THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCB

How the Type of Cosurfactant Impacts Strongly on the Size and
Interfacial Composition in Gemini 12-2-12 RMs Explored by DLS, SLS,

and FTIR Techniques

Victor E. Cuenca, R. Dario Falcone, Juana J. Silber, and N. Mariano Correa

&

Departamento de Quimica, Universidad Nacional de Rio Cuarto, Agencia Postal # 3. C.P., X5804BYA Rio Cuarto, Argentina

© Supporting Information

ABSTRACT: The limited amount of information about
reverse micelles (RMs) made with gemini surfactants, the
effect of the n-alcohols in their interface, and the water-
entrapped structure in the polar core motivated us to perform
this work. Thus, in the present contribution, we use dynamic
light scattering (DLS), static light scattering (SLS), and FT-IR
techniques to obtain information on RMs structure created,
with the gemini dimethylene-1,2-bis-
(dodecyldimethylammonium) bromide (G12-2-12) surfactant
and compare the results with its monomer: dodecyltrimethy-
lammonium bromide (DTAB). In this way, the size of the
aggregates formed in different nonpolar organic solvents, the
effect of the chain length of n-alcohols used as cosurfactants,

A - = ——
N - =
N o -4 N
p ‘N. / Br 0 e B
\ i HH FOHS Br
.’ P !N s e H
! Br 10-H / Br (] 0
H \ H H
M [N L H
. H o 2
I w- ] ot H
] Br H N ¥ H
I [ & H
Br . M ) kA Y
L _w- 0 | 1B % u
H M '
Hy W L
0 ) w0
v Ry \ H

and the water-entrapped structure were explored. The data show that the structure of the cosurfactant needed to stabilize the
RMs plays a fundamental role, affecting the size and behavior of the aggregates. In contrast to what happens with the RMs
formed with the monomer DTAB, water entrapped inside G12-2-12 RMs displays different interaction with the interface
depending on the hydrocarbon chain length of the n-alcohol used as cosurfactant. Thus, n-pentanol and n-octanol molecules are
located in different regions in the RMs interfaces formed with the gemini surfactant. n-Octanol locates at the RMs interface
among the surfactant hydrocarbon tails increasing the water—surfactant polar headgroup interaction. On the other hand, n-
pentanol locates at the RMs interface near the polar core, limiting the interaction of water with the micellar inner interface and

favoring the water—water interaction in the polar core.

1. INTRODUCTION

Reverse micelles (RMs) have attracted considerable attention
in the past two decades due to their ability to host hydrophilic
components in organic solvents"” and, at the present, for the
ability to act as scaffold in the synthesis of nanostructures.””
RMs are aggregates of surfactants dispersed in a nonpolar
solvent, in which the polar head groups of the surfactants point
inward and the hydrocarbon chains point toward to the
nonpolar pseudophase. Thus, water is easily solubilized in the
polar core, and the amount dispersed can be quantified as the
molar ratio W, (W, = [Water]/[Surfactant]). The structure of
the water solubilized inside the RMs depends on the type of
surfactant used and W, among others, and in many cases, the
structures may display unique properties.”®

It is known that cationic surfactants, such as cetyltrimethy-
lammonium bromide (CTAB), need the addition of
cosurfactant in order to form stable RMs.”® Although the
addition of n-alcohols of different chain length as cosurfactants
results in a strong modification of the micelle interface, there
are scarce efforts to elucidate the effect that the alcohol has on
different interfacial properties.” Short n-alcohol molecules tend
to locate in the polar part of the interface interacting with the
polar head of the surfactants, reducing the repulsion between
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the polar moieties of the surfactants. On the contrary, those
molecules with long hydrocarbon chain tend to locate in the
outer part, the nonpolar environment, of the RMs, thereby
enhancing the interaction of the surfactant tails and reducing
the interactions between RMs droplets."’""® This particular
behavior of surfactants with n-alcohols affects greatly the
amount of water that the cationic RMs are able to
encapsulate.'* Many studies on the properties of RMs (droplet
size, micropolarity, critical micelle concentration (CMC)) have
been conducted using “monomeric” surfactants (CTAB,
benzyl-n-hexadecyldimethylammonium chloride (BHDC),"
tetradecyltrimethylammonium bromide (TTAB),'® didodecyl-
dimethylammonium chloride (DDAC),"” etc.), but there have
been few reports using gemini surfactants to form RMs.'%"
Gemini surfactants are made up of two amphiphilic moieties
linked, at their polar head level by a spacer.'”*’ Quaternary
ammonium gemini surfactants have a nomenclature of the type
m-s-m where m indicates the number of carbons atoms in the
hydrophobic chain, and s indicates those in the spacer.
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Solubilized in water, gemini surfactants have gathered some
attention because of their extraordinary properties like small
CMC values in comparison with their monomers, excellent
wetting and foaming abilities,”’ great variety of micellar
shape,”** and rheological properties.”* However, studies on
their properties in RM systems are scarce.>>* CMC values of
the system G12-s-12/n-hexanol/n-heptane varying s revealed a
dependence with the length of the spacer s, increasing with s
from s = 2 to s = 5 and then CMC decreases with s.”° Studies of
the water structure dispersed by RMs were done through FT-IR
experiments revealing the presence of four different water types
inside the RMs: bulk-like water, cation-bound water, anion-
bound water and free water, which structures depend on the W,
value.”” However, these experiments are open to discussion
because they do not take into account the possibility of the
overlapping of the O—H overtones in the vibrational band
when pure water is used as were noted by Novaki et al.”® The
limited amount of information about RM media made with
gemini surfactants, the effect of the n-alcohols on interfacial
properties, and the water entrapped structure in the polar core
opens an interesting field of investigation. Thus, in the present
work, we study RMs formed with the gemini surfactant:
dimethylene-1,2-bis(dodecyldimethylammonium) bromide
(G12-2-12, see structure in Scheme 1A) in benzene using

