher chain length alcohol or alkane) increases many fold and
is responsible for a number of surfactant based applica-
tions.27−32 It has been reported that mixing of cationic gemini
(with oppositely charged single chain anionic surfactants)
shows increased solubilization of polycyclic aromatic hydro-
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carbons (PAHs).8−11,33 Further, gemini mixtures shown better
solubilization potential over constituting individual compo-
nents.34 Cationic and anionic surfactant mixtures have been
reported as potential candidates for producing higher order
morphologies.3,35,36 Not a single report is available on the
relation between mixed aggregate micellar morphology
(spherical, rod-shaped, or vesicle) and solubilization potential.
The present study focused on oppositely charged mixed

gemini surfactant systems (12-4-12A/16-4-16 and 16-Isb-16,
Scheme 1) with respect to their micellization, morphologies,
and solubilization efficacy (for PAHs) in aqueous medium. The
investigation has been designed to determine: (i) critical
micelle concentration (CMC) of single and mixed gemini; (ii)
morphologies present in the system (at fixed 10 mM [gemini])
having different mole fractions (x = 0 − 1), (iii) comparative
solubilization potential of each morphology; and (iv) size
variation of mixed vesicles after solubilizing pyrene, anthracene,
or fluorene. Being a first report, it is hoped to get insight about
maximum exploitation of gemini mixing in construction of
higher order aggregates/enhancing PAH solubility. Conduc-
tometry and tensiometry are used to determine the CMC of
respective mixtures and the micellar interaction parameter
(βm). Small angle neutron scattering (SANS), viscosity, and
transmission electron microscopy (TEM) are used to draw
information about the morphology present in the solution. The
SANS data are also supported by zeta (ζ)-potential measure-
ments.

2. EXPERIMENTAL SECTION
2.1. Materials. Isosorbide (s = Isb) and polymethylene (s =

4) spacer based cationic and anionic gemini surfactants have
been synthesized and characterized as reported earlier.27,34

Chemical structures of gemini with abbreviations are given in
Scheme 1. PAHs (anthracene, fluorene, and pyrene) were of
the highest purity grade available. Freshly prepared deionized
double distilled water (0.5−1.5 μS·cm−1) was used to prepare
aqueous solutions for all of the measurements except SANS.
D2O used in the sample preparation for SANS (99.9 atom %
D) was purchased from Sigma, St Louis, MO, USA.
2.2. Methods. 2.2.1. Surface Tension Measurements.

CMC values are determined from surface tension measure-
ments using a Du-Nouy detachment tensiometer (Win − Son
& Co., Kolkata) with a platinum (gold joint) ring. The
tensiometer was calibrated using double distilled water. A
known volume of water was added to a vessel containing stock
solution (30 mL) of the single and mixed surfactant system
with different mole fractions. Solutions were agitated and
stirred every time carefully to avoid foaming. A set of three

successive readings was recorded at each concentration (the
deviation was ±0.2 mN/m).

2.2.2. Electric Conductivity Measurements. The conductiv-
ity of the oppositely charged aqueous surfactant mixture of
different mole fractions was measured as a function of mixture
concentration using a conductivity meter (EUTECH Cyber-
scan CON510, cell constant 1 cm−1) with an inbuilt
temperature sensor. A precalibrated cell has been used to
measure the specific conductance (κ) at each concentration. A
500 μL stock solution was added in a known volume of water
(thermostatted at 303 ± 0.1 K using a SCHOTT CT1650
bath). The CMC value was obtained from the intersection
point of two straight lines in a plot of κ vs [gemini mixture].

2.2.3. Zeta (ζ)-Potential Measurements. Zeta (ζ)-potential
measurements were performed on a SZ-100 nanoparticle size
analyzer (HORIBA, Japan). This instrument is equipped with a
green (5320 Å) laser and photomultiplier tube detectors. About
0.5 mL of sample solution was transferred into a dipped
electrode plastic cuvette through a nylon membrane filter (0.22
μm) and placed in a sample chamber. Data are averages of five
decay cycles (each decay cycle is of five runs with a 5 s interval).

2.2.4. SANS Measurements. SANS measurements were
carried out using a SANS spectrometer at Dhruva Reactor,
Bhabha Atomic Research Centre, Trombay, India.37 The
samples were placed in a quartz sample holder having a
thickness of 2 mm, and the mole fraction/temperature was
varied. The measured SANS data were corrected and
normalized to an absolute scale using a standard procedure.
In SANS measurements, the coherent differential scattering
cross section per unit volume (dΣ/d′Ω) as a function of
scattering vector (Q = 4π sin θ/λ, where 2θ is the scattering
angle and λ is the wavelength of the incoming neutrons) is
measured. For a monodisperse micelle solution, it can be
expressed as follows38

Σ
Ω

= +nP Q S Q B
d
d

( ) ( )
(1)

where n is the number density of the micelle. P(Q) is the form
factor and is decided by the shape and size of the micelle. S(Q)
is the interparticle structure factor which depends on the
intermicellar interactions. B is a constant term denoting the
incoherent scattering background mainly contributed from
hydrogen in the micelle. The details of data analysis and the
different models used are provided in the Supporting
Information.39−43

2.2.5. Transmission Electron Microscopy. Transmission
electron microscope (TEM) images were obtained with a JEOL
JEM 2100 transmission electron microscope accelerating at a

Scheme 1. Schematic Representative Chemical Structures of Anionic and Cationic Gemini Surfactants with Abbreviations
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working voltage of 120 kV. A drop of mixed gemini solution
was placed on the carbon-coated copper grid (200 mesh)
followed by drying for a few minutes (∼298 K). Then, a drop
of fresh uranyl acetate solution was put on the sample. The grid
was again dried at the same temperature.
2.2.6. Viscosity Measurements. The viscosity measurements

were carried out using an Ubbelohde suspended level capillary
viscometer thermostatted at 303 ± 0.1 K. The viscometer was
cleaned and dried before each measurement. The details are
reported elsewhere.44

2.2.7. Solubilization Experiment. The solubility of PAH has
been determined in aqueous surfactant systems (single or
mixed), at different mole fractions (x = 0−1, total [gemini] =
10 mM), by adding an excess amount of PAH (fluorene,
anthracene, or pyrene, physical data are provided in Table S1,
see the Supporting Information). Aqueous surfactant(s) + PAH
mixture has been equilibrated for 48 h before centrifugation to
remove excess PAH. The solubilization of PAH in micellar
solutions of different morphologies (ellipsoidal or rod-shaped
or vesicles) has been analyzed, at respective λmax, by UV−visible
spectrophotometer (Shimadzu, UV-2450, UV−visible spectro-
photometer) having a quartz cell (path length 1 cm) at 303 K.
The composition of the surfactant mixture was the same in
both the reference and measurement cell to eliminate its effect
on the UV absorbance. Concentrations of PAH are calculated
by the Lambert−Beer law (using respective molar extinction
coefficient (ε) values of each PAH).45,46

3. RESULTS AND DISCUSSION
3.1. Micellization of Pure and Mixed Gemini

Surfactants. CMCs of individual gemini surfactants have
been determined by the variation of surface tension (γ) or
conductivity with concentration (only plots related to γ
variation are shown in Figure 1). The absence of minima in

Figure 1 ensures the purity of the synthesized material. Figure 2
shows the variation of γ (Figure 2a) and κ (Figure 2b) with
[mixed gemini] for 16-4-16 + 12-4-12A combinations (data
related to 16-Isb-16 + 12-4-12A are shown in Figure S1; see the
Supporting Information). CMC data are given in Table 1.
CMC variations with the mole fraction of added 12-4-12A, to

cationic gemini surfactant (16-4-16 or 16-Isb-16), has been
shown in Figure 3. A pseudo phase separation model has been

applied to know how the binary gemini mixtures deviate from
the ideal mixing.47 The CMC values of mixed gemini (cmcexp)
were found to be lower than the CMC of 12-4-12A (cmc1) and
higher than that of 16-4-16 or 16-Isb-16 (cmc2). For a mixture
of oppositely charged surfactants, a simple relationship exists
for ideal mixing48

= +
x x1

cmc cmc cmci

1

1

2

2 (2)

where x1 and x2 are mole fractions of two components of the
mixture. Equation 2 can be used to determine the ideal cmc
(cmci) for ideal mixing of oppositely charged gemini. The
negative or positive variations of cmcexp from cmci indicate
synergistic or antagonistic interaction in various mixtures,
respectively (Table 1). On the basis of the regular solution
theory, the following expression has been proposed49

− − −
=

X x X

X x X

[( ) ln(cmc /cmc )]

(1 ) [cmc (1 )/cmc (1 )]
11

m 2
exp 1 1 1

m

1
m 2

exp 1 2 1
m

(3)

where X1
m is the mole fraction of 12-4-12A in the mixed micelle.

This value could not be determined with most of the 12-4-12A
+ 16-4-16 systems due to the absence of convergence of the
data in the Mathematica computer program. The ideal micelle
mole fraction of 12-4-12A (X1

i ) can be obtained by Motomura’s
approximation.50

=
+ −

X
x

x x
cmc

cmc (1 )cmc
i

1
1 2

1 2 1 1 (4)

Generally, the interaction parameter (βm) is used to
characterize the nature and strength of the interactions between
different surfactants using the following equation51

β = −p X X[ln(cmc /cmc )]/(1 )m
e 1 1 1

m
1
m 2

(5)

The +βm value represents an antagonistic interaction
between two gemini. Here, cmcexp is found to be lower/higher
than the cmci. −βm (synergistic effect) is the result of the
packing of the individual gemini monomers in the mixed
micelle and resultant cmcexp. The values of cmcexp, cmci, cmc1,
cmc2, X1

m, X1
i , and βm are compiled in Table 1. Both synergistic

and antagonistic effects have been reported in recent time.1,34

3.2. Morphological Transitions. Oppositely charged
mixed gemini can produce strong electrostatic attraction in
addition to that of hydrophobic interactions among the alkyl
tails. This results in the increase of hydrophobic tail volume and
decrease in headgroup area.52 The packing parameter, P (=v/
A0l, with v being the volume of the hydrocarbon part of the
surfactant(s) molecule(s) and l and A0 are length and effective
surface area per surfactant(s) molecule(s), respectively), is
related to the micellar morphology formed in the solution.53

The presence of oppositely charged surfactants has a strong
chance to get incorporated in the mixed micelle together with
overcoming of electrostatic repulsion. The latter effect is
responsible for the decrease in A0, and hence, P increases. An
increase in P can also be understood by considering two
oppositely charged gemini components as a single surfactant of
higher v value. In assuming a single surfactant, it should be clear
that the length of such a surfactant molecule will be equivalent
to the length of the individual monomer with higher carbon
number (16-4-16 or 16-Isb-16) and will not be affected by the
component of lower carbon number (12-4-12A). The increase
in v and decrease in A0 are responsible for the increase in P.

Figure 1. Plot of surface tension (γ) vs log C (logarithm of
concentration) of pure gemini surfactants in aqueous solution at 303
K.
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Critical conditions for the formation of spherical, rod-shaped,
vesicles, or inverted structures are P ≤ 1/3, 1/3 ≤ P ≤ 1/2, 1/2
≤ P ≤ 1, P ≥ 1, respectively. Surfactants (or surfactant mixture

or so-called single surfactant) with smaller headgroup areas and
larger hydrophobic volume tend to form grown or higher order
aggregates. Structural transitions into higher order aggregates
have been explained on the basis of increasing P.54 Mixing
oppositely charged surfactant is an easier approach to construct
a surfactant self-assembly of desired morphology.2,3

Figure 4 shows the variation of relative viscosity (ηr) with the
mole fraction of 12-4-12A in the mixture (with 16-4-16 or 16-
Isb-16). It is observed that ηr is a function of the mole fraction
of 12-4-12A and is found to vary by a few orders of magnitude.
On the basis of ηr variation, three different regions (I−III) can
be identified. These viscosity regions indicate about morpho-
logical transitions taking place by varying the mole fractions of
two components of the mixture (at fixed 10 mM [gemini(s)]).
The mixing of the two gemini can cause reduction in the
electrostatic repulsion between the charged head groups, in
addition to increased hydrophobic interactions, facilitates
micellar structural transition (may be micellar growth). Initially
present spherical aggregates (or ellipsoidal) are expected to
grow upon adding 12-4-12A which subsequently convert to
other morphologies, as reflected in ηr variation. It has been
reported that the viscosity due to a short rod-shape micelle,
with an axial ratio of 4, is not different from that due to
spherical micelles in the solution.55 Therefore, ηr cannot be

Figure 2. (a) Representative plot of surface tension (γ) vs log C (logarithm of concentration) and (b) plot of specific conductance (κ) vs
[surfactants] of mixed gemini surfactants (16-4-16 + 12-4-12A) at different mole fractions of anionic gemini (x12‑4‑12A) in aqueous solution at 303 K.

