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The micellization of four dimeric cationic surfactants (“gemini surfactants”) derived from N-dodecyl-
N,N N-trimethylammonium chloride was studied in pure water and in water—ionic liquid (IL) solufions
by a wide range of techniques. The dimeric surfactants are distinguished by their rigid spacer groups sep-
arating the two surfactant motifs, which range from Cs to Cs in length. In order to minimize organic ion
pairing effects as well as the role of the ionic liquids as potential co-surfactants, ILs with inorganic hydro-
philic anions and organic cations of limited hydrophobicity were chosen, namely ethy{, butyl, and hexyl-
3-imidazolium chlorides. 'H NMR two-dimensional, 2D, rotating frame nuclear Overhauser effect spec-
troscopy measurements, ROESY. supported this premise. The spacer nature hardly affects the micelliza-
tion process, neither in water nor in water-IL solutions. However, it does influence the tendency of the
dimeric surfactants to form elongated micelles when surfactant concentration increases. In order to have
a better understanding of the ternary water-IL surfactant systems, the micellization of the surfactants
was also studied in aqueous NaCl solutions, in water-ethylene glycol and in water-formamide binary
mixtures. The combined results show that the ionic liquids play a double role in the mixed systems, oper-
ating simultaneously as background electrolytes and as polar organic solvents. The IL role as organic co-
solvent becomes more dominant when its concentration increases, and when the IL alkyl chain length
augments. ’

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

modifiers (e.g. cosolvents, cosurfactants, electrolytes, etc.)
[13,14]. lonic liquids, ILs, are a class of organic electrolytes, which

Dimeric surfactants are amphiphilic molecules that contain two
hydrophobic tails and two head groups connected at the level of
the head groups by a spacer that may be hydrophilic, hydrophobic,
flexible or rigid [ 1,2]. Their structure confers them superior proper-
ties compared to the corresponding conventional (single-chain)
surfactants. They have lower cmgc, stronger efficiency in reducing
the surface tension of water, better wetting power, better solubility
power, better foaming, etc. [1-31. All these advantages make them
of special interest for biomedical and technological applications,
where they have been investigated as drug delivery systems,
DNA carriers, nanoreactors for enzymatic reactions, emulsifying
agents, detergents, etc. 517

The solution properties of surfactants can be modulated by
controlling temperature, pressure and/or by addition of different
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are composed of an organic cation and an inorganic or organic
anion, that melt at temperature lower than 100 °C [15]. An advan-
tage of ILs is that by combining organic cations with suitable
anions it is possible to tailor their physical and chemical proper-
ties. In general ILs are considered environmentally friendly com-
pounds because mostly they are non-flammable and non-volatile.
Besides, many ILs have an excellent chemical and thermal stability,
wide liquid temperature ranges and wide electrochemical win-
dows. Therefore ILs have been widely used in organic synthesis,
catalysis, nanomaterial separation, chemical separation, etc. [16-
201 For the application of ILs in such fields, they are frequently
used with water, whose presence can strongly affect their physical
and chemical properties of ILs {2%-221 The surfactant-water-IL
three component systems are particularly interesting because ILs
can behave not only as co-solvents, but also as background electro-
lytes and as co-surfactants, their main roie depending on the IL
structure |[24-28]. This gives the opportunity of tuning the
physicochemical properties of the surfactant aggregates formed
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in water-IL binary mixtures, which is of interest for potentiat
applications. Bearing this in mind, we investigated the effects of
the addition of ethyl-3-methylimidazolium chloride, ComimCl,
butyl-3-methylimidazolium chloride, C;mimCl, and hexyl-3-meth-
ylimidazolium chloride, CsmimCl, on the aggregation of various
cationic dimeric surfactants (see Scheme 1) in aqueous solutions
at 303 K. Since the dimeric surfactants studied contain chloride
as common counterion, ILs with the same anion were chosen,
while the hydrophobic substituents on their organic cations were
confined to short or medium alkyl chains in order to minimize
their possible role as co-surfactants 2% The dimeric surfactants
‘investigated have all dodecy! hydrophobic chains, but different
rigid spacers, namely two isomeric pairs of butylidene and xylidine
moieties that separate the ammonium groups by three to five car-
bon atoms. Therefore, the results obtained in this work will give
relevant information about the influence of the dimeric surfactant
spacer nature, with respect to either its length for a given hydro-
phobicity, or to its hydrophobicity for a given length, on the micel-
lization in water—IL solutions. The studies were also aimed at a
deeper understanding of the role played by the ionic liquids on
micellization, and of the dependence of this role on the IL alkyl
chain length. The results will provide useful information on how
to tune the physicochemical properties of the surfactant aggre-
gates in aqueous solution by adding ILs.