Scheme 1. Chemical Structures of G12-2-12 (A) and DTAB
(B) Surfactants
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Dynamic Light Scattering (DLS), Static Light Scattering (SLS)
and FT-IR techniques to obtain information on different RMs
properties. In this way, the size of the aggregates, the effect of
the chain length of the cosurfactants, and the water-entrapped
structure were explored. Also, the results for RMs made with
the monomer dodecyltrimethylammonium bromide (DTAB,
Scheme 1B) surfactant are shown for comparison.

2. EXPERIMENTAL SECTION

2.1. Materials. N,N,N’,N’-Tetramethylethylenediamine
(electrochemical purity 99,5%) was purchased from Aldrich
and used without further purification. Dodecyl bromide was
purchased from Merck and purified using activated carbon
which was later removed by filtration. Dodecyltrimethylammo-
nium bromide (DTAB, Aldrich, 98%) was recrystallized twice
from ethanol (Cicarelli, 99.5%) and dried under vacuum prior
to use. Milli-Q water (18.2 MQ.cm) was used as polar solvent
in the preparation of RMs solutions. D,O and benzene from
Sigma (HPLC quality) were used without prior purification.
Monodeuterated water (HOD) was prepared by stirring a
solution of 10% D,O in H,O at room temperature for 1 h in
order to allow the exchange of H and D. Except those
otherwise noted, all solvents employed were HPLC grade and
were used without further purification. Synthesis and character-
ization of the Gemini 12-2-12 Surfactant (G12-2-12) is detailed
in the Supporting Information.
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2.2, Methods. 2.2.1. RMs Preparation. Volumetric dilution
method was used to prepare the n-alcohols:benzene stocks
solutions. Stock solutions of the surfactant (G12-2-12 or
DTAB) and/or water/surfactant were prepared by weight. In
order to prepare the solutions with variable W, stock solutions
were pipetted in 2 mL volumetric flasks, and the adequate
amount of water was incorporated into each micellar solutions
using calibrated microsyringes. Benzene saturated with
monodeuterated water was prepared by adding 20 uL of 10%
monodeuterated water to 2 mL of benzene; this mixture was
stirred for 24 h and then allowed to rest for a day. It should be
noted that to prepare gemini systems at the highest surfactant
concentration, 0.1 M, the RMs require the addition of a
minimum amount of water (W,™") to dissolve the surfactant
and to form a clear isotropic solution for both cosurfactant
used: n-pentanol and n-octanol (Table 1).

Table 1. Maximum Amount of Water Solubilized (W,™*) in
Benzene/G12-2-12/n-Alcohol and Benzene/DTAB/n-
Alcohol Systems at Two [surfactant] = 0.1 and 0.01 M [n-
alcohol] = 0.7 M and T = 25 °C

system [surfactant] (M) W™
benzene/G12-2-12/n-octanol” 0.1 28
benzene/G12-2-12/n-octanol 0.01 31
benzene/DTAB/n-octanol 0.1 20
benzene/DTAB/n-octanol 0.01 22
benzene/G12-2-12/n-pentanol” 0.1 41
benzene/G12-2-12/n-pentanol 0.01 40
benzene/DTAB/n-pentanol 0.1 23
benzene/DTAB/n-pentanol 0.01 27

“The systems require a minimum amount of water to solubilize the
surfactant. W,™" = 4.6. “W,™" = 5.0.