Table 1. Micellization Parameters (Critical Micelle Concentration, CMC) and Interaction Parameters (by Using Rubingh’s
Method) of Single (Pure) and Mixed (Binary) Gemini Surfactant Systems in Aqueous Solution at 303 K

CMCexp (mM)

x12‑4‑12A conductometry tensiometry CMCideal (mM) X1
m Xideal βm

16-4-16
0.0 0.0244 0.0231
0.2 0.0292 0.0372 0.0306 0.4400 0.0109 −11.87
0.4 0.0734 0.0758 0.0395
0.6 0.2822 0.3691 0.0570
0.8 0.4159 0.4508 0.1036
1.0 0.5310 0.4790

16-Isb-16
0.0 0.0027 0.0030
0.2 0.0031 0.0034 0.0034 0.3383 0.0014 −12.96
0.4 0.0037 0.0039 0.0045 0.2460 0.0034 −7.899
0.6 0.0046 0.0055 0.0067 0.2599 0.007 −8.048
0.8 0.0099 0.0104 0.0132 0.3345 0.019 −9.798
1.0 0.5310 0.4790

Figure 3. CMC (by conductometry) variation mixed surfactant
systems (cationic−anionic) with mole fraction of anionic gemini
surfactant (x12‑4‑12A) in aqueous solution at 303 K. The plot represents
experimental and ideal values (calculated from ideal mixing model).
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used to predict the morphologies in each region and only
qualitatively distinguishes various transitions occurring in the
solution (regions I−III) whose probability has already been
mentioned on the basis of P (vide supra). The idea of
electrostatic interaction variation can be conceived from zeta
(ζ)-potential variation with the mole fraction of 12-4-12A
(Figure 5). The change of sign of ζ from positive to negative via

zero indicates that micellar surface charge is dependent on the
mole fraction of each component and decides micellar surface
charge which can be related to the variation of P and hence to
the micellar morphology as mentioned above (vide supra).
Studies on the morphology of surfactant aggregates by SANS

coupled with the physicochemical method highlight important
links between structure and bulk physical properties.44,56−60

Figure 6 shows SANS spectra (dΣ/dΩ vs Q) for 10 mM
individual gemini surfactants. The data show interaction peaks
correspond to charged micelle. The analyzed SANS data for
pure surfactants are given in Table 2 which indicate ellipsoidal/
rod-shaped micelles in the solution. The value of a has been
found more for 16-4-16 than 16-Isb-16. This may be due to the
polar nature of the isosorbide species which is reflected in the
higher value of effective charge per monomer (α). The fitted
parameters can be used to find the number density of the

micelles and hence the average intermicellar distance (D). This
can be used to back calculate the position of the expected
correlation peak using equation S6 (see the Supporting
Information) and is found in fairly good agreement with that
of the observed one (e.g., Figure 6).
The SANS data for mixed gemini are shown in Figure 7.

With the addition of oppositely charged gemini surfactant
(keeping total [gemini(s)] constant, 10 mM), the interaction
peak corresponding to the charged micelle starts disappearing
with no plateau in the comparable mole fractions of the two
components (0.4 and 0.6 or 0.6 and 0.4). At some specific mole
fractions (e.g., 0.6/0.4) of two oppositely charged surfactants
(e.g., 16-4/Isb-16 and 12-4-12A), the formation of large
aggregates (rod-like micelles or vesicles) leads to a reduction
in number density and hence an increase in intermicellar
distances. These systems, therefore, behave as dilute, and no
correlation peak appears in the Q range of the measurements.
Also at the approximate by equimolar concentrations, there
may be a near charge balance of oppositely charged surfactants
making the system relatively less ionic. This restricts the
determination of any S(Q) parameters for these concentrations.
The data with mole fraction 0.5 could not be acquired due to

the instability of both systems. A perusal of SANS spectra
(Figure 7) shows an interaction peak, appearance of a plateau,
disappearance of the plateau, reappearance of the plateau, and
finally reappearance of the interaction peak. This behavior may

Figure 4. Relative viscosity (ln ηr) data of 10 mM mixed gemini
surfactant system at different mole fractions of anionic gemini
surfactant (x12‑4‑12A) in aqueous solution at 303 K.

Figure 5. Zeta (ζ)-potential data of 10 mM mixed gemini surfactant
aqueous system at different mole fractions of anionic gemini surfactant
(x12‑4‑12A) in aqueous solution at 303 K.

Figure 6. Representative SANS spectra of 10 mM pure gemini
surfactant system in aqueous solution at 303 K.

Table 2. SANS Fitted Micellar Parameters of 10 mM
Aqueous Mixed Gemini Surfactant Systems at 303 K

x12‑4‑12A
semimajor
axis a (Å)

semiminor
axis b (Å)

fractional
charge (α) polydispersity

16-4-16
0.0 95.8 20.4 0.1 0.18
0.2 111.8 20.3 0.18
0.4 Vesicles with a Bilayer Thickness of 25 Å
0.6 141.2 21.7 0.18
0.8 44.5 19.0 0.18 0.18
1.0 29.5 14.1 0.65 0.18

16-Isb-16
0.0 37.2 20.0 0.43 0.18
0.2 45.8 20.8 0.16 0.18
0.4 104.0 20.0 0.18
0.6 101.2 20.0 0.18
0.8 32.3 18.6 0.6 0.18
1.0 29.5 14.1 0.65 0.18
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be due to variation in α (governed by electrostatic interactions
or A0) and possible morphological transitions (driven by
variation of P). The analyzed SANS data (Table 2) for 16-4-16
+ 12-4-12A show the transition of rod-shaped micelle to vesicle
upon increasing the mole fraction of 12-4-12 A in the mixture
keeping the total surfactant concentration constant (10 mM). It
may be mentioned here that bilayers are formed for only one
composition (12-4-12A (x = 0.4) + 16-4-16 (x = 0.6)). The
bilayers are again converted to rod-shaped micelles and then to
ellipsoidal ones with the further increase of the content of 12-4-
12A in the mixture. Similar transitions were observed with the
mixture containing 16-Isb-16 with the deference that no vesicle
formation has been found in the system (rod-shape only). For
equal composition of the above two mixtures (12-4-12A (x =
0.4) + 16-4-16 or 16-Isb-16 (x = 0.6)), the formation of two
different morphologies (bilayer vesicle or rod-shaped micelle)
may be due to different α values and neutralization of charge by
the addition of 12-4-12A (Figure 7). The polarity of the spacer
has a role in the formation and shape of the final aggregate in
the solution. Figure 8 (log−log plot) shows that the data follow
a slope of −2 or −1 at low Q, indicative of scattering from
vesicle or rod-shape micelle, respectively.60 The vesicle bilayer
thickness can be determined from the SANS data using a cross-
sectional Guinier plot, and the value has been found to be 25 Å.
This value is reasonably in agreement with the bilayer thickness
reported for other surfactant systems.60,61 The presence of
vesicles in the 0.4x12‑4‑12A + 0.6x16‑4‑16 system has also been
confirmed by the TEM result (Figure 9). TEM observations

have also been used to support DLS data regarding the
formation of vesicles in the solution.62

3.3. Temperature Induced Micellar Morphologies.
SANS data has also been acquired for two mixtures (Figure
10), of equal mole fractions, formed by 12-4-12A (x = 0.4) with
16-4-16 or 16-Isb-16 at different temperatures (303−343 K).
The starting morphologies were vesicles and rod-shaped
micelles, respectively. The increase of temperature shows an

Figure 7. SANS spectra of 10 mM mixed aqueous gemini surfactant systems at different mole fractions of anionic gemini surfactant (x12‑4‑12A) at 303
K: (a) 16-4-16; (b) 16-Isb-16.

Figure 8. (a) SANS spectra of 10 mM aqueous mixed gemini surfactant system at 0.4x12‑4‑12A; (b) SANS spectra of 10 mM aqueous mixed gemini
surfactant system (16-4-16 + 12-4-12A) at two different mole fractions of anionic gemini (x12‑4‑12A).

Figure 9. TEM image of 10 mM aqueous solution of 0.6x16‑4‑16 +
0.4x12‑4‑12A. The scale bar represents 100 nm.
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insignificant change in the bilayer thickness (Table 3).
However, temperature induced micellar growth has been

observed with the 12-4-12A + 16-Isb-16 system. In earlier
studies, a vesicle to wormlike micelle transition has been
reported for surfactant systems with increasing temperature or
shear.60,63,64 The transition has been explained on the basis of
desorption of oppositely charged methyl salicylate ion from the
cationic micellar surface on heating. The difference in the
present systems, and the ones from earlier studies,60,63,64 is the
second component (12-4-12A) which forms mixed micelles
instead of methyl salicylate adsorbed micelles (leading to
methyl salicylate ion desorption on heating). The above
desorption causes an increase in A0 and reduction in P (derives
vesicle to rod-shape micelle transition). A similar transition has
also been observed with a cationic surfactant−alkanol
system.65,66 However, no such transition has been observed
with the present system due to the fact that hydrophobic
interaction is playing a major role in forming mixed vesicles
which restrict desorption of 12-4-12A or 16-4-16 on heating.
Further, heating may cause temperature driven dehydration of
interacting head groups which may be responsible for increased
electrostatic attraction with a concomitant decrease in A0. The
above interrelated factors are responsible for the increase in
bilayer thickness (Table 3). A similar type of reasoning can be
invoked for the 12-4-12A + 16-Isb-16 system where heating
induces (rod-shaped) micellar growth. Recently, temperature
induced micellar growth has also been reported in an aqueous
mixture of cationic gemini with an anionic surfactant.67 This
observation of stability of higher order aggregates (vesicles/rod
shaped micelles) on heating has been reported here for the first
time in a mixed oppositely charged gemini surfactant system.
Therefore, vesicles of different thermal stability can be
produced at will by judicious selection of the second
component in a two-component surfactant mixture. This

morphological information has been used to explain PAH
solubilization efficacy in different kinds of surfactant morphol-
ogy formed in mixed systems.

3.4. Solubilization in Single/Mixed Gemini. Typical
plots of absorbance vs wavelength for anthracene solubilization
in mixed aqueous gemini (12-4-12A + 16-4-16) at different
mole fractions (x = 0−1) are shown in Figure 11 (similar plots

were obtained with other PAHs but not shown). The
absorbance changes are random due to the presence of
different morphologies (vide supra) in the solution. The molar
solubilization ratio (MSR) is the number of moles of the PAH
solubilized per mole of the gemini(s) present in the solution.13

MSR can be calculated by using the following equation

=
−
−

S S
C C

MSR
( )
( )

t cmc

t cmc (6)

where St is the total PAH solubility in the mixture solution at a
particular total surfactant concentration Ct. Scmc is the solubility
of the PAH at the cmc of the mixture (Ccmc). The MSR data
with single and binary mixtures are compiled in Table 4.
Comparing MSR data obtained for single and oppositely
charged mixed gemini systems, higher MSR values have been
found with the latter. Higher MSR values have also been found
with 16-4-16 + 12-4-12A when compared with the data
obtained in an earlier study.34 This difference may be due to the

Figure 10. SANS spectra of 10 mM mixed gemini surfactant system (at 0.4x12‑4‑12A) at different temperatures (T, 303−343 K): (a) 16-4-16; (b) 16-
Isb-16.

Table 3. SANS Fitted Micellar Parameters of 10 mM
Aqueous Mixed Gemini Surfactant (12-4-12A + 16-4-16 and
12-4-12A + 16-Isb-16) Systems at Different Temperatures
(T)

0.6x16‑4‑16 0.6x16‑Isb‑16

T (K) bilayer thickness (Å) semimajor axis a (Å) semiminor axis b (Å)

303 25.0 104.0 20.0
323 26.2 132.2 20.0
343 25.8 135.7 20.0

Figure 11. Representative UV−visible spectra of anthracene in 10 mM
aqueous pure and mixed gemini surfactant (16-4-16 + 12-4-12A)
solutions, at different mole fractions of anionic gemini (x12‑4‑12A).
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fact that an earlier study has been performed at concentrations
near the CMC where, preferentially, spherical micelles were
present. However, different morphologies are present (rod-
shaped or vesicles) in the present case (well above the CMC
(Tables 1 and 4)) and may be responsible for the differences in
the MSR values. Due to the formation of large micelles (in the
present mixtures), the available hydrophobic volume will be
more than the micelle with single gemini surfactant. This higher
hydrophobic volume will be responsible for the effective
solubilization of PAH and higher MSR values. Among the
gemini mixtures, the vesicle forming system (16-4-16, x = 0.6)
has been found more effective than the one having other
morphology. The MSR values for different morphologies
(formed by mixed surfactant systems) follow the order vesicles
> rod-shape micelles > ellipsoidal micelles > spherical micelles.
The micelle water partition coefficient (Km) represents the
solubilization by micellar phase which can be used to determine
the standard free energy change of solubilization (ΔGs).

34 The
negative value of ΔGs (Table 4) shows that spontaneous
solubilization of PAHs takes place in the mixed gemini system.
Solubilization efficacy depends on the polarity and hydrophobic
volume of the PAH and contributes toward the MSR value.
The data show a synergistic effect of mixing of two oppositely
charged gemini surfactants, at an appropriate composition,
which can result in higher order aggregates (e.g., vesicles,
Figure 9). Table 5 shows the comparative MSR data for PAH

solubilization observed by different workers in oppositely
charged surfactant systems. MSR data depicts that mixing of
two surfactants, generally, enhances the solubility of PAH more
than for individual ones: This trend followed even in the
present study. Being a very less soluble PAH, anthracene
showed the highest MSR with the vesicular system formed by
0.6x16‑4‑16 + 0.4x12‑4‑12A compared to the ones reported in the
literature10,68−70 (Table 5). Among the PAHs, MSR follows the
order fluorene > pyrene> anthracene. It may be mentioned
here that the MSR for each PAH has been found highest with
the system containing vesicles.