Before studying the surfactants in water-iL solutions, the aque-
ous dimeric surfactants solutions were thoroughly characterized at
303 K. This characterization includes the study of changes in the
size and shape of the micelles caused by an increase in surfactant
concentration and their dependence on the dimeric surfactant
spacer group.

2. Experimental
2.1. Materials

The dimeric surfactants were synthesized as described previ-
ously {31]. The ILs were from Fluka, of the highest purity available,
and were used as received. Pyrene-3-carboxaldehyde, P3C, and
NaCl were from Aldrich. Pyrene was from Aldrich and it was puri-
fied before use by methods reported in the literature [32]. N-Hexa-
decylpyridinium chloride (cetylpyridinium chloride, CpyCl),
methyl 4-nitrobenzenesulfonate and dodecyltrimethylammonium
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Scheme 1. Structure of the dimeric surfactants investigated in this work.

chloride were purchased from Fluka. 6-Methoxy-N-(3-sulfopro-
pyhquinolinium, SPQ, was from Molecular Probes, Inc. and used
as received.

All solutions were prepared in double-distilled water (resistiv-
ity >18 MQ cm).

2.2. Conductivity measurements

Conductivity was measured with a Crison GLP31 conductimeter
as described in Ref. |

2.3. Fluorescence measurements

Fluorescence measurements were performed by using a Hitachi
F-2500 fluorescence spectrophotometer. The temperature was
kept at 303K by a water flow cryostat connected to the cell
compartment.

2.3.1. cmc’s determination by using pyrene as probe

The 1 x 107% M pyrene surfactant solutions were prepared as is
described in Ref. [34]. The excitation wavelength was 335 nm and -
the fluorescence intensities were measured at 373 nm (band 1) and
384 nm (band 3). Excitation and emission slits were 2.5 nm and a
scan speed of 60 nm/min was used. The intensity ratio of the vib-
ronic bands (1:3) is called the pyrene 1:3 ratio 7

2.3.2. Second critical micelle concentration, C', determination

The SPQ concentration in the surfactant solutions was
1 x 1075 M. The excitation wavelength was 346 nm and the fluo-
rescence intensity was measured at 443 nm, as indicated in Ref.
{36]. Excitation and emission slits were 5 and 10 nm, respectively,
and a scan speed of 60 nm/s was used. Surfactant concentrations
were well above the cmc.

2.3.3. Average micellar aggregation number determination

Pyrene (1 x 105 M) micellar solutions were prepared as in Ref.
{34]. The fluorescence quenching of pyrene by cetylpyridinium
chloride, CPyCl, was studied by exciting the pyrene at 335 nm,
and recording its emission at 374 nm, with the use of excitation
and emission slits of 2.5 and 2.5 nm, respectively. A scan speed
of 60 nm/min was used. The low pyrene concentration avoided
excimer formation, and the CpyCl concentration was varied in such
a way that [pyrene]/[micelles] and [quencher]/[micelles] ratios

i

were low enough to ensure a Poisson distribution {317

2.3.4. Study of the polarity of the micellar interfacial region

The 107> M pyrene-3-carboxaldehyde, P3C, micellar solutions
were prepared as in Ref. {341, P3C was excited at 356 nm and fluo-
rescence spectra were recorded from 380 to 600 nm. A scan speed
of 60 nm/min was used and the excitation and emission slits were
5nm and 10 nm, respectively. In order to check the reliability of
our data, the fluorescence emission spectrum of P3C in a 0.1 M
aqueous dodecyltrimethylammonium bromide, DTAB, micellar
solution was recorded. The fluorescence maximum was 446 nm,
in good agreement with literature data {35]. The precision in the
measurements was +1 nm.

2.4, Surface tension measurements

Surface tension was measured by a du Noily ring method using
a KSV 703 digital tensiometer {Finland) as described in Ref.
The precision in the measurements was +(1 x 10 >N m '. Care
has to be taken in using the du Noiiy ring method to deduce surfac-
tant properties, because the surfactant adsorption kinetics can
influence the results { 241, In our experiments the ring rising veloc-
ity was chosen low enough to allow the surfactant adsorption to
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reach equilibrium. This was particularly important when surface
tension of dimeric surfactant solutions was measured.

2.5. NMR measurements

The NMR spectra were performed in CITIUS (Research General
Services for the University of Seville). NMR samples were prepared
by dissolving the corresponding amount of the surfactant and the
IL in D,O followed by a brief sonication. NMR experiments were
recorded on a Bruker Avance 500 spectrometer (500.2 x 10° Hz
for 'H) equipped with a 5mm inverse probe and a Great 1/10
pulsed-gradient unit capable of producing magnetic field gradients
in the z direction of about 50 G cm' '. The chemical shifts in the 'H
NMR spectra were referenced to the residual HDO signal {40].