2.2.2. FT-IR Experiments. FT-IR spectra were recorded with
a Nicolet IMPACT 400 spectrometer. The FT-IR measure-
ments for the RMs samples were taken in Irtran-2 cell of 0.5
mm path length from Wilmad Glass (Buena, NJ). FT-IR
spectra were obtained by coadding 200 spectra at a resolution
of 0.5 cm™. The monodeuterated water solutions (10% D,O in
water) were prepared by volumetric dilution. The reason for
using partially deuterated water is explained in the Discussion
Section. The spectral band of HOD is superimposed on a finite
background which could be approximated with the spectrum of
pure water.””">* Therefore, the reference sample, at each W,
value, was a surfactant solution containing matched [water]/
[surfactant]. Deconvolution of the HOD spectral band was
carried out by Microcal OriginPro 9.0 SR2 using a Voigt
function.

2.2.3. DLS Experiments. The diameters of the RMs were
determined by DLS (Malvern 4700 with goniometer and
correlator) with an argon-ion laser operating at 488 nm.
Samples were filtered using an Acrodisc with 0.2 ym PTFE
membrane (Sigma). Viscosities and refractive indices of the
solvent mixtures are required for the DLS analyses: the
viscosities of benzene, n-pentanol, and n-octanol were taken
from the literature.”> The refractive indices of the solvent
mixtures were calculated using a first-order approximation (eq
1).

My = Xyt + Xollp, (1)

where #p; and #p, are the pure solvent refractive indices. The
effect of temperature on 7 of these solvents was found to be
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sufficiently small to be ignored. Multiple samples for each size
were made, and 30 independent size measurements were made
for each individual sample. All the measurements were carried
out using quartz fluorescence cell at a scattering angle of 90° at
a temperature of 25.0 + 0.1 oC. The DLS experiments were
analyzed using CONTIN algorithm.

2.2.4. SLS Measurements. The SLS technique was used to
determine the micellar molecular weights. Due to the small size
of the RMs droplets, the data analysis of SLS was done using
the Rayleigh expression®* shown in eq 2:

ke_ bt + 2A,C

Rﬁ Mw (2)
where C is the surfactant concentration, Ry is the Rayleigh ratio
of the sample intensity to the incident intensity at the angle 8,
M,, is the molecular weight of the sample in weight-average, A,
is the second virial coefficient and K is an optical constant that
accounts for the experimental parameters:

K= 4”42”3 (ﬁ)z
2dn, \dce

©)

where dn/dC is the increment in the refractive index with
concentration, n, is the solvent refractive index, A, is the
wavelength of the incident light, and N, is the Avogadro
number. Calibration was performed using toluene, for which
the reported Rayleigh ratio®® at 90° and at a wavelength of 488
nm (Rg,®) is 3.96 X 10~ cm™!. Linear increment in refractive
index with concentration (dn/dC) was measured using a
differential refractometer (BI-DNDC Brookhaven Instruments
Corporation) at a fixed wavelength of 470 nm and 2S5 °C in a
surfactant concentration range from 1 X 107 M to 0.1 M.

The value of the excess Rayleigh ratio at an angle of 90°, Ry,
has been obtained with reference to the known Rayleigh ratio
of toluene.

Rgp = Sgo*Rop"™ (4)
where Sq9 = (Iy — Ly)/I,; is the normalized intensity of the
sample with respect to the standard, in which I is the value of
the intensity of light scattered at 90°, Ly the intensity of light
scattered by a cell containing pure solvent, and I the light
scattered of the toluene. Sy was obtained at several surfactant
concentrations measured at 25 °C.

2.2.5. Dilution Method. When a fixed amount of water,
nonpolar solvent, surfactant, and cosurfactant form a stable
water in oil (W/O) microemulsion, the distribution of a
cosurfactant between the interfacial region consisting of
surfactant molecules and the external nonpolar phase is guided
by an appropriate distribution constant that depends, among
other parameters, on the equilibrium temperature of the
system. Increasing the nonpolar solvent content alters the
interfacial concentration of the cosurfactant and consequently
makes the system unstable. This can be compensated by adding
a small amount of cosurfactant sufficient to regain the
interfacial concentration necessary for a stable dispersion and,
thus, reestablishing the distribution constant. This is the
process followed in a dilution experiment proposed by Birdi*®
and Singh et al,”” and subsequent analytical treatment using
zlq%ilibriurn thermodynamics was proved correct by Moulik et

The expression used for the data analysis of the dilution
experiments is obtained as follows. Supposing the number of
moles of n-alcohol at the interface, in bulk nonpolar phase and
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in the water pool are n', n°, and n", respectively, the total
number of moles of n-alcohol n, is defined in eq S:

no=n o+ (s)

where the number of moles of n-alcohol in water, n",, are
negligible because of its very small solubility. If n; and n, are the
total number of moles of surfactant and benzene, and if a =
(n')/ng and b = (n°,)/n,, then the molar fraction values of the
n-alcohol in the interface (X',) and in the oil phase (X°,) can be
calculated as follows

i

Xi — " — n;/ns — a

Yoml4n, onl/ng+ 1 a+1 (6)

ny n/n b
X; — a = — a’ "o —
n, + n, n)/ny + 1 b+1 (7)

Using eq 6 and 7, eq 5 can be rewritten as eq 8
n n
“=a+ b(—°)
g 1 (8)

In the dilution experiment at fixed n,, the values of n, and n,
are varied so it is possible to obtain a series of n,/n; and n./n
values, whose graphical plots according to eq 8 yield the values
of a and b from the intercept and the slope, respectively.