3.5. Vesicle Size Variation after PAH Solubilization. As
mentioned above, the vesicular system formed by 0.6x16‑4‑16 +
0.4x12‑4‑12A shows a higher solubilization efficacy with each
PAH. SANS data (Figure 12) are collected in order to get an

idea about the vesicle thickness variation on solubilizing PAH.
Surprisingly, vesicle morphology remained similar even after
PAH solubilization with a difference of bilayer thickness (Table
6). Being a hydrophobic material, PAHs are expected to
partition near the central part of the bilayer. As mentioned
earlier, being less soluble in water (Table S1), anthracene could
be solubilized preferentially, in the central part of the bilayer
rather than the region near the head groups. However, the
reverse may be the case with fluorene. If this is true, bilayer

Table 4. Solubilization Parameters (Molar Solubilization Ratio, MSR; Micelle−Aqueous Phase Partition Coefficient, ln Km;
Gibbs Free Energy, ΔGs°) of 10 mM Single and Mixed Gemini Surfactants in Aqueous Solution at 303 K

anthracene pyrene fluorene

x12‑4‑12A morphology MSR ln Km −ΔGs (kJ mol−1) MSR ln Km −ΔG s (kJ mol−1) MSR ln Km −ΔG (kJ mol−1)

16-4-16
1.0 ellipsoidal 0.0261 8.861 22.33 0.0381 10.15 25.58 0.0910 10.36 26.09
0.8 rod 0.0282 8.936 22.52 0.0576 15.07 37.98 0.0711 9.82 24.74
0.6 rod 0.0276 8.913 22.46 0.0857 21.84 55.05 0.1078 10.20 25.71
0.4 vesicle 0.0321 9.060 22.83 0.1706 40.32 101.62 0.2544 10.94 27.56
0.2 rod 0.0261 8.844 22.29 0.1426 34.53 87.03 0.1486 10.49 26.42
0.0 rod 0.0257 8.84 22.29 0.1091 27.22 68.60 0.1587 10.54 26.57

16-Isb-16
1.0 ellipsoidal 0.0261 8.861 22.33 0.0381 10.15 25.58 0.0910 10.36 26.09
0.8 ellipsoidal 0.0132 8.182 20.62 0.064 16.64 41.94 0.1889 10.69 26.91
0.6 rod 0.0276 8.913 22.46 0.0653 16.96 42.75 0.1947 10.72 27.01
0.4 rod 0.0260 8.855 22.32 0.0840 21.44 54.04 0.1683 10.59 26.69
0.2 ellipsoidal 0.0265 8.874 22.37 0.0596 15.56 39.22 0.1125 10.24 25.80
0.0 ellipsoidal 0.0136 8.212 20.69 0.0756 19.45 49.02 0.1281 10.35 26.09

Table 5. MSR Data Reported in Various Studies for the
Solubilization of PAH in Aqueous Solution at 303 K

MSR

systema anthracene pyrene ref

16-E2-16 + SDS 0.0248 0.0576 10
16-E2-16 + SDBS 0.0243 0.0745 10
16-6-16 + AOT 0.0103 0.0526 69
12-E2-12 + SDS 0.0061 0.0137 70
16-4-16 (0.7) + 12-4-12A (0.3) 0.0148 0.1023 34
16-Eda-16 (0.6) + 12-4-12A (0.4) 0.0147 0.0813 34
16-4-16 (0.6) + 12-4-12A (0.4) 0.0321 0.1706 present study
16-Isb-16 (0.4) + 12-4-12A (0.6) 0.0276 0.0653 present study

aMixed oppositely charged surfactant systems with x = 0.5 each (if
different then mentioned in parentheses).

Figure 12. SANS spectra of 10 mM aqueous vesicular (mixed gemini
surfactant (16-4-16 + 12-4-12A)) system at 0.4x12‑4‑12A after
solubilizing of the PAHs.
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thickness should increase more in the case of anthracene than
fluorene (or pyrene). This indeed was observed from our SANS
results (Table 6). A working scheme has been proposed to
show the solubilization of PAHs in a typical vesicle which is
formed by the mixing of two oppositely charged gemini
surfactants (Scheme 2). In order to exploit the full potential of
the above systems, more work is needed to understand the
morphological transitions after self-assembly solubilization of
various hydrophobic molecules such as PAH, dyes, drugs, etc.

4. CONCLUSION

CMC data show that mixing of oppositely charged gemini
surfactants produces both synergistic and antagonistic effects.
The interaction parameter (ß) is a quantitative measure of the
interaction between the two components (the sign of ß
represents synergistic or antagonistic interaction). The mixing
increases the surfactant packing parameter (P) of the so-called
single surfactant (cationic + anionic gemini). Zeta potential data
show the formation of aggregates of lower charge together with
charge reversal. Variations in P and |charge| decide the type of
the aggregate. SANS data, for mixtures (containing 0.4x12‑4‑12A),
revealed the presence of vesicles (also supported by TEM
image, Figure 9) with 16-4-16 and long cylindrical micelles with
16-Isb-16. Heating, of the above two systems, shows aggregate
growth governed by the dehydration of the aggregate. A
mixture, containing vesicular aggregates, has been found to be
more efficient over the other morphologies regarding PAH
solubilization. The solubilization of PAH causes an increase in
bilayer thickness (or hydrophobic volume, Table 6). The
increased volume can be utilized for further solubilization
(sequential, competitive, or simultaneous) of an appropriate
hydrophobic molecule (or another PAH).71,72 The study
provides a clear corelation between morphology and
solubilization efficacy.26 The correlation, of selecting binary
mixtures for the surfactant based technologies involving
solubilization, could serve as a basis for the wide spectrum of
applications (from industrial to nano- to biological).29,73,74
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Strategies (composition, morphology and spacer nature variations) are reported for aqueous solubility enhance-
ment of hydrophobic material. Critical micelle concentration (cmc) of mixed oppositely charged gemini surfac-
tants has been studied conductometrically. Phosphoric acid, P, P′-1,4-butanedieyl, P, P′ didodecylester, disodium
salt is used as an anionic component while cationic geminis, with different spacers (polymethylene,
ethylenediamine, isosorbide, and ethylene glycol), are used as another component. Based onmicellar interaction
parameter (βm), both synergistic and antagonistic interactions are observed. Zeta-potential shows variation in
charge (or charge reversal) of the mixed aggregate. Small angle neutron scattering, dynamic light scattering
and transmission electron microscopy show spacer nature dependent formation of micelles/vesicles. Molar sol-
ubilization ratio, of polycyclic aromatic hydrocarbon (PAH), suggests higher solubilization in vesicles. Solubiliza-
tion depends on the vesicle electrostatics and bi-layer thickness. Potential key factors of the process seembi-layer
polarity and interaction with individual PAHs. Approach might be employed to enhance aqueous solubility/bio-
availability of other hydrophobic materials such as drugs, dyes or pesticides.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Self-assembly of molecules plays a decisive role in physico-
biochemical processes [1]. One of such examples is photosynthesis
which involves self-assembly responsible for photophosphorylation
[2]. The self-assembly can be considered as a first step for the physical
synthesis of an organized structure such as vesicles. They have been con-
sidered as precursors of the living cell [3,4]. A rich diversity of amphi-
philic molecules (e.g. Surfactant) and ways of interaction among them
result in self-assembled aggregates like micelles, reverse micelles, vesi-
cles, gels among others [5]. Vesicles have been of interest due to their
utility in diverse technologies [6–10] Nature of surfactant molecules is
one of the governing factors for the formation of vesicles [11,12].

In recent years, much attention has been paid to cationic surfactants
due to their high affinity to negatively charged hydrophobic solutes
(nucleotides units of DNA, cell membrane and drugs) [13,14]. It has
been reported that catanionic vesicles (formed by the mixing of oppo-
sitely charged surfactants) have various advantages over conventional

lipid vesicles [11,15,16]. Vesicle formation has also been reported
when a single/double chain [17,18] cationic surfactant (with simple
salt) has been mixed to a certain medium to higher chain length alco-
hols [19–21]. Cationic surfactant gives vesicular aggregates in presence
of oppositely charged hydrotropic ions which converts into other mor-
phologies on varying the composition [22].

With the ever-increasing demand of chemical technologies, a
renewed interest for better performing amphiphilic systems is growing.
Solubilization of hydrophobic material into micellar aggregates has
been studied for industrial, medicinal and environmental applications.
The solubilization efficacy decides the optimality of the surfactant sys-
tem.Mixed surfactant systems have been proved superior from the sol-
ubilization point of view over individual components of the mixture
[23–25]. A polycyclic aromatic hydrocarbon (PAH) contaminates the
environment and remains present in the atmosphere owing to their
low aqueous solubility. Aqueous mixed surfactant systems have been
known to decontaminate the PAH polluted sites. Much of the research
is now shifted towardsmixing of surfactants over single ones [26]. Gem-
ini surfactants are known for better properties such as lower critical mi-
celle concentration (cmc), higher surface activity, and unusual rheology
[27–29]. Generally, gemini and conventional surfactants are similar, but
spacer group that links both surfactant moieties around the head group
could be hydrophilic or hydrophobic, rigid or flexible, longer or shorter
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[30–32]. However, only a few reports are available related to the influ-
ence of nature of spacer on the applications and solution behavior of
gemini surfactants [23,33–36]. Recently, studies related to solubilization
of PAHs are reported in aqueous cationic geminimixtures [37,38]. How-
ever, solubilization efficacy of oppositely charged gemini mixtures has
been studied only a few times [24,39]. In one of these studies, it has
been reported that mixing composition affects themicellarmorphology
with a concomitant influence on solubilization efficacy [39]. To the best
of our knowledge, no attempt has been made to correlate the nature of
the gemini spacer, resultingmorphology and PAH solubilization efficacy
in order to develop a structure-property relationship. Further, mixed
vesicles are, probably, not utilized for the solubilization behavior of
PAHs. No report has been found on co-solubilization of PAHs in vesicles
and its effect on size/shape of the aggregates.

The prime objective of the work is to correlate PAH solubilization
with surfactant morphology formed by oppositely charged gemini mix-
tures (containing cationic geminis with various spacers, Scheme 1). The
study constitutes physicochemical characterization of gemini mixtures,
correlation of structure of mixed assemblies with the nature of the
spacer/composition, aggregate charge and consequences on aqueous
solubility of hydrophobic molecules (e.g., PAH). CMC measurements
are performed conductometrically while structural information is col-
lected from dynamic light scattering (DLS), transmission electron mi-
croscopy (TEM) and small angle neutron scattering (SANS). PAH
solubilization data were acquired spectrophotometrically.

2. Experimental section

2.1. Materials

Cationic and anionic gemini surfactants are synthesized and charac-
terized as reported earlier [24,34]. PAHs (anthracene, fluorene,

phenanthrene, and pyrene) were of highest purity grade available.
Chemical structures of geminis and PAHs (with abbreviations) are
given in Scheme 1 (and see Table S3). De-ionized double distilled
water (0.5–1.5μS∙cm−1) was used to prepare the solution throughout
the study except for SANS measurements. D2O was used in the sample
preparation for the SANS study (99.9 atom % D, purchased from
Sigma, St Louis, USA).

2.2. Methods

2.2.1. Electric conductivity measurements
The conductivity of the aqueous gemini mixture (of different mole

fractions) was measured as a function of mixture concentration using
a conductivity meter (EUTECH Cyberscan CON510, cell constant
1 cm−1) with an inbuilt temperature sensor. A pre-calibrated cell has
been used to measure specific conductance (κ) at each concentration.
500 μl stock solution was added in a known volume of water (thermo-
stated at 303 ± 0.1 K using SCHOTT CT1650 bath). The CMC value was
obtained from the intersection point of two straight lines in a plot of κ
vs [mixture].

2.2.2. Dynamic light scattering (DLS)/zeta (ζ)-potential measurements
Average hydrodynamic diameter (Dh) and zeta (ζ) - potential mea-

surements were performed on a SZ-100 nanoparticle size analyzer
(HORIBA, Japan). This instrument is equipped with a green (5320 Å)
laser and photomultiplier tube detectors. The measurement is based
on the time-dependent fluctuation in the intensity of scattered light
through dispersion of particles under random motion. The analysis al-
lows computing diffusion coefficients which are used in Stokes-
Einstein equation for the determination of Dh. 0.5 ml of surfactant
(s) solution was transferred into dipped electrode plastic cuvette
through a nylon membrane filter (0.22 μm) and placed in a sample

Scheme 1. Schematic representative chemical structures of anionic and cationic gemini surfactants with abbreviations.

109S. Singh et al. / Journal of Molecular Liquids 279 (2019) 108–119



chamber. Data are average of 5 decay cycles (each decay cycle is of 5
runs with a 5 s interval).

2.2.3. SANS measurements
SANSmeasurements were carried out using a SANS spectrometer at

Dhruva Reactor, Bhabha Atomic Research Centre, Trombay, India [40].
The samples were placed in a quartz cuvette having a thickness of
2 mm and measurements were performed at different compositions/
temperatures. Data were treated to an absolute scale as reported
elsewhere [39]. Coherent differential scattering cross-section per unit
volume (dΣ/dΏ), as a function of scattering vector (Q = 4πsinθ/λ,
where 2θ is the scattering angle andλ is thewavelength of the incoming
neutrons), has beenmeasured. For amono-disperse particle, dΣ/dΏ can
be given as [41].

d
P

dΩ
¼ nP Qð ÞS Qð Þ þ B ð1Þ

where n is the particle number density. P(Q) is the form factor and is de-
cided by the shape and size of the particle. S(Q) is the inter-particle
structure factor govern by the inter-micellar interactions. B denotes
the incoherent scattering background mainly resulted from the
hydrogen-containing moieties in the aggregates. Details of the models
involved in the data analysis are separately given in the supplementary
information [42–46].

2.2.4. TEM studies
Transmission electron microscopy (TEM) images were obtained

with a JEOL JEM 2100 transmission electron microscope accelerating

at aworking voltage of 120 kV. A drop of the sample solutionwas placed
on the carbon-coated copper grid (200 mesh) followed by drying for a
few minutes (~298 K). Later on, a drop of fresh uranyl acetate solution
was put on the grid having the dried sample. The grid was again dried
at the same temperature.

2.2.5. PAH solubilization study
The solubility of PAH has been determined in aqueous gemini sys-

tems (single ormixed), at differentmole fractions (x=0–1, total [gem-
ini] = 10 mM) by adding an excess amount of PAH (fluorene,
anthracene, phenanthrene or pyrene). Aqueous gemini(s) + PAH mix-
ture has been equilibrated for 48 h before centrifugation to remove ex-
cess PAH. The solubilization of PAH in micellar solutions, containing
different morphologies, has been analyzed, at respective λmax, by UV–
visible spectrophotometer (Shimadzu, UV-2450) having a quartz cell
(path length 1 cm) at 303 K. The composition of gemini mixture was
same in both reference andmeasurement cuvettes to eliminate its effect
on the UV-absorbance. Solubility (or concentration) of PAH was calcu-
lated by Lambert-Beer law (using respective molar extinction coeffi-
cient, ε) [47,48] The molar solubilization ratio (MSR) is the ratio of the
molar solubility of the PAH inmicelles to the total[gemini(s)] in themi-
cellar form [28]. MSR can be computed by the following expression,

MSR ¼ St−Scmcð Þ
Ct−Ccmcð Þ ð2Þ

where, St is the total PAH molar solubility in the aqueous gemini mix-
ture at fixed [surfactant] ( Ct=10 mM). Scmc is the solubility of the
PAH corresponding to the cmc of the gemini mixture (Ccmc). Same pro-
cedure has been adopted in the co-solubilization experiment where
more than one PAHs were solubilized simultaneously.

3. Results and discussion

3.1. Micellization studies

Conductometry has been used to determine the cmc of all the gemini
surfactants (cmc data given in Table S1 of supplementary information).
Anionic gemini (12-4-12A) shows higher cmc due to having lower alkyl
chain length. Cationic geminis show different cmc values though they
have same carbon chain length (hexadecyl). This deference may be
due to two factors: 1) nature of the spacer and 2) nature of the
counter-ion. Even for same counter ion, the cmc values were different
for different gemini surfactant. This indicates that the spacer nature
has a decisive effect on the micellization process [36,49]. Interaction,
of various combinations of oppositely charged gemini surfactants, has
been studied using various solution theory.

cmc variations with a mole fraction of added 12-4-12A, to cationic
gemini surfactant (16-Eda-16 or 16-Eg-16), has been shown in Fig. 1.
Pseudo phase separation model has been applied to understand how
the micellization behavior of gemini mixtures deviates from the ideal
mixing [50]. Experimental cmc (cmcexp) of each mixture was found
lower than the cmc of 12-4-12A (cmc1) and higher than 16-Eda-16 or

Table 1
Micellization parameters (cmcexp and cmcideal) and interaction parameter (βm, by Rubingh's method) of mixed gemini surfactant systems in aqueous solution at 303 K.

x12-4-12A 16-4-16 16-Isb-16 16-Eda-16 16-Eg-16

cmcexp cmcideal βm cmcexp cmcideal βm cmcexp cmcideal βm cmcexp cmcideal βm

(mM) (mM) (mM) (mM)

0.0 0.0244 – – 0.0027 – – 0.044 – – 0.0034
0.2 0.0292 0.0306 ‐11.87 0.0031 0.0034 ‐12.96 0.059 0.0538 – 0.0128 0.0042 –
0.4 0.0734 0.0395 – 0.0037 0.0045 ‐7.90 0.141 0.0695 – 0.0052 0.0056 ‐0.08
0.6 0.2822 0.0570 – 0.0046 0.0067 ‐8.05 0.265 0.0978 – 0.0056 0.0084 ‐0.42
0.8 0.4159 0.1036 – 0.0099 0.0132 ‐9.80 0.518 0.165 – 0.003 0.0165 ‐7.13
1.0 0.5310 – 0.5310 – – 0.531 – – 0.531
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Fig. 1. Critical micelle concentration (cmcexp or ideal) variation with a mole fraction of
anionic gemini (x12-4-12-A) in mixed gemini surfactant systems in aqueous solution at
303 K.
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16-Eg-16 (cmc2). Similar behavior has been observed in the earlier
study where different combinations of oppositely charged gemini sur-
factants were mixed [39]. For a mixture of oppositely charged surfac-
tants, a simple relationship exists for ideal mixing [51–53] (cmc data
treatment is given in supplementary information).

Mostly, the micellar interaction parameter (βm) has been used to
understand the nature and strength of the interactions between differ-
ent amphiphilic gemini molecules (constituting the mixture) and can
be obtained by applying Eq. (3) [54].

βm ¼ ln cmcex1=cmc1X
m
1

� �� �
= 1−Xm

1

� �2 ð3Þ

As cmcexp has been found lower than the cmci, βm values are ex-
pected to be negative in each case (synergistic interaction). This indeed
was observed (Table 1). The behavior is the result of the packing of each
component in themixedmicelle (and the resultant cmcexp). The data re-
lated to cmcexp, cmci, cmc1, cmc2, X1m, X1

i and βm are tabulated in Table 1.
Interaction among the two geminis in the mixed micelle is associated
with the decrease of energy which is denoted in terms of βm. βm is a
measure of the degree of interaction between two gemini component
of the mixed micelle and accounts for deviation from ideal mixing.
The higher the negative magnitude of βm, stronger is the synergistic in-
teraction between the two gemini components. The perusal of data of
Table 1 indicates that βm shows a dependency on the nature of the
spacer present in the cationic gemini surfactant and hints towards
stronger attractive interactions with 16-Isb-16. It has been reported
for similar charged (cationic) gemini mixtures that βm decreases as
the chain length of the spacer decreases. However, this trend was not
observed when one of the components of the mixture was a non-ionic
surfactant (Brij 58) [55]. Moreover, chain length increase in cationic
gemini has nearly no effect on βm when mixed with the Brij 58
[23,56]. In the case of ester spacer based cationic (12-Eg-12) sodiumdo-
decyl sulfate (SDS) shows higher - βm than sodiumdodecylbenzo
sulphonate (SDBS) [56]. Above discussion shows that βm is governed
by the nature of the charge of the surfactants constituting a binary mix-
ture. In this context, βm data of Table 1 shows not only the charge,
spacer length but nature of the spacer can also be one of the governing
factors deciding the strength of interaction between the components of
gemini mixtures.

3.2. Structural evolutions

Mixing of anionic/cationic geminis, in aqueous solution, results in
strong columbic attraction together with hydrophobic interactions
among the hydrocarbon tails. The coulombic effects causes decrease in
area of the head group(s) while hydrophobic interactionsmay cause in-
crease in volume of the alkyl tail part (of the resulting surfactant moiety
produced due the mixing of two gemini components) [57] Surfactant
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Fig. 3. SANS spectra of 10 mM pure gemini surfactants at 303 K.
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parameter, P (= v/A0l, v is the volume of the hydrocarbon part of the
surfactant(s) molecule(s), l and A0 are lengths and effective surface
area per surfactant(s) molecule(s), respectively), can be related to ag-
gregate morphology [58]. The presence of oppositely charged surfac-
tants has a strong chance to get incorporated in the mixed micelle
together with overcoming of electrostatic repulsion. Columbic attraction
can be responsible for the lowering of A0 with a concomitant increase in
P. Another contribution of the increase in P comes from by considering
two gemini surfactant components of the mixture as a single amphiphilic
moiety of higher alkyl tail volume (v). Various morphological transitions
have been explained on the basis of the P value [59]. Mixing oppositely
charged amphiphilic molecules is a promising strategy for the physical
synthesis of self -assembly of desired morphology [16,22].

The idea of columbic attraction variation can be taken from zeta (ζ) –
potential profile obtained with the variation of the composition of the
mixture. (Fig. 2) The crossover of sign (from positive to negative) of ζ
hints in the variation of micellar surface charge (as well as A value)
which can be correlated with the P value and the resulting micellar
structure produced in the solution is dependent on the mole fraction
of each component anddecidesmicellar surface chargewhich can be re-
lated to the variation of P and hence to themicellarmorphology asmen-
tioned above.

SANS spectra (dƩ/dΏ vsQ) for 10mM gemini surfactant solution are
depicted in Fig. 3. Fig. 3 shows the interaction peak in all cases which is
an indication of the presence of charged micelle in the solution. The re-
lated analyzed micellar parameter data for each gemini surfactants are
compiled in Table 2. SANS analysis shows that ellipsoidal micelles are
present in the solution with every gemini surfactant except 16-4-16.
With the dodecyl chain in 12-4-12A, it is obvious thatmicelles of higher
sphericity will form as reported with another ionic surfactant of the do-
decyl chain [60]. For equal alkyl tail length (16 C-atom) gemini with
polymethylene spacer of (4 C atom) forms rod-shaped micelles while
ellipsoidal morphology observed with geminis having other spacers
this clearly indicates that spacer has a decisive role to dictate the type
of morphology a gemini will form in the solution. Since polymethylene
spacer gemini (16-4-16) is distinctly hydrophobic in comparison to
other geminis and, therefore, one can expect increased hydrophobic in-
teractions and aggregate of higher morphology. This indeed was ob-
served from the present study (Table 2). Analyzed data can be used to
compute number density of the micelles and hence the average inter-
micellar distance (D). This can be used to back-calculate the position
of the expected correlation peak using Eq. S6 and is found in fairly
good agreement with that of experimental one (Fig. 3).

The SANS spectra for various compositions of mixed geminis are
shown in Fig. 4. With the addition of anionic 12-4-12A to cationic 16-
Eda-16 or 16-Eg-16 (keeping total [gemini(s)] constant, 10 mM), inter-
action peak corresponding to the charged micelle starts disappearing
with no plateau in the comparable mole fractions of the two compo-
nents (0.4 and 0.6, 0.5 and 0.5 or 0.6 and 0.4). At some specific mole
fractions (e.g. 0.6/0.4 or 0.4/0.6) of oppositely charged surfactants (e.g.
16-Eg/Eda-16 and 12-4-12A), the formation of large aggregates (rod-
like micelles or vesicles) leads to a reduction in number density and
hence increase in inter micellar distance. These systems, therefore, be-
have as dilute and no correlation peak appears in the Q range of the
measurements. Also, at the approximate by equimolar concentrations,
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Table 2
Micellar dimensions and charge (α) for 10 mM aqueous gemini surfactant at 303 K.

Surfactant Semi-major
axis a
(Å)

Semi-minor
axis b
(Å)

Fractional
charge
(α)

a/b Morphology

16-4-16 95.8 20.4 0.10 4.7 Ellipsoidal
16-Isb-16 37.2 20.0 0.43 1.9 Ellipsoidal
16-Eda-16 35.0 20.5 0.21 1.7 Ellipsoidal
16-Eg-16 34.7 17.9 0.09 1.9 Ellipsoidal
12-4-12A 29.5 14.1 0.65 2.1 Ellipsoidal
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there may be near charge balance of oppositely charged surfactants
making the system nearly pseudo nonionic (as observed by zeta poten-
tial data, Fig. 2). This restricts the determination of any S(Q) parameters
for these concentrations. The similar mixing effect was observed for
other combinations of oppositely charged gemini surfactants [39]. On
combining the SANS spectra of present and earlier studies (Fig. 4), it is
clearly observed that the nature of spacer has a distinct effect on the
SANS spectra of mixed oppositely charged gemini surfactants. The
trend of data with 16-Isb-16 (in the mixture) matches with 16-Eg-16
(in the mixture) while the data of 16-4-16 are similar with the data of
16-Eda-16. In all the above-mentioned mixture components are more
or less similar to the difference of the nature of the spacer. 16-Isb/Eg-
16 and 16-4/Eda-16 fall into two separate groups of forming different

kind of morphologies at an individual same composition (ellipsoidal/
rod and rod/vesicles). Isb or Eg are distinctly polar spacers than Eda or
polymethylene (hydrophobic spacers). Therefore, the polarity of the
spacer has a role to play in deciding the self-assembly to be formed in
aqueous oppositely charged gemini mixture.

The analyzed SANS data (Table 3) show themorphological transition
on increasing the mole fraction of 12-4-12 A in the mixtures keeping
constant [gemini(s)] (10 mM). It may be mentioned here that bi-
layers are formed for various compositions (of the mixtures) having
nearly equal mole fractions (0.4 or 0.6) and hydrophobic spacer(s).
However, similar compositions gave nearly rod-shaped morphologies
for hydrophilic spacers (Isb/Eg).

The bi-layers are again converted to rod-shapedmicelles and then to
ellipsoidal ones with the further increase of the content of 12-4-12A in
the mixture containing 16-4-16 or 16-Eda-16. Similar transitions were
observed with the mixture containing 16-Eg-16 or 16-Isb-16 with the
difference that here transition is taking place from rod-shaped mor-
phologies. Data of Fig. 5 (log-log plot) show the characteristic Q decay
for vesicles and rod-shaped micelles (a slope of −2 or −1), indicative
of the role of the spacer [22]. The vesicle bi-layer thickness can be deter-
mined from the SANS data using a cross-sectional Guinier plot and the
value has been found in between 22‐25 Å for the two spacers, namely
polymethylene and Eda. The values are in good agreement with other
reported surfactant systems [22,61]. To confirm the morphology of the
aggregate, observed by SANS, DLS and TEM were also used. Fig. 6a, b
and c depicts the variation of hydrodynamic diameter (Dh) with the
composition of the different mixed gemini systems. The aggregate has
an average Dh value ~ 15 nm for all the individual gemini surfactants.
Composition variation in the mixture of any two geminis from 0.2 to
0.8-mole fraction results in structural transitions as observed from the
SANS study (vide supra). In the composition range (0.4 to 0.6), the Dh

value of the aggregate is ~65 ± 5 nm. However, the above size range
was not observed (Fig. 6c) when the mixture contains gemini having
-Eg- spacer. The magnitude of Dh in the composition range of 0.4 to
0.6 together with the bluish color of the mixture indicates that the ag-
gregates are vesicles whereasmixture with -Eg- spacer gemini contains
ellipsoidal micelles. However, a single major peak indicates the pres-
ence of one kind of aggregates in the system (vesicles or mixed mi-
celles). Data distinctly show the maximum change in Dh when the
mixture contains nearly equal mole fractions of the two components.
Overall DLS data are in consonance with SANS results and confirm the
presence of higher order aggregates e.g., Vesicles.