The distribution constant for the n-alcohol between the
micellar interface and the oil phase, Ky, can be obtained from eq
9:

X! a(b+1)
Kd = g = —
X} bla+1) )
Rearranging eq 6, eq 10 is obtained.
P X L
ny, = ——_7" N
- X (10)

2.2.6. Micellar Composition. The aggregation number, N,
is a very important parameter in the characterization of a
micellar system. In a system containing two components,
nonpolar solvent and surfactant molecules (binary systems),
the procedure to obtain this parameter is fairly simple, requiring
only the surfactant molecular weight and the micellar weight-
average molecular weight (M,). However, in a system
containing four components (quaternary systems) as ours,
the determination of the surfactant aggregation number is not
straightforward. Thus, for a system composed by a nonpolar
external solvent, surfactant, cosurfactant, and polar solvent
located inside the RMs the micellar M, can be expressed as the
sum of its constitutive components as eq 11 shows:

Mw =M *%*n; +M t*nsi + Malcohol*nai

water surfactan

(11)
where M, . Moutactany ad Myjeonol are the molecular weight of
water, G12-2-12 surfactant and cosurfactant, respectively, n';
and ', are the moles of surfactant and cosurfactant molecules at
the micellar interface, respectively.

Introducing eq 10 in eq 11 and with rearrangement, eq 12 is

obtained:

i Mw
S Xi
* S a
M T/VO + Msurfactant + Malcohol 1-x
a

water

(12)
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From which the number of surfactant molecules at the

interface (n' = N,q,) can be calculated.

3. RESULTS AND DISCUSSION

3.1. Solubilization of G12-2-12 in the Nonpolar
Solvents. In order to evaluate if the surfactant G12-2-12 can
be used to generate RMs, the first experiment performed was to
explore the phase diagram of the ternary system keeping
constant the surfactant concentration and changing the amount
of water dispersed. First, G12-2-12 solubility in different
nonpolar solvents such as n-heptane, chlorobenzene and
benzene was tested. The solubility of the surfactant was very
low (less than 1 X 107> M) in all nonpolar solvents tested, but
the solubility in aromatic solvents was highly enhanced by the
addition of n-alcohols. Two n-alcohols were selected, n-
pentanol and n-octanol, in order to evaluate if the length of
the hydrocarbon chain of the n-alcohol affects the amount of
water that the system dissolves. The amount of n-alcohol
required to form an isotropic solution was 0.7 M for every
experiment, concentration which allowed us to work in an
adequate range of surfactant concentration yielding stable
solutions.

3.2. Solubilization of Water in Benzene/G12-2-12
Systems. The systems formed by benzene/G12-2-12/n-
pentanol/water and benzene/G12-2-12/n-octanol/water were
evaluated to determine the amount of water that both systems
can solubilize forming clear and stable quaternary mixtures. In
Table 1 is summarized the maximum amount of water
solubilized (W,™) in benzene/G12-2-12/n-alcohol and
benzene/DTAB/n-alcohol systems at two [surfactant] = 0.1
and 0.01 M. It should be noted that W values are defined using
the total surfactant concentration for DTAB and G12-2-12.

The results show that G12-2-12 solutions with n-pentanol as
cosurfactant accept larger amount of water in comparison with
those formed with n-octanol. Moreover, changes in the gemini
concentration do not affect the W™ values. The explanation
for this will be demonstrated in the next section. Herein, we
will highlight that the reasons are the different water structure
and water—surfactant interaction inside both RMs. When n-
pentanol is used as cosurfactant it interacts strongly with the
polar head of the gemini surfactant, and water interacts strongly
with other water molecules with the consequent increases in
the water content.

Interestingly, if we compare the RMs formed with the gemini
surfactant with the one formed with the monomer, it can be
seen that RMs formed with G12-2-12 surfactant and n-pentanol
as cosurfactant show a 2-fold increase in the amount of water
accepted in comparison with the systems formed with DTAB.
For n-octanol as cosurfactant, the situation is different because
both RMs accept the same total amount of water. Considering
that the gemini surfactant has two polar heads per mole
(Scheme 1A), it can be deduced that the monomer accepts
more water per polar headgroup than the gemini surfactant.
These results also suggest that the different location of the n-
alcohols at the RMs interface is the explanation for this result.
n-Octanol is located in the oil side of the interface (as we will
demonstrate in the next section), and water interacts with the
polar head of the surfactant increasing the droplet size and
probably the droplet—droplet interaction.