TEM observations have also been used to support the information,
regarding the formation of vesicles in the solution, obtained from
SANS and DLS studies. Figs. 7 & 8 show TEM micrographs (negatively
stained) of different gemini mixtures. For gemini with polymethylene,
spacer exhibits both formation of open (0.4 x16-4-16) and closed (0.6
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Fig. 5. (a) SANS spectra of 10mM aqueousmixed gemini surfactant system showing vesicular aggregates and (b) SANS spectra of 10mMaqueousmixed gemini surfactant system having
rod-shaped micelles.

Table 3
SANS fitted micellar parameters of 10 mM aqueous mixed gemini surfactant systems at
303 K.

x12-4-12A Semi-major
axis
a (Å)

Semi-minor
axis
b (Å)

Fractional
charge (α)

Aggregation
number

16-Eda-16
0.0 35.0 20.5 0.21 67
0.2 89.3 20.3 0.04 171
0.4 Vesicles with a bi-layer thickness of 23 Å.
0.5 Vesicles with a bi-layer thickness of 25 Å.
0.6 Vesicles with a bi-layer thickness of 22 Å.
0.8 36.5 20.5 0.10 86
1.0 29.5 14.1 0.65 35

16-Eg-16
0.0 34.7 17.9 0.09 66
0.2 43.7 20.3 0.09 86
0.4 112.4 20.3 0.04 234
0.6 124.3 20.4 0.03 258
0.8 37.9 16.6 0.10 59
1.0 29.5 14.1 0.65 35

16-4-16
0.0 95.8 20.4 0.1 182
0.2 111.8 20.3 – 191
0.4 Vesicles with a bi-layer thickness of 25 Å
0.6 141.2 21.7 – 354
0.8 44.5 19.0 0.18 90
1.0 29.5 14.1 0.65 35

16-Isb-16
0.0 37.2 20.0 0.43 68
0.2 45.8 20.8 0.16 95
0.4 104.0 20.0 – 210
0.6 101.2 20.0 – 215
0.8 32.3 18.6 0.6 63
1.0 29.5 14.1 0.65 35

Bold represents in Table 3 about vesicle formation and its bi-layer thickness.
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x16-4-16) vesicles in the aqueous mixture. Due to above morphologies,
SANS and DLS data were found different for the above to composition.
However, gemini with Eda spacer, in the mixture, shows the formation
of closed vesicles with both the compositions (0.4 or 0.5 x16-Eda-16).
Above data clearly, indicate that vesicle formation is dependent on
both the composition and nature of the spacer. It is fair to mention
here that other two cationic geminiwith spacers -Isb- and -Eg- are failed
to produce vesicles in the similar composition range of themixture. TEM
images corroborate the idea of vesicle formation proposed on the basis
of SANS data and DLS results.

3.3. Temperature influence on micellar morphologies

It has been observed that certain geminimixtures contain vesicles at
room temperature. SANS data are also acquired at different tempera-
tures (303–343 K) for a fewmixtures (Fig. 9). Overall bi-layer thickness
data (Table 4) show that system with polymethylene spacer (i.e. 16-4-
16) gives relatively stable vesicles over Eda spacer system (16-Eda-
16) at equal composition. The similar insensitivity of the heating for
the vesicular systemhas been reported recently [62]. However, a hydro-
philic spacer (e.g. Eda) may bind with background water which may

Fig. 7. Negative stained TEM images of 10 mM mixed gemini surfactant system of 16-4-16 + 12-4-12 A (a, a′) 0.6 x16-4-16 and (b, b′) 0.4 x16-4-16 at scale 500 and 100 nm, respectively.
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release on heating and responsible for compact bilayer. In earlier stud-
ies, the morphological transition has been reported for surfactant sys-
tems with increasing temperature or shear [22,63,64]. The transition
has been explained on the basis of the release of oppositely charged hy-
drotropic counter ion from the cationic micellar surface on heating. The
difference in present systems and the ones from earlier studies,
[22,63,64] is the second component, (12-4-12A) which forms mixed
vesicles instead of methyl salicylate bind vesicles. A similar transition
has also been observed with a cationic surfactant – alkanol system
[20,21]. However, no such transition has been observed with the pres-
ent system due to the fact that hydrophobic interactions are playing a
decisive role in the formation of vesicles which check the disintegration
of 12-4-12A on heating. Recently, temperature inducedmicellar growth
has also been reported in an aqueousmixture of cationic geminiwith an
anionic surfactant [65]. This observation of the stability of higher order
aggregates on heating has not been reported many times. Our results

of semi-major axis (b), observedwith -Isb- spacer gemini in themixture
(0.6 x16-Isb-16), show an increase with temperature. With heating, grad-
ual dehydration of the oppositely charged head groups takes place
which facilitates coulombic attraction. This causes a reduction in the av-
erage area of head group A0 (of resulting pseudo gemini surfactant)
with a net effect of an increase in surfactant parameter value (Rp) and
micellar growth [58]. Therefore, aggregates of different thermal stability
can be produced at will by judicious selection of the second component
as well as with an appropriate gemini spacer in two components aque-
ous gemini mixture. The structural information's are used to explain
PAH solubilization in the solutions of different morphologies.

3.4. Solubilization in single/mixed geminis

The absorbance variation has been found to be dependent on the
aqueous morphologies (vide supra) present in the solution (relevant
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Fig. 8.Negative stained TEM images of 10mMmixed gemini surfactant systemof 16-Eda-16+12-4-12A (a, a′) 0.6 x16-Eda-16 and (b, b′) 0.4 x16-Eda-16 at scale 500 and 100 nm, respectively.
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typical data are depicted in supplementary information, Fig. S1). MSR
data with individual and binary gemini systems are tabulated in
Table 5. MSR data show higher values with oppositely charged mixed
gemini systems over individual components of the mixture. This is in
consonance with the reported trend observed in an earlier study [24].
However, differences in MSR values may be due to the fact that the ear-
lier study has been conducted at just above the CMC where, predomi-
nantly, spherical micelles would have been present. Different
concentration range, aswell as a change in themorphology (rod-shaped
or vesicles), are responsible for the differences in the MSR data. Large
aggregates (in the present study), with higher hydrophobic volume
than the individual gemini surfactant micelles, are responsible for the
effective solubilization of PAH and higher MSR values (Table 5).
Among all geminimixtures, vesicular systems have been foundmore ef-
fective than the one having other morphologies. MSR follows the order:
vesicles N rod-shaped- N ellipsoidal- N spherical micelles. This reveals a
synergistic effect of mixing of two oppositely charged gemini surfactant
(of optimum composition), with an appropriate spacer, resulting vesic-
ular aggregates. Among different PAHs, MSR has been found to be de-
pendent on the polarity and geometrical size of an individual PAH.

The aqueous solubility of various PAHs follows the order: Flu N Phen
N Pyr N Anth (Table S3). However, the maximum MSR (or solubility,
Table 5) has been found in most cases when the composition of the

two components of the mixture was in the mole fraction range of 0.4
to 0.6 (vesicles or rod-shaped micelles). Therefore, composition/mor-
phology plays a decisive role in solubilizing the PAHs. Apart from the
above factors (composition, nature of PAHs and structure of the spacer),
solubilization sites of each PAHhave equal importance in overall solubi-
lization phenomenon [39,56,66]. It may be mentioned here that a typi-
cal micellar aggregate can be considered asmade up of various layers of
different polarities (highly polar- head group region to highly nonpolar-
micellar core) [67–69]. This polarity variation can be affected by the hy-
drocarbon tail length, nature of the head group as well as the nature of
the spacer. Probably, most of the factors are contributing in the present
PAH solubilization in the aqueousmixture of oppositely charged gemini
surfactants as reported for other similar systems [70,71]. MSR data

Table 7
MSR values of anthracene and pyrene individually and their mutual presence at various
mole fractions of gemini mixtures.

x12-4-12-A Morphology MSR

Anth Anth-Pyr Pyr Pyr-Anth

16-Eda-16
0.8 Ellipsoidal 0.010 0.013 0.041 0.062
0.6 Vesicles 0.022 0.026 0.096 0.058
0.5 Vesicles 0.031 0.049 0.170 0.171
0.4 Vesicles 0.016 0.023 0.102 0.044
0.2 Ellipsoidal 0.011 0.013 0.062 0.048
0.0 Ellipsoidal 0.009 0.011 0.057 0.035

16-Eg-16
0.8 Ellipsoidal 0.0012 0.009 0.011 0.014
0.6 Ellipsoidal 0.0154 0.018 0.008 0.019
0.4 Ellipsoidal 0.0051 0.015 0.032 0.046
0.2 Ellipsoidal 0.0038 0.016 0.007 0.039
0.0 Ellipsoidal 0.0032 0.011 0.016 0.040

Bold means maximumMSR in a typical mixed system.

Table 6
Comparative MSR data available from various studies for the solubilization of Anthracene
and Pyrene in mixed oppositely charged surfactant systems in aqueous medium.

Systema MSR Ref.

Anthracene Pyrene

16-Eda-16 + SDS 0.0248 0.0576 [23]
16-Eda-16 + SDBS 0.0243 0.0745
16-4-16 + AOT 0.016 0.047 [55]
16-5-16 + AOT 0.0119 0.0323
16-6-16 + AOT 0.0103 0.0526
12-Eda-12 + SDS 0.0061 0.0137 [56]
12-Eda-12 + SDBS 0.0049 0.0112
16-4-16 (0.7) + 12-4-12A
(0.3)

0.0148 0.1023 [24]

16-Eda-16 (0.6) + 12-4-12A
(0.4)

0.0147 0.0813

12-4-12 + SC 0.002 0.014
14-4-14 + SC 0.004 0.021
16-4-16 + SC 0.005 0.030
12-Eda-12 + SC 0.002 0.011
14-Eda-14 + SC 0.003 0.016
16-Eda-16 + SC 0.004 0.023 [25]
12-4-12 + SDC 0.002 0.013
14-4-14 + SDC 0.003 0.020
16-4-16 + SDC 0.005 0.029
12-Eda-12 + SDC 0.002 0.011
14-Eda-14 + SDC 0.003 0.015
16-Eda-16 + SDC 0.004 0.023
16-4-16 (0.6) + 12-4-12A
(0.4)

0.0321 0.1706 [39]

16-Isb-16 (0.4) + 12-4-12A
(0.6)

0.0276 0.0853 (0.4
x12-4-12A)

16-Eda-16 + 12-4-12A 0.031 0.170 [Present
study]

16-Eg-16 (0.4) + 12-4-12A
(0.6)

0.0154 0.032 (0.4
x12-4-12A)

Table 5
Molar solubilization ratio (MSR) of 10mM (single andmixed) gemini surfactants in aque-
ous solution with varying mole fraction of 12-4-12A (x12-4-12-A) at 303 K.

x12-4-12-A Morphology MSR

Anthracene Fluorene Pyrene Phenanthrene

16-Eda-16
1.0 Ellipsoidal 0.026 0.091 0.038 0.049
0.8 Rod 0.010 0.131 0.041 0.076
0.6 Vesicles 0.022 0.180 0.096 0.236
0.5 Vesicles 0.031 0.316 0.170 0.334
0.4 Vesicles 0.016 0.200 0.102 0.261
0.2 Ellipsoidal 0.011 0.060 0.062 0.088
0.0 Ellipsoidal 0.009 0.099 0.057 0.179

16-Eg-16
0.8 Ellipsoidal 0.0012 0.106 0.011 0.260
0.6 Rod 0.0154 0.089 0.008 0.125
0.4 Rod 0.0051 0.121 0.032 0.109
0.2 Ellipsoidal 0.0038 0.050 0.007 0.114
0.0 Ellipsoidal 0.0032 0.101 0.016 0.176

16-4-16
0.8 Ellipsoidal 0.0282 0.0711 0.058 0.152
0.6 Rod 0.0276 0.1078 0.086 0.223
0.4 Vesicle 0.0321 0.2544 0.171 0.233
0.2 Rod 0.0261 0.1486 0.143 0.081
0.0 Rod 0.0257 0.1587 0.109 0.190

16-Isb-16
0.8 Ellipsoidal 0.0132 0.1889 0.064 0.045
0.6 Rod 0.0276 0.1947 0.065 0.142
0.4 Rod 0.0260 0.1683 0.084 0.096
0.2 Ellipsoidal 0.0265 0.1125 0.060 0.072
0.0 Ellipsoidal 0.0136 0.1281 0.076 0.079

Bold means maximumMSR in a typical mixed system.

Table 4
SANS fitted micellar parameters of 10 mM aqueous mixed gemini surfactant systems at
different temperatures (T).

T 0.4
x16-Eda-16

0.6
x16-Eda-16

0.6
x16-4-16

0.6 x16-Isb-16

K Bi-layer thickness (Å) Semi-major axis a
(Å)

Semi-minor axis b
(Å)

303 22.0 23.0 25.0 104.0 20.0
323 20.3 20.7 26.2 132.2 20.0
343 17.8 21.2 25.8 137.5 20.0
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reported for typical PAH (anthracene or pyrene) have been compiled
and compared with the present surfactant systems (Table 6)
[23–25,39,55,56]. Moreover, one of the systems (having 16-Eda-16 +
12-4-12A) shown similar efficacy (towards vesicle formation as well
as MSR) though it contains a biodegradable spacer (-Eda-) [23]. This in-
dicates that less biodegradable spacer containing gemini can be re-
placed by the above system without losing the efficacy towards
hydrophobic molecule solubilization. To get insight regarding the site
of solubilization, co solubilization (solubilization of one PAH in presence
of other) experiment has also been performed and the data are
discussed.