3.3. RMs Formation Studied by DLS Technique.
Considering the complexity of the quaternary systems under
study, the question to be answered is if the water molecules
added are effectively encapsulated by the surfactant creating a
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true RMs or if water molecules are dissolved only in the
benzene/G12-2-12/n-alcohol mixtures without any molecular
organization (bicontinuous microemulsion)?"*” Other question
is whether molecules located at the interface are in the
nonpolar pseudophase or in the water domain? In this work,
DLS was used to assess this matter for benzene/G12-2-12/n-
alcohol systems. Thus, if water is really encapsulated forming
RMs, the droplet sizes must increase when the W value
increases with a linear tendency (swelling law of RMs) as it is
well-established for water or polar solvents/surfactant RMs
systems.*’ This feature also demonstrates that the RMs consist
of discrete spherical and noninteracting droplets.”" On the
other hand, if the polar solvent is not encapsulated by the
surfactant, the droplet sizes remain constant or even decrease
with the polar solvent addition.”” To the best of our knowledge,
the droplet sizes of G12-2-12 in benzene system have never
been reported.

It is known that the RMs droplet sizes depend, among many
other variables, on the effective packing parameter of the
surfactants, v/al, in which v and I. are the volume and the
length of the hydrocarbon chain, respectively, and a is the
surfactant headgroup area. The RM:s sizes are larger when the
surfactant packing parameter values are smaller. In this sense,
we have previously demonstrated”” that polar solvents that
strongly interact with the RM interface lead to an increase in
the effective surfactant headgroup area a. Moreover, it was also
demonstrated that the RMs droplet sizes depend strongly on
the kind of interactions that the different polar solvents can
make with the surfactant rather than their molar volume even
when a solvent mixture is confined at a nanoscale size."”** On
the other hand, if the interaction between the polar solvent and
the interface is small, the droplet size values seem to depend
slightly on the polar solvent content.’”****

All the DLS experiments were carried out at fixed surfactant
concentration (0.1 M) and the RMs solutions are not at infinite
dilution. Hence, it is appropriate to introduce an apparent
hydrodynamic diameter (d,,,) in order to make the comparison
with the system herein studied as it was used before.™*

Figure 1 represents the d,,, values of the RMs obtained by
DLS at different Wj for all the systems studied. Additionally, in
Table S1 (Supporting Information) are reported the poly-
dispersity index (PDI) values obtained. From the data shown in
Figure 1, it can be seen that different profiles are obtained for
G12-2-12 RMs than DTAB systems, especially at W, < 10.
Additionally, for the gemini surfactant an unusual dependence
of the n-alcohol used is observed. Thus, the systems containing
benzene/DTAB/n-pentanol/water and benzene/DTAB/n-oc-
tanol/water exhibit a linear dependence of the hydrodynamic
diameter with the W, in the whole range investigated,
indicating that the water is being encapsulated inside the
RMs and that the system is formed by discrete spherical
aggregates.45

For the benzene/G12-2-12/n-octanol/water system, a linear
trend of the d,,, values with the increase of W value is also
found. However, at low water content, the droplet size values
are quite different in comparison with benzene/DTAB/n-
octanol/water RMs. For example, at W, = 5 in benzene/G12-2-
12/n-octanol/water d,,, is 5.5 nm but 3 nm for benzene/
DTAB/n-octanol/water. When the Wj is larger, the droplets
sizes are similar for both RMs. These facts suggest that the
gemini surfactant chemical structure greatly affects its packing
parameter when the hydration level is low. The distance
between the polar heads of surfactants in a micelle is called
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Figure 1. Apparent hydrodynamic diameter (d,,,) of all the RMs

studied as a function of W, obtained by DLS technique. Benzene/
G12-2-12/n-pentanol /water (M); benzene/G12-2-12/n-octanol/water
(red @); benzene/DTAB/n-pentanol/water (green A); benzene/
DTAB/n-octanol/water (blue ¥). [Surfactant] = 0.1 M, [n-alcohol] =
0.7 M, T = 25 + 0.1 °C. The lines are drawn to guide the eye.

distribution of distances, and it displays a maximum at a
thermodynamic equilibrium distance determined by the
opposite forces at play in micelle formation (dispersive forces,
electrostatic interactions, entropy, etc.).” In the early works of
Danino et al,,"” it was proposed that distribution of distances
between polar head groups of gemini surfactants forming direct
micelles would be bimodal. This idea was later confirmed by
computer simulation indicating that polar head groups within
gemini surfactants with short spacers are subject to great
repulsion energy as they are closer that thermodynamic
equilibrium would require.** In the RMs formation, two
positively charged headgroups linked by a short spacer would
require great solvation in order to closely pack into a RM, and
thus, the effective area of the surfactant would increase, leading
to an increase in the RM size. The above discussion can explain
why at low W,, benzene/G12-2-12/n-octanol/water RMs are
larger than those of DTAB in the same experimental
conditions.