3.5. Co-solubilization of PAHs in the mixed gemini surfactant system

Co-solubilization of a pair of PAHs (pyrene and anthracene) are per-
formed in two geminimixtures (one each from polymethylene/Eda and
Isb/Eg). The co-solubilization data are compiled in Table 7. Data show
that solubilization of an individual PAH can increase or decrease on
co-solubilization of another PAHs. As mentioned earlier, the solubiliza-
tion site of a particular PAH has a role to play in the co-solubilization
of more than one PAH. If the solubilization site is common for the
PAHs in the pair, the solubilization content of oneof themmaydecrease.
However, if the two PAHshas differentmicellar solubilization sites, their
mutual presence may increase solubilization content due to increased
hydrophobic interactions caused by the presence of PAHs. This indeed
was observed in Table 7. Here, MSR values of anthracene increase in
presence of pyrene. Additionally, pyrene solubilization (singly or with
anthracene) shows increase or decrease depending upon system com-
position. However, the vesicular system shows a significant increase in
MSR of anthracene in presence of pyrene. Contrary to this, MSR of
pyrene shows composition dependence in presence of anthracene. A
detailed study is needed to get further insight.

3.6. Vesicles size variation after PAH solubilization

As mentioned above, vesicular systems show higher solubilization
efficacy with each PAH. SANS data (Fig. 10) are collected in order to
get an idea about the vesicle thickness variation on solubilizing PAH.

Data of Table 8 show that vesicles forming system have charges of the
different signs (+ or −). The negative vesicles show nearly no change
in bilayer thickness due to the solubilization of anthracene or pyrene.
However, positively charged vesicles show significant changes in bi-
layer thickness with the solubilization of anthracene or pyrene. This
may be due to electrostatic repulsion between electron cloud of PAH
and head group charge of the mixed vesicles. In the former case (0.4
x16-eda-16) this repulsion in the vesicular interior has less effect on bi-
layer thickness as indeed observed. On the other side in case of positive
vesicles, one can expect electrostatic attraction between the vesicular
head and electron cloud of a typical PAH. This may predominant hydro-
phobic interaction and responsible for higher bilayer thickness. How-
ever, when one PAH is added in presence of another bilayer thickness
shows a significant reduction. More data are needed to generalize the
trend. Itmay bementioned here that electrostatic interaction (repulsion
or attraction) may change the polarity of the vesicular aggregates and
hence interaction and solubilization site of the PAH. Therefore, aggre-
gate (vesicles or micelle) electrostatics is needed before optimizing
the solubilization process for a typical hydrophobic solubilizate. A com-
bined effect of all the above factors seems responsible for the trend
shown by the data of Table 7.

4. Conclusion

The study was designed to exploit the nature of the spacer (and
composition), in a typical cationic gemini surfactant (one of the compo-
nents of the oppositely charged gemini mixture), in producing aggre-
gates of varied solubilization efficacies. Both synergistic (−ß) and
antagonistic (+ß) interactions are noticed. Zeta (ζ)-potential data
show the aggregates of varied electrostatics. However, composition be-
tween 0.4 and 0.6 (mole-fraction) shows the formation of vesicles with
moderate charge. Heating causesmarginal changes in the bi-layer thick-
ness of the vesicular aggregates. Enhanced PAH solubilization has been
found in vesicles (tailored by spacer nature/composition). Non-
biodegradable spacer containing gemini can be replaced by biodegrad-
able spacer one without affecting solubilization efficacy. MSR (of co-
solubilized PAHs) data also show the variation of solubility in simulta-
neous presence of PAHs as reported earlier [66]. Strategies can be ex-
tended for the enhanced solubilization of other hydrophobic materials
such as dyes, drugs or pesticides [72–74].
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Table 8
PAH(s) solubilization effect on Bi-layer thickness of vesicles in aqueous solution at 303 K.

System Bi-layer thickness (Å)

Zeta-potential Without PAH Anth Pyr Anth-Pyr Pyr-Anth

0.4 x16-Eda-16 −44.8 22.0 21.7 22 22.3 21.8
0.6 x16-Eda-16 +57.3 23.0 19.7 62.5 22.5 21.2
0.6 x16-4-16 +79.4 25.0 55.4 38.7 – –
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Fig. 10. SANS spectra of 10 mM aqueous mixed gemini surfactant system (16-Eda-16 + 12-4-12A) after solubilizing PAHs (a) 0.4 x16-Eda-16 (b) 0.6 x16-Eda-16.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2019.01.097.
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Micellization and clouding behaviors of an anionic gemini surfactant, phosphoric acid, P, P′ 1,4 butanedieyl P, P
′ didodecyl ester, disodium salt (12-4-12A), in aqueous solution, have been investigated in the presence of a sur-
face active ionic liquid (SAIL), tetra n pentylammonium bromide (TPeAB). Critical micelle concentration and 1H
NMR data show synergistic interactions/intercalation of n pentyl chain between the 12-4-12Amonomers consti-
tuting themicelle, respectively. 12-4-12A+TPeAB system showed the cloud point (CP) at distinctly lower [12-4-
12A]. Amino acid/cyclodextrin has been used to tune the CP. DLS and TEM data suggest the formation of n pentyl
chain (of the SAIL) mediated linked aggregates whose size decreases with lowering [TPeAB] while compactness
increases by β-CD. POMdata showed that larger aggregates are formed near the CP. Thismay be due to increased
hydrophobic interactions (between dodecyl chains of the gemini and pentyl chains of the TPeAB) and decreased
electrostatic repulsion (as indicated by lowering zeta-potential value at CP). Mixtures, with or without β-CD, are
used for solubilization/co solubilization of polyaromatic hydrocarbon (PAHs-anthracene, pyrene or fluorene).
Molar solubilization ratio (MSR) has been computed using UV–Visible spectrophotometry. The percentage
MSR value increases in order: Anthracene N Pyrene N Fluorene in comparison to pure 12-4-12A. Cloud point ex-
traction of anthracene shows that it concentrates ~93% in surfactant rich phase (SRP). However, anthracene con-
tent decreases (~80%) when the system contains β-CD. GZrO2 nanocomposite has shown nearly complete
adsorption of anthracene. Strategies, like mixed micellization, tuning of clouding and co-solubilization, can en-
hance solubility/bioavailability, extraction and subsequent degradation of PAHs from the aquatic/soil
environment.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Micellization, clouding, and solubilization represent among the
three important phenomena shown by surfactants (above their
critical micellar concentration, cmc) in aqueous solution. Mixing
oppositely charged amphiphilic molecules in aqueous solution gen-
erates self-assembly with the feature of heating response. In various
applications, oppositely charged surfactant mixtures produce a syn-
ergistic effect (e.g., decrease in cmc [1]). Many reports are available
regarding the solution behavior of themixing of conventional surfac-
tants with gemini or dimeric ones [2]. However, mixing of surface ac-
tive ionic liquids with conventional or gemini surfactants has not
been studied many times [3–6].

Most non-ionic surfactant solutions turn cloudy at a specific temper-
ature known as cloud point, CP. For ionic surfactants, the phenomenon
occasionally occurs, presumably due the presence of electrostatic repul-
sionswhichpreventsmicelles to come close to each other [7].Moreover,
addition of a few symmetrical and unsymmetrical quaternary salts
(ionic liquids) to the anionic surfactant solution causes CP phenomenon
under certain range of concentration [8,9]. The phenomenon has also
been reported in surfactants systems where tetra-n-butyl ammonium/
phosphonium (TBA+/TBP+) was part (counter ion) of the anionic sur-
factant molecule [10–13].

The above intriguing clouding behavior of ionic surfactant solution
has been explained in terms of Van der Waals and electrostatic attrac-
tions, penetration effect of alkyl/phenyl chains/rings (of quaternary
counter-ion) and solvation/hydration [12]. The alkyl chains of quater-
nary counter-ion may get penetrate between monomers of the micelle
due to hydrophobic interactions. However, geometric constants make
it difficult for all alkyl chains (of the salt) to penetrate the micellar sur-
face. Two directions may be chosen for partitioning of alkyl chains: one
is towards bulk aqueous phase and the other towards micellar interior
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[14]. Alkyl chains towards bulk water may produce a temporary hydro-
phobic region at themicellar surface [15]. This temporary regionmay be
utilized as an additional site to enhance solubilization potential of the
hydrophobic material [16]. The above clouding behavior (of the
water-based system) seems more biocompatible and greener than the
routinely used hazardous organic solvent-based extraction [17]. How-
ever, additive could provide a further control on the CP, and enhance
the potential of clouding phenomenon using charged micellar solution
[18].

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic
matter present in the soil sediments and aquatic environment [19]. Sig-
nificant interest has been shown by various groups to remove them
from the contaminated site [20]. Themicellar systemhas a hydrophobic
regionwhich can accumulate PAHwith a concomitant increase inwater
solubility and can be a potential method in solubilizing and removing
PAHs [21–24].

Gemini or dimeric surfactant, with special molecular architecture,
[25] may bring out a few novel solution behaviors including clouding
phenomenon. Gemini micelle can strongly bind with counter-ion
which can facilitate requirement of clouding phenomenon according
to Kalur and Raghavan [26]. Further, presence of spacer can provide ad-
ditional interaction featureswith another amphiphilicmolecule or addi-
tive [27,28]. These factors may facilitate clouding phenomenon,
however, only a few reports are available on clouding phenomenon in
ionic gemini surfactant solution having oppositely charged surfactant
or ionic liquid [5,27,29]. In one of the above studies, [5] surface active
ionic liquid (tetra n propyl ammonium bromide) is required in large ex-
cess (~500 mM) to achieve the CP with anionic gemini surfactant.

In another study [27], the phenomenon was observed during the
morphological transitions, in aqueous oppositely charged ionic surfac-
tants, and clouding was not the focus of the study. The work reported
here is, therefore, relevant not only to increase the understanding of
mixed micellization or clouding phenomenon but also to improve the
utilization of gemini based systems (with surface active ionic liquid
with or without additives) for the solubilization (and hence increased
bio-availability) of hydrophobic compound (e.g., PAH).

This study is aimed at the mixing of anionic gemini surfactant, phos-
phoric acid, P,P′ 1,4 butanedieyl P,P′ didodecyl ester, disodium salt (12-4-
12A)with surface active ionic liquid (SAIL, tetra n pentylammonium bro-
mide, TPeAB) with respect to their micellization, interaction, clouding
(with andwithout additives) and solubilization potential. The investiga-
tions have been performed to determine: i) cmc of single andmixed sys-
tems, ii) CP – [gemini]/[TPeAB] correlation, iii) influence of additive
(amino acid or cyclodextrin) on CP, iv) molar solubilization ratio
(MSR) with individual and their simultaneous presence (in pairs) at
30 °C or just below the CP (40 °C), v) CP extraction of anthracene in sur-
factant rich phase (SRP) and vi) adsorption of extracted anthracene
from the SRP to graphene-Zirconium Oxide (GZrO2-NC) nanocompos-
ite. Recently, cyclodextrin solutions have also been used for the extrac-
tion of various PAHs from the contaminated soil [30]. Being among first
few reports, it is desirable to get insight into the synergistic exploitation
of oppositely charged amphiphilic system (anionic gemini + SAIL with
or without additive) which shows clouding. The system has been found
to facilitate PAH solubilization in the single or binary state (co-solubili-
zation). Clouding at low temperature/concentration may find use in
cloud point extraction/purification of various charged/neutral and ther-
mally labile hydrophobic molecules (e.g., biomolecules) [18,31,32].

2. Experimental section

2.1. Materials

Synthesis and characterization of diphosphate anionic gemini sur-
factant (12-4-12A) has been reported elsewhere [22]. The purity of
12-4-12A was ensured by the absence of minimum in surface tension
(γ) vs log [12-4-12A] (Fig. S1. see supplementary information). TPeAB

(≥99%, Sigma-Aldrich, St. Louis, MO, USA), Glycine (≥99%, Sigma-
Aldrich, St. Louis, MO, USA), L-leucine (≥98%, Sigma-Aldrich, St. Louis,
MO, USA), L phenylalanine (≥99%, Sigma-Aldrich, St. Louis, MO, USA),
α cyclodextrin (98%, Spectrochem, Mumbai, India), β cyclodextrin
(99%, Spectrochem, Mumbai, India), Graphite fine powder extra pure
and Zirconium acetate [Zr (CH3COO)2] purchased from Loba Chemie
Pvt. Ltd., Mumbai, India. The water, used in preparing the sample solu-
tion, was double-distilled in an all-glass distillation setup (specific con-
ductivity within 1–2 μS·cm−1). Various surfactant + quaternary salt
solutions were prepared by taking requisite amounts of surfactant and
quaternary salt and making up the volumes with distilled water.

Graphene-Zirconium oxide nanocomposite (GZrO2-NC) has been
synthesized and characterized as reported earlier [33].

2.2. Methods

2.2.1. Conductivity measurement
Conductometric measurements are performed by a conductivity

meter (EUTECH cyber scan CON510 (cell constant 1 cm−1)) with an in-
built temperature sensor. A pre-calibrated conductivity cell was used to
get specific conductance at an appropriate concentration range. The
sample temperature has been precisely maintained by a SCHOTT CT
1650 thermostatwith an accuracy of±0.1 °C. The cell with an appropri-
ate amount ofwater (in a vessel) is thermostat for at least 30min before
starting the measurement. The conductivity runs were carried out by
adding a concentrated surfactant solution to the water. The cmc values
for the 12-4-12A and TPeAB (Fig. S1(b)) are determined from the inter-
section point of two straight lines (in the plot of the specific conduc-
tance (κ) vs [surfactant]) and the ratio of the slopes of the post-
micellar to that of the pre-micellar portions of the plot, respectively.

2.2.2. Surface tension measurement
cmc values are also determined from surface tension measurements

(at 30±0.1 °C) using a Du-Nouy detachment tensiometer (Win – Son &
Co., Kolkata) with a platinum (gold joint) ring. The tensiometer was cal-
ibrated using double distilled water. A known volume of water was
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Fig. 1. Plot of specific conductance (κ) vs concentration of pure 12-4-12A and
representative12-4-12A+ TPeAB mixed systems at two different mole fractions of
surface active ionic liquid (xTPeAB) in aqueous solution at 30 °C.

Table 1
Critical micelle concentration (cmc) of anionic gemini surfactant (12-4-12A) and surface
active ionic liquid (TPeAB).

Surfactants cmc (mM)

Conductometry Tensiometry

12-4-12A 0.55 0.50
TPeAB 20.5 20.6
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added to a vessel containing a stock solution (30 ml) of 12-4-12A or
TPeAB. Solutionswere stirred every time carefully to check the foaming.
Set of three successive observationswas recorded at each concentration
(deviation was ±0.2 mN/m).

2.2.3. NMR measurement
1H NMR spectra were obtained with Bruker NMR spectrometer with

a proton resonance frequency of 400.15MHzat 298 K. The experimental
details are given elsewhere [12].

2.2.4. Cloud point (CP) measurement
Cloud point (CP) data are acquired by placing samples containing

12-4-12A solutions, with a fixed concentration of SAIL, into a
temperature-controlling thermostat (SCHOTT CT 1650). The tempera-
ture of the sample solution was precisely controlled with an accuracy
of±0.1 °C. Temperatures at onset and disappearance of turbidity (visual
observation) have been noted (by adopting heating-cooling cycle). The
average of above two temperatures was taken as the CP. The measure-
ment was repeated for the same sample and nearly two concurrent
values (within±0.1 °C)were considered as thefinal CP. Similar CPmea-
surements were made on different fixed concentrations of 12-4-12A
and varying the [TPeAB]. The method was also adopted to get CPs in
the presence of amino acid/cyclodextrin.

2.2.5. Dynamic light scattering (DLS) and zeta (ζ)-potential measurements
Average hydrodynamic diameter (Dh) and Zeta (ζ) - potential mea-

surements were performed on a SZ-100 nanoparticle size analyzer
(HORIBA, Japan). This instrument is equipped with a green (5320 Å)
laser and photomultiplier tube detectors. The technique is based on
the time dependent fluctuation in the intensity of scattered light
through a suspension of particles under random motion. Analysis of

intensity fluctuation allows to compute diffusion coefficients which
are used in Storks-Einstein for the determination of the Dh. About
0.5 ml of sample solution was transferred into dipped electrode plastic
cuvette through nylon membrane filter (0.22 μm) and placed in a sam-
ple chamber. Data are average of 5 decay cycles (each decay cycle is of 5
runs with a 5 s interval).

2.2.6. Transmission electron microscopy (TEM)
TEM images were obtained with a JEOL JEM 2100 transmission elec-

tronmicroscope accelerating at a voltage of 120 kV. Other experimental
details are same as reported elsewhere [23].

2.2.7. Polarizing optical microscopy
To visualize the aggregates and their transformation at higher tem-

perature (~CP), Polarizing optical microscope (POM), Nikon eclipse Ci
POL microscope fitted with Linkem heating stage was used.

2.2.8. Solubilization experiment
The solubility of PAHs has been determined in aqueous surfactant

+ ionic liquid system (single or mixed) by adding an excess amount
of PAH (fluorene; Flu, anthracene; Anth or pyrene; Pyr: physical data
are provided in Table S1, see the Supplementary Information). Aqueous
12-4-12A + PAH (or 12-4-12A with TPeAB + PAH) mixture has been

Table 2
Micellization parameters (critical micelle concentration, cmc, by conductometrically) and
interaction parameters (by using Rubingh's method) of mixed system (12-4-12A and
TPeAB) at different mole fraction (x) in aqueous solution at 30 °C.

xTPeAB cmcexp (mM) cmcideal (mM) X1
m Xideal βm

0.0 0.55 – – – –
0.2 0.30 1.46 0.743 0.993 −8.10
0.33 0.12 1.23 0.651 0.987 −12.39
0.5 0.10 0.93 0.619 0.974 −13.19
0.6 0.08 0.76 0.598 0.961 −14.41
0.71 0.07 0.56 0.578 0.939 −15.46
1.0 20.5 – – – –
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Fig. 2. Critical micelle concentration (cmc, by conductometrically) variation of mixed
system (12-4-12A + TPeAB) with mole fraction of TPeAB (xTPeAB) in aqueous solution at
30 °C. The plot represents experimental and ideal values (calculated from Clint model).

Fig. 3. 2D NOESY 1H NMR spectra of mixed system (2 mM 12-4-12 A + 2 mM TPeAB) in
D2O.
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Fig. 4. Cloud Point (CP) of anionic conventional (sodium dodecylsulfate, SDS) and gemini
surfactant (12-4-12A) as function of concentration of TPeAB.
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equilibrated for 48 h before centrifugation to remove excess PAH. The
solubilization of PAH in micellar solution has been analyzed, at respec-
tive λmax, by UV–Visible spectrophotometer (Shimadzu, UV-2450) hav-
ing a quartz cell (path length 1 cm) at 303 K. The composition of the
surfactant (or mixture) was the same in both reference and measure-
ment cell to remove its effect on the UV-absorbance. Concentrations of
PAH are calculated by Lambert-Beer law (using respectivemolar extinc-
tion coefficients (ε) values of each PAH) [34,35]. The molar solubiliza-
tion ratio (MSR) is the number of moles of the PAH solubilized per
mole of the gemini present in the solution. MSR can be calculated by
using following equation,

MSR ¼ St−Scmcð Þ
Ct−Ccmcð Þ ð1Þ

where, St is the total PAH solubility in themixture system at a particular
total surfactant concentration Ct. Scmc is the solubility of the PAH at the
cmc of the mixture (Ccmc).

2.2.9. Extraction/adsorption experiment
A typical PAH (e.g., Anthracene) has been extracted from the surfac-

tant solution by standing it 20 °C above its CP (40 °C). The SRP has been
separated and diluted to determine the extracted content of anthracene
using spectrophotometry as given in the earlier section. The SRP is also
used for adsorption experiment using GZrO2-NC.

3. Results and discussion

3.1. Micellization behavior

3.1.1. Micellization of single 12-4-12A/TPeAB
Conductometry (Fig. 1) and Tensiometry (Fig. S1a see supplemen-

tary information) result almost similar cmcs (Table 1) which indicate
the validity of the measurement. However, a little variation in cmc
values is mainly due to the nature of the technique and its response to

the micellization (surface tension is mainly sensitive to [monomeric]
form as micelles are non-surface active while conductance depends on
the mobilities of ionic species). TPeAB has much higher cmc than 12-
4-12A. This may be due to four short n-pentyl chains whichmay hinder
the packing in TPeAB micelles. The absence of minima in Fig. S1a en-
sures the purity of the 12-4-12A. In the solution, TPeAB furnishes
TPeA+ (+vely charged surface-active species) and Br¯. This can interact
with anionic micelle (of 12-4-12A) and produces synergistic interac-
tions (electrostatic interaction). In the next section, such interactions
are studied by cmc measurements (conductometrically) at various
mole fractions of 12-4-12A and TPeAB.

Fig. 5.DLS data for 2 mM 12-4-12A+ 38mM (or 80mM) TPeAB with (a) and without β-
CD (b, c).

Table 3
Average hydrodynamic data (bDHN) and Zeta (ζ)-potential values for various mixed Sys-
tem at two different temperatures (T).

System bDHN ζ-potential

30 °C 40 °C 30 °C 40 °C

2 mM 12-4-12A + 80 mM TPeAB 9.1, 461 19.8, 252 −2.6 −1.2
2 mM 12-4-12A + 38 mM TPeAB 3.7, 256 4.8, 295 −13.4 −9.2
2 mM 12-4-12A + 38 mM TPeAB + 7.3 mM
β-CD
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Fig. 6. Cloudpoint (CP) variations, for different concentrations of 12-4-12-A,with [TPeAB].
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Fig. 7. Interplay between [12-4-12A] and [TPeAB] to obtain CP at 40, 50 or 60 °C.

Table 4
Linear Regression data for conventional (SDS) and gemini (12-4-12A) surfactant for the
interplay of [surfactant] – [TPeAB] to get CP at different temperature (40–70 °C).

CP (°C) SDSa 12-4-12 Ab

S I R S I R

40 – – – 1.55 72.35 0.984
50 0.279 2.877 0.997 1.60 23.48 0.986
60 – – – 1.51 9.20 0.998
70 0.271 1.448 0.998 – – –

a Data taken from#8.
b Data taken from Fig. 8.
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3.1.2. Mixed Micellization of 12-4-12A with TPeAB
cmc measurements (Fig. 1) have also been performed in the mixed

aqueous system (12-4-12A + TPeAB) at various mole fractions and
data are compiled in Table 2. CMC variation with a mole fraction of
added TPeAB, to12-4-12A, has been shown in Fig. 2. A pseudo phase
separation model has been applied to evaluate how the cmcs of binary
mixtures (12-4-12A + TPeAB) deviate from the ideal mixing [36]. The
cmc values of the mixture (cmcexp) are found lower than the individual
components of the mixture (12-4-12A(cmc1) or TPeAB (cmc2)). For a
mixture of oppositely charged surfactant and surface active ionic liquid
(TPeAB), a relation (Eq. (2)) exists for ideal mixing [37].

1
cmci

¼ x1
cmc1

þ x2
cmc2

ð2Þ

where, x1 and x2 aremole fractions of 12-4-12A and TPeAB, respectively.
The cmc for ideal mixing (cmci) of oppositely charged components can
be determined using Eq. (1). The negative variation of cmcexp from
cmci (Fig. 2) indicates synergistic interaction in various mixtures
(Table 2). Following expression (Eq. (3)) has been proposed based on

regular solution theory [38].

Xm
1

� �2 ln cmcexpx1=cmc1X
m
1

� �h i

1−Xm
1

� �2 cmcexp 1−x1ð Þ=cmc2 1−Xm
1

� �� � ¼ 1 ð3Þ

X1
m denotes the mole fraction of 12-4-12A in the mixed micelle. The

Ideal micelle mole fraction of 12-4-12A (X1
i) can be calculated using

Motomura's approximation [39].

Xi
1 ¼ x1cmc2

x1cmc2 þ 1−x1ð Þcmc1
ð4Þ

Mostly, the interaction parameter (βm) has been used to understand
the nature and strength of the interactions between different amphi-
philic molecules (constituting the mixture) and can be obtained by ap-
plying following expression (Eq. (5)) [40],

βm ¼ ln cmcep1=cmc1X
m
1

� �� �
= 1−Xm

1

� �2 ð5Þ

As cmcexphas been found lower than the cmci, βmvalues are expected
to be negative in each case (synergistic effect). This indeed was

Fig. 8. Polarizing optical micrographs of 2 mM 12-4-12A + 80 mM TPeAB aqueous system at different temperatures.
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observed (Table 2). The behavior is the result of the packing of TPeAB
and 12-4-12A monomers in the mixed micelle (and the resultant
cmcexp). The data related to cmcexp, cmci, cmc1, cmc2, X1

m, X1i and βmare
tabulated in Table 2.

2D NOESY spectra of 12-4-12A + TPeAB solution have been shown
in Fig. 3. Details of various peaks and respective protons for 12-4-12A
and TPeAB are given (Fig. S2 see the supplementary information) in
the spectra. Intermolecular interaction is clearly reflected from the
cross peaks shown in 2D NOESY spectra. Cross peaks between N1-N3/
N4, N1-N2, and GS1-N3/N4 protons show space interaction which indi-
cates the intercalation of pentyl chain of TPeA+ between gemini mono-
mers of the micelle. Probably this interaction of the chains (pentyl and
dodecyl of SAIL and gemini, respectively) is responsible for negative
βm (synergistic effect) as has been discussed above.