A different scenario is presented for benzene/G12-2-12/n-
pentanol/water RMs. When the amount of water increases,
there is an initial linear growth of the droplet sizes and, the d,,,
value increases from 6.1 nm at W, = S to 8.7 nm at W, = 8.
After that, no change in the diameter is observed, and the d
values remain constant at around 9 nm.

It is well-known that the increment in the RMs droplet size
values is attributed to interaction between the polar solvent
entrapped and the RM interface.”” However, the absence of
variation in the droplets sizes can be due to different reasons:

app

(i) the first explanation that comes out is that the polar solvent
molecules are not dispersed and are dissolved in the external
pseudophase (if it is possible). (ii) Another possibility is that
polar solvent molecules are encapsulated by the surfactant but
do not interact with the interface. In other words, the polar
solvent creates a true polar pool without interacting with the
surfactant. Both hypotheses give d,,, values that do not change
with the polar solvent content.” In our case, the first possibility
is discarded due to the known insolubility of water in the
external solvent. In the FTIR section, we will demonstrate the
weaker water—surfactant interaction when n-pentanol is used as
cosurfactant.

3.4. RMs Interfacial Composition. In order to explore the
relation between the micellar size and the interfacial
composition, SLS measurements were performed, and M,
values were obtained for Wy = 5 and W, = 10. Using the
dilution method (see Experimental Section), the molar fraction
of n-alcohol in the interface (X.) and thus the interfacial
composition of the gemini RMs was obtained for different
values of W, (Figures S1 and S2 in Supporting Information).
This information was introduced in eq 12 to obtain the number
of surfactants at the micellar interface and thus the micellar
aggregation number, N,,,. All data obtained are summarized in
Table 2, and it is important to highlight the following: (a) n-
Alcohol distribution constant (K;) decreases with W, showing a
change in slope at W, = 10, indicating that below this value of
W, GI12-2-12 polar heads are involved in the hydration
process, whereas at higher W,, the water forms a polar pool;
(b) The aggregation number at W, = S is similar for the
systems containing n-pentanol and n-octanol; however at W, =
10, the system containing n-pentanol has more molecules of
surfactant per micelle than the n-octanol one; (c) n-Alcohol
molar fraction at the interface (X)) decreases increasing W,
values, indicating that n-alcohol molecules are expelled into the
nonpolar external phase as the water content inside the RMs
increases. For n-pentanol the decreases in X', is until W, = 10,
and after that, they remain constant. For n-octanol, X', values
decrease in the whole W, range investigated. One way to
explain these results is to consider that n-pentanol and n-
octanol are located in slightly different regions in the RM
interface: n-octanol (long hydrocarbon chain) locates at the
RMs interface among the surfactant hydrocarbon tails,
increasing the water—surfactant polar headgroup interaction
as Scheme 2A shows. This explains the linear decreases in the
X, value of n-octanol increasing the water content. On the
other hand, the short hydrocarbon chain of n-pentanol allows
the alcohol to locate itself at the RMs interface near the polar
core (see Scheme 2B), limiting the interaction of water with the
micellar inner interface. This location probably prevents the
decreases of X', value of the n-pentanol with W, To probe this
hypothesis, it is important to explore the behavior of the water

Table 2. K;, X', M,, ', in Function of the W, for G12-2-12 Surfactant in Benzene with n-Pentanol and n-Octanol as

Cosurfactant
n-pentanol n-octanol

WO Kd X a Mw nis Kd X a Mw nis

S 37.0 0.713 10764 11.7 68.5 0.779 10060 9.9
7.5 26.5 0.700 35.1 0.762

10 19.7 0.661 41493 429 24.9 0.743 36630 34.9

15 18.4 0.660 22.6 0.688

20 219 0.661 22.0 0.636
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Scheme 2. Schematic Representation of Gemini RM
Interface in the Presence of n-Octanol (A) and n-Pentanol
(B) as Cosurfactant
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molecules inside the RMs and gain insight of the processes that
occurs in the formation of gemini RMs.

3.5. Water Structure Studied by FT-IR. In order to get
insights about the water structure dispersed by the gemini RMs,
we carried out several FT-IR studies. Thus, we focus on the O—
D stretching mode of the entrapped water molecules.

It is well-known that water and alcohols molecules exhibit a
broad band in the 3500—3200 cm ™! region, which is assigned to
the O—H stretching.”® In liquid phase, this band not only
corresponds to the O—H stretchin% but also to the vibrational
coupling of the H—O—H bonds.”">” This phenomenon is also
observed for deuterated water (D,0) in which the band
recorded in the 2570—2350 cm™! region, also broad,
corresponds to the O—D stretching mode and the vibrational
couplings of the D—O—D bonds. In RMs, the most common
method to obtain information is the curve fitting of the
different IR peaks, €8s Yo-n of entrapped water or vo_p of
entrapped D,0.”%>*7>> However, the basic premise involved in
this assumption, i.e., that each band obtained by curve fitting
may be attributed to a different type of water, is open to
question because these bands possibly originate from coupled
water molecule vibrations, and from a bending overtone often
reported in the spectrum of liquid water.”® Consequently, in
our FT-IR studies, we decided to use monodeuterated water
(HDO), which exhibits a narrow band around 2570—2350
cm™" that can be assigned only to the O—D stretching band
(vo_p) since it is not coupled to any vibration mode. %%
This methodology was used before in other aqueous RMs in
order to avoid the vibrational coupling and simplify the data
analysis®” and is very useful considering the highly complex
3500—3200 cm ™" region in the present system (see discussion
in Supporting Information of Figures S5 and S6 for a detailed
analysis of the 3500—3200 cm™' region).

3.5.1. Homogeneous Medium. For a right interpretation of
the results in the micellar medium, it is important to
characterize what happens in the solvent used to prepare the
RMs (i.e., benzene). Moreover, it is interesting to monitor the
water behavior dissolved as trace in benzene to understand its
spectra when it is not dissolved in a confined environment.
Benzene saturated with monodeuterated water shows a small
peak located at 2674 cm™" (Figure S3) while the n-pentanol/
benzene and n-octanol/benzene systems saturated with water
show the same peak at 2664 cm™" with an extra band with very
small absorbance located around 2470 cm™ (data not shown).
This fact probably indicates the presence of isolated water
molecules dissolved in the nonpolar solvent, as monomer,
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which provide an observable signal. Thus, these bands have to
be taken into consideration when analyzing the RMs media. On
the other hand, pure monodeuterated water shows a board
symmetric band that peaks at 2515 cm™" which is best fitted
with a Gaussian function.’®

3.5.2. RMs Media. 3.5.2.1. Variation of Gemini and DTAB
Concentration. FTIR spectra of G12-2-12 RM system
increasing the surfactant concentration with constant n-
pentanol content and W, value are presented in Figure 2
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Figure 2. FTIR spectra of water inside G12-2-12/n-pentanol/benzene
RMs varying G12-2-12 concentration at W, = 10 and [n-pentanol] =
0.7 M in the region 2300—2800 cm™" (vgp).

(water/G12-2-12/n-octanol/benzene system in Figure S4 in
Supporting Information). Two peaks were found in the OD
region for both systems: a small peak located at 2664 cm™" and
the other located around 2520 cm™. Each spectrum was
deconvoluted using Voigt function revealing that both peaks
have a Gaussian distribution (>99%). Figure 3 shows the areas
of each peak for the systems water/G12-2-12/n-pentanol/
benzene and water/G12-2-12/n-octanol/benzene both at W, =
10 plotted against G12-2-12 concentration. While the peak
located at 2664 cm™' shows no increment of its area with the
total amount of water in the system and no shift on its

100
Ll
L}
80 »
-
-
- a
W oand
£ 60 -
=3 'Y
g
® ]
B [ ]
= o
_E' 4
2 o
<
L}
20 .
" s
&
. . ° [ ] ] L L] L] L] . L
| I 1 L) ol | L I 1 1
000 001 002 003 004 005 006 007 008 008 010 019
([G12-12-12] (M)

Figure 3. Area of the peaks vop of water in the Gemini RM varying
G12-2-12 concentration at W, = 10. Water inside RM = (M) 2550
cm™, n-pentanol; (blue A) 2550 cm™'/ n- n-octanol; Water outside
RM = (green V) 2663 cm™'/ n-octanol; (red @) 2663 cm™, n-
pentanol.
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maximum with the surfactant concentration, the peak located at
2520 cm™" exhibits linear increases of its area with the amount
of water in the system for both cosurfactants used. These
results suggest that the first band can be assigned to water
solubilizated in the external medium, and the latter corresponds
to the water encapsulated inside the RM. Interestingly, the
band around 2500 cm™" displays two different behaviors when
n-pentanol and n-octanol are used as cosurfactant, as shown in
Figure 4. When n-pentanol is used, the shift of the maximum of
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Figure 4. Maximum of the peak vy, of water inside RM varying G12-
2-12 concentration at W, = 10 and [n-alcohol] = 0.7 M. (B) Gemini/
n-pentanol, (red ®) Gemini/n-octanol.