3.2. Clouding behavior

3.2.1. Clouding phenomenon in aqueous 12-4-12A with TPeAB
Many SAILs (quaternary salts) have been tried in combination with

12-4-12A to observe the appearance of the clouding phenomenon at el-
evated temperature. However, the phenomenon has been observed
only with TPeAB. Fig. 4 shows the variation of CP, with the addition of
TPeAB to solutions of 12-4-12A and sodium dodecylsulphate (SDS). A
perusal of CP data shows that more amount of TPeAB is required to ob-
serve CP with 12-4-12A than SDS (for equal [surfactant], 10 mM). This
may be due to the fact that 12-4-12A has two anionic −PO4

−head
groups which require more SAIL (TPeAB) to neutralize the head group
(s) charge. Further, nature of head group (−PO4

−or−SO4
−)may also in-

fluence its interaction with the TPeA+ and may contribute in the re-
quirement of higher concentration of TPeAB to produce clouding. [41]
Above two interrelated factors seem responsible for the behavior
shown in Fig. 4. A detailed mechanism of the appearance of clouding
phenomenon in the ionic surfactant solution, with such quaternary
salts, has been reported elsewhere [11,12]. The TPeA+ contains four
n pentyl chains, in addition to a positive charge on the central N-atom,
therefore, the cation can interact with the negatively charged micellar

surface (electrostatically) as well as interior part of the anionic micelle
(hydrophobically). Due to above interactions, micelles would be of
much lower charge (pseudo–nonionic) and larger size (with close inter-
actions among them through pentyl chains). All these factors are re-
sponsible for dehydrated micelle and the observed clouding behavior.
The mechanism is well supported by earlier findings [7,10,14,42]. DLS
and zeta-potential data (Fig. 5 and Table 3) support the above proposi-
tion of increased micellar size and lowering of micellar charge as the
system moves towards CP. Two morphologies have been shown by
DLS results. NMR data discussed earlier show the intercalation of pentyl
chain(s) A plausible explanation is the assumption that the two n-
pentyl chains would embedded towards the micellar interior while
the remaining two pointed towards the aqueous phase [10,13,14]. The
latter pentyl chains may connect micellar aggregates. However, each
micelle has not been expected to involve in the process of micellar
linking and can be the cause of formation of two differentmorphologies
near CP though they are formed by the same components. However,
higher aggregate sizes are chosen to compile Table 3. This is due the
fact that bigger aggregates are distinctly contribute towards clouding.
The reasons are discussed in detail in earlier study [12]. Fig. 4 show
that there exists a well-defined value of [TPeAB] for a particular [12-4-
12A]. The exact relationship between [TPeAB] and [12-4-12A] is
depicted in Fig. 6. From the fit of the straight-line plot (Fig. 7), one can
obtain the linear regression data (Table 4) which can be used to deter-
mine concentrations of gemini surfactant and surface active ionic liquid
to get CP at the desired temperature. To see the influence of tempera-
ture on micellar structures, POM micrographs (Fig. 8) were obtained
at room temperature, just below and at the CP. This study shows that
size of the aggregates increases as the system approaches the CP. This
observation has been in consonance with DLS results discussed above.
This may be due to dehydration of the micellar surface region and the
n-pentyl chain mediated linking of aggregates [10–12,43].

3.2.2. Effect of biocompatible additive on clouding behavior
Fig. 9 shows the variation of CP with cyclodextrin (CD) addition. An-

ionic gemini surfactant is expected to form an inclusion complex with

Table 5
Molar Solubilization Ratio (MSR) of PAHs in different aqueous single and mixed (12-4-12A + TPeAB) system at room temperature (30 °C) and near cloud point (39 °C).

Systems MSR

Anthracene Pyrene Fluorene

30 °C 39 °C (~CP) 30 °C 39 °C (~CP) 30 °C 39 °C (~CP)

TPeAB (80 mM) 0.000042 0.000063 – – – –
12-4-12A 0.0012 0.0024 0.0061 – 0.0205 –
12-4-12A (10 mM) 0.0261 0.0293 0.0381 – 0.0910 –
12-4-12A(1 mM) + TPeAB (80 mM) 0.0103 0.0115 – – – –
12-4-12A (2 mM) + TPeAB (80 mM) 0.0119 0.0143 0.113 0.122 0.165 0.210
12-4-12A (5 mM) + TPeAB (80 mM) 0.0058 0.0066 – – – –
12-4-12A(10 mM) + TPeAB (86 mM) 0.0032 0.0046 – – – –
12-4-12A (2 mM) + TPeAB(38 mM) + β Cyclodextrine(7.3 mM) 0.0226 0.0264 0.0817 0.0896 – –

Fig. 11. Negative stained TEM images of aggregates of 2 mM 12-4-12-A with: (a) 80 mM TPeAB, (b) 38 mM TPeAB; (c) 38 mM TPeAB + 7.3 mM β-CD.
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CD's, affecting the aggregation process of the gemini itself [44]. For gem-
ini surfactants, the stoichiometry of CD-surfactant complexes depends
upon spacer chain length (of gemini) and cavity size (of CD) [45]. In a
separate work, it has been shown that two-tailed surfactant interacts
with CD via inclusion of one tail in the cavity [46]. These facts indicate
that the two CDs behave differently when present in an aqueous surfac-
tant solution. The CP behavior of 12-4-12A is also different (α-CD in-
creases the CP while β-CD shows a reverse trend). Probably an extra –
OH group together with large cavity size will bound more water and
gemini monomers, respectively, and hence CP decreases with β-CD as
can be seen in Fig. 9. Data hint towards the formation of a more hydro-
phobic complex with β-CD which can separate out at a lower tempera-
ture as indeed observed from the CP lowering effect. A similar type of CP
decrease in presence of hydrophobic alkanols has been interpreted by
taking hydrophobic interactions into consideration [47].

Fig. 10 shows the interplay of CP-[amino acid]. CP variation depends
on the nature of amino acid. CP increases with a relatively hydrophobic
amino acid (L phenylalanine), nearly constant with less hydrophobic
(L leucine) and decreases with a hydrophilic amino acid (glycine).
Each amino acid has similar functionalities with a structurally different
side chain. In an earlier report, the rate of ninhydrin-amino acid reaction
has been found to increase with the hydrophobicity of the amino acid
[48]. Being a polar amino acid, glycine prefers headgroup region of the
micelle and may replace head group region water with a concomitant
decrease in CP. Contrary to this, other amino acids prefer micellar inte-
rior and can compete with the alkyl chains of surface active ionic liquid
(TPeAB) present in the micellar interior. This would hinder the hydro-
phobic interaction of gemini alkyl chains and n pentyl chain of the
TPeAB. Probably, this is responsible for constancy (with leucine) or in-
crease in CP (with L phenylalanine).

3.3. PAH solubilization studies in 12-4-12A + TPeAB with and without
additives

3.3.1. Interplay of [12-4-12A], [TPeAB] and CP on single PAH solubilization
Based on CP variation (Fig. 6), sample (having CP at 40 °C) has been

chosen for anthracene solubilization (Table 5) and to compare it at 30 °C
(for the same system). Anthracene has been selected for solubilization
as it has least aqueous solubility (among all the PAHs studied here) in
aqueous, micellar and mixed micellar systems [22,49]. The idea behind
this experiment (Table 5) was to exploit the advantages of the mixed
system together with clouding phenomenon (and also temperature ef-
fect). It has been reported that hydrophobicity of the surfactant system
has been found maximum just below the CP [11].

Data show that anthracene solubilization (MSR value) increases in
the presence of TPeAB. MSR increases further as the system (1 mM
12-4-12A + 80 mM TPeAB) approaches the CP (40 °C). MSR, under
the similar conditions (40 °C and 80 mM TPeAB), increases with [12-
4-12A] to 2 mM. However, further increase of [12-4-12A] or [TPeAB]
causes a decrease in anthracene MSR. This allows us to choose 2 mM
12-4-12A + 80 mM TPeAB system for the solubilization study of other
PAHs at both the temperatures (30 °C and at just below CP (40 °C)).
Again, pyrene and fluorene solubilization increases near CP as observed
with anthracene. Therefore, CP has a distinct influence on solubilization
phenomenon of PAHswhichmay be due to structural growth near CP as
reported in our earlier studies [11,12].

3.3.2. Solubilization of PAHs in 12-4-12A+ TPeAB+ β cyclodextrin system
Recently, extraction of PAHs from soil has been reported in aqueous

β cyclodextrin (β-CD). [30] Table 5 also shows MSR data related to sol-
ubilization of PAHs in the system, having CP 40 °C, adjusted by β-CD
(which reduces the requirement of TPeAB to 38 mM). The system is
greener (due to β-CD) and also showed better solubilization potential,
for anthracene than the system containing 80 mM TPeAB, (Table 5).
However, the system shows limitation towards pyrene solubilization.
This may be due to different solubilization sites of anthracene and
pyrene in the micellar system. Anthracene solubilizes in the outer re-
gion of the micellar interior while pyrene goes in the inner micellar
core [50]. β-CD has several hydroxyl groups together with the hydro-
phobic region in the rim of the bucket type structure. Probably, due to
above structural features, theβ-CD system ismore effective towards an-
thracene solubilization. To get insight about the morphologies present
in the above two systems (with and without β-CD), TEM micrographs
were acquired (Fig. 11). A system with β-CD shows more compact
structures as compared to open fragmented/smaller structures seen in
the sample without β-CD with 80 mM or 38 mM TPeAB. Probably
these compact structures are responsible for higher MSR with an-
thracene. Moreover, such system may also find potential application
for extracting thermo-responsive biological compounds such as vita-
mins, proteins, drugs, nucleotides etc. [51,52].

3.4. Co-solubilization of PAHs

Since PAH contaminated sites (e.g., aquatic and soil matrix) contains
amixture of different PAHs,multiples PAHs solubilization canmimic the

Table 6
PAHs solubilization parameters (molar solubilization ratio, MSR; micelle-aqueous phase partition coefficient, ln Km) of 2 mM 12-4-12A + 80 mM TPeAB in aqueous solution at two dif-
ferent temperatures (T).

T (°C) Anth Anth-Pyr Anth-Flu Pyr Pyr-Anth Pyr-Flu Flu Flu-Anth Flu-Pyr

MSR
30.0 0.012 0.013 0.013 0.113 0.129 0.152 0.165 0.105 0.322
39.5 0.014 0.027 0.031 0.122 0.173 0.203 0.210 0.205 0.388

ln Km

30.0 8.08 8.07 8.17 10.4 10.14 10.12 10.88 10.49 10.37
39.5 8.27 8.24 9.18 10.3 10.16 10.15 11.13 10.62 10.50
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Fig. 12. Change in solubilization (RΔMSR) % of individual PAH (in pair) at 30 °C and 40 °C
(just below the CP) in 2 mM 12-4-12A+ 80 mM TPeAB system: (a) Anthracene (Anth) -
Fluorene (Flu); (b) Anthracene (Anth) – Pyrene (Pyr); (c) Pyrene (Pyr) - Fluorene (Flu).
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situation for selective micellar solubilization from different PAHs. For
the purpose, co-solubilization of three different pairs of PAHs selected
and solubilization studies are performed in 2 mM 12-4-12A+ 80 mM
TPeAB. The co-solubilization data are compiled in Table 6. Data show
that solubilization of an individual PAH can increase or decrease on
co-solubilization of another PAHs. As mentioned earlier, solubilization
site of a particular PAH has a role to play in the co-solubilization of
more than one PAH. If the solubilization site is common for the PAHs
in the pair, the solubilization content of one of them may decrease.
However, if the two PAHs has different micellar solubilization sites,
their mutual presence may increase solubilization content due to in-
creased hydrophobic interactions caused by the presence of PAHs
(MSR mentioned in bold numbers). This indeed was observed in
Table 6. Here, MSR values of anthracene increases in presence of pyrene
and nearly remain constant in fluorene. However, fluorene MSR de-
creases in presence of anthracene than the without anthracene. Addi-
tionally, pyrene solubilization (singly or with other PAHs) shows a
remarkable increase in presence of other PAHs. The increase was higher
in case of fluorene than the anthracene. This may be due to higher MSR
of fluorene in comparison of anthracene (single solubilization) which
subsequently provide more hydrophobicity to the micelle and concom-
itant higher solubilization of pyrene. This indeed observed from our co-
solubilization experiment (Table 6, and Fig. 12).

3.5. Extraction/adsorption of PAH

Anthracene solubilized systems with or without β-CD are used for
the extraction process. Anthracene has been found to partition in SRP
preferentially (Fig. 13) over surfactant lean phase (SLP). Almost all an-
thracene has been concentrated in SRP of the system without β-CD.
The lower content of anthracene, in the β-CD containing system, may
be due to the partitioning of β-CD both in SRP and SLP. β-CD in SLP
can solubilizedmore anthracene and restrict it to go in SRP. This propo-
sition may find support from the fact that β-CD contain several –OH
groups which has certain preference for water and making it β-CD
+watermixed solvent (probably less polar) and prefer to bindwith an-
thracene as reported in a recent study. [30] SRP with extracted an-
thracene has been used to determine the adsorption potential of
GZrO2 nanocomposite. Fig. 13 show that no anthracene left in the di-
luted SRP solution indicating nearly complete adsorption on the com-
posite. The information can be used for the possible degradation of
anthracene from the adsorbed state (degradation data will be reported
in the next communication). This may find support from a recent report
in which graphene-Titanium oxide has been used to photodegrade
polyaromatic hydrocarbon [53]. It is expected that present nanocom-
posite GZrO2 exhibit advanced hybrid properties from both the constit-
uent and have potential application in field of catalysis [54].
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4. Conclusion

This study was planned to exploit the positivity of the surfactant re-
search such as (1) performance of gemini (anionic) over conventional
surfactant, (2) synergism of mixed systems over individual ones,
(3) CP observance with 12-4-12A (with a SAIL, TPeAB) (4) tuning of
CP with biocompatible material (amino acid or cyclodextrine) (5) CP
observance at ambient temperature (~40 °C) with lower [12-4-12 A]
(2 mM) and [TPeAB] (38 mM, in presence of 7 mM β-CD) and (6) solu-
bilization of PAHs at different temperatures. Interaction and morphol-
ogies of the aggregates are confirmed by 1H NMR and POM/TEM
studies. POM data show bigger aggregates near CP while TEM results
show formation of compact aggregates in presence of β-CD. By adopting
above strategies, it was possible to increase MSR for anthracene (least
soluble PAHof the present study) from0.012 to 0.031 (2.58 times). Sim-
ilar increase was found with other PAHs. However, solubilization en-
hancement depends upon nature and site of solubilization of a
particular PAH (singly or in mixture). The study may find potential ap-
plications in increasing the bioavailability of the hydrophobic material
(PAHs, drugs, pesticides, organic pollutant etc.) and their subsequent
biodegradation (Scheme 1) [55].
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