the peak occurs smoothly going from 2502 to 2522 cm™,

increasing the G12-2-12 concentration from 0.01 to 0.1 M. On
the other hand, for n-octanol the shift occurs from 0.01 to 0.03
M going from 2504 to 2520 cm™, and after that, no changes in
the maximum is observed with the surfactant concentration.
3.5.2.2. Variation of W,. FTIR spectra of water inside G12-
2-12/n-pentanol/benzene RMs varying W, while leaving
surfactant concentration constant are shown in Figure 5. This
experiment was carried out for the gemini and DTAB
surfactants both using n-pentanol and n-octanol as cosurfac-
tants (see Supporting Information Figures S7, S8, and S9 for
G12-2-12/n-octanol/benzene, DTAB/n-pentanol/benzene and
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Figure 5. FTIR spectra of water inside G12-2-12/n-pentanol/benzene
RMs varying W, at [G12-2-12] = 0.01 M and [n-pentanol] = 0.7 M in
the region 2300—2800 cm™" (vop).
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DTAB/n-octanol/benzene systems, respectively). In all sys-
tems, the variation of the water content at constant
concentration of surfactant produces an increases in the
absorbance of the peak located near 2500 cm™, indicating
that water is being encapsulated inside the RMs. The shift of
the maximum of the band corresponding to the water inside the
RMs for each of these systems is plotted in Figure 6. Water
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Figure 6. Maximum of the peak vop of water inside RM varying W, at
surfactant concentration fixed at 0.01 M and [n-alcohol] = 0.7 M
constant. A) (M) G12-2-12/ n-pentanol, (red ®) G12-2-12/ n-octanol,
B) (green A) DTAB/n-pentanol and (blue ¥) DTAB/n-octanol.
Bulk water vgy, frequency = 2515 cm™.

entrapped in all cationic RMs appears at lower frequencies than
neat water. This fact can be explained by considering that in
cationic RMs the cationic polar headgroup is solvated by ion—
dipole interactions through the nonbonding electrons pairs of
oxygen, which leads to a smaller force constant in the O—H
bond.>® All systems reveal a shift to higher frequencies with the
increase of W, indicating that water inside the RMs tends to
behave more as bulk water as the amount of water increases,
increasing the hydrogen bond frequency. Around W, = 10, both
DTAB RMs show a change in the slope presumably, indicating
that up to W, = 10, the RM interface has been hydrated by
water molecules and after that point added water still interacts
with the interface but is forming a bulk like polar core. For the
G12-2-12/n-octanol system, the behavior is similar to the one
for DTAB/n-octanol but with higher frequency showing the
same breaking point at W, = 10. On the other hand, G12-2-12/
n-pentanol exhibits an interesting behavior: water added below
W, = 10 produces a shift in the maximum of the peak located
around 2500 cm ™!, but after that, there is no further shift on the
peak. Thus, for W, < 10, the interface has been hydrated by
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both the alcohol and the water, and all extra water added at W,
> 10 forms a water pool that does not interact with the micellar.
Knowing that the increase of RMs droplet sizes is mainly
affected by the interaction of the polar solvent with the RMs
interface, a system where the solvent entrapped do not interact
with the RMs interface should not show variation with Wy, For
the G12-2-12/n-pentanol RMs system, we found the same
result using DLS and FTIR experiments. Thus, the growth of
the RMs is fully controlled by the interaction of water with the
RMs interface, which depends dramatically on the length of the
hydrocarbon chain of the cosurfactant used.

4. CONCLUSION

For the first time, the droplet sizes of the RMs created using
G12-2-12 as surfactant and two different alcohols as
cosurfactants were determined by DLS, and the water structure
and water—surfactant interaction were investigated using FT-
IR. The results reveal that the structure of the cosurfactant
needed to stabilize the RMs plays a fundamental role, affecting
the size and the interfacial composition of the RMs. Thus, n-
pentanol and n-octanol are located in different regions in the
RM interface. n-Octanol locates at the RMs interface among the
surfactant hydrocarbon tails, increasing the water—surfactant
polar headgroup interaction. On the other hand, n-pentanol
locates at the RMs interface near the polar core, limiting the
interaction of water with the micellar inner interface and
favoring the water—water interaction in the polar core. In
comparison with the monomeric surfactant, DTAB presents no
sensitivity to the kind of alcohols used as cosurfacant, and water
always interacts with the polar head.

All these results indicate that gemini RMs are particularly
sensitive to small changes in the condition of the experiment.
These properties render numerous ways to control the size,
concentration, and interfacial composition. This behavior may
become very important when these systems are used as
nanoreactors and in particular for nanoparticles synthesis.
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