Two-dimensional, 2D, rotating frame nuclear Overhauser effect
spectroscopy (ROESY) was performed at 500 MHz with the Bruker
standard pulse sequences; the data consisted of 8 transients col-
lected over 2049 complex points§ A mixing time of 0.250 s, a repe-
tition delay of 1.2 s, and a 90° pulse width of 11.0/s were used. The
ROESY data set was processed by applying an exponential function
in both dimensions and zero filling to 2048 x 2048 real data points
prior to the Fourier transformation. All ROESY spectra were made
symmetrical about the diagonal.

2.6. Kinetic measurements

The reaction between methyl 4-nitrobenzenesulfonate, MBS,
and chloride ions (Scheme 2) was recorded at 280 by using a Hit-
achi 3100 UV-visible spectrophotometer as described in Ref.
{41l The temperature was maintained at 303.0 0.1 K using a
water-jacketed cell compartment connected to a water-flow cryo-
stat. Each experiment was repeated at least twice, and the
observed rate constants were reproducible withjn a precision bet-
ter than 4%.

The reaction of the organic substrate with water can make a
contribution to the process MBS + Cl™ - |, although this contribu-
tion is not significant except at low surfactant concentrations.
Kinetic data have been corrected, when necessary, from the spon-
taneous hydrolysis contribution as in Ref. {41

2.7. Dynamic light scattering, DLS, measurements

A Zetasizer Nano ZS (Malvern) was used for the measurement of
hydrodynamic diameter (Z-average) at 303 K. The intensity of the
scattered light was observed at 90°. The apparatus is in CITIUS.
The surfactant concentration was fixed at 0.05 M and the IL con-
centration was changed. For this [surfactant] the quality of the sig-
nal was good and the standard deviation of the measurements
remains low. Six measurements were made at each IL concentra-
tion and the average value was considered.

2.8. Atomic Force Microscospy (AFM)
The images were obtained with a Molecular Imaging PicoPlus
2500 AFM (Agilent Technologies). The apparatus is CITIUS. Cantile-

vers (Model PPP-FMR-20, Nanosensor) with a resonance frequency
within 45-115 Hz were used. All AFM imaging was recorded in air

7\
O,N SO,CHy + O —= oZN—Q N80y + CICH,
/7

MBS

Scheme 2.

and in tapping mode, with scan speeds of about 0.5 Hz and data
collection at 256 x 256 pixels. AFM images were obtained by dry-
ing 30 pL droplet of the working solution, deposited on a freshly
cleaved mica surface, adsorbed for 30 min, the surface washed
with double distilled water, and then air-dried.

The experimental results were treated with the software WSxM
4.0 Beta 6.2 from Nanotec [43].

3. Results and discussion

3.1. Physicochemical characterization of the aqueous dimeric
surfactants solutions

The critical micellar concentration, cmc, and the micellar ioni-
zation degree, %, were estimated by conductivity measurements

(see Fiz 1). The dependence of the specific conductivity on surfac-
tant concentration was fitted using Carpena’s method i, and the
cmic and x values obtained are listed in Tabie 1.

The Gibbs energy of micellization, AG, can be calculated by
using Eq. {1} {451

AGY = 2RT(1.5 — o) In(cmc) 1)

where « is the micellar ionization degree, cmc is the critical micelle
concentration expressed as mole fraction, and R and T have their
usual meaning. The AG}y values are also summarized in Table 1.

Table 1 shows that the cmc’s of all the surfactants investigated
are similar, within the experimental errors. This result can be
explained by considering that the driving force for the self-associ-
ation process of surfactants is the Gibbs energy contribution of the
transfer of the hydrophobic surfactant tails from the aqueous
phase into the micellar interior, AG{.nsr [46]. Since all the surfac-
tants have two dodecyl chains, AGf .1 1S expected to be analogous
for all of them and, therefore, the cimc is also expected to be similar,
as observed. The estimated micellar ionization degrees are also
nearly the same for all the surfactants, within the experimental
error. As a ccnsequence, similar AGy values are found for the four
surfactants studied, thus pointing out that — within the variation
made ~ the nature of the spacer does not practically influence the
tendency of the surfactants to self-organize.

The micellization process was also studied by means of '"H NMR
measurements, extending some preliminary earlier experiments
[31.33] Two different surfactant concentrations were prepared,
one below the cmc and one above the cmc. It was found that the
chemical shift variations upon changing [surfactant] from below
to above the cmc are more pronounced for the protons located clo-
ser to the tonic head groups of the surfactant, as is expected for a
self-organization process [47].

In order to investigate the position of the spacers within the
dimeric micelles, two-dimensional, 2D, rotating frame nuclear
Overhauser effect spectroscopy (ROESY) experiments were carried
out. ~iz. 2 shows a partial ROESY spectrum of a solution containing
5 x 10 > M of 0-D at 303 K. Cross-peaks between the H-phenyl(1)
and the protons belonging to the alkyl chain are observed. These
peaks are due to the proximity of these protons in an o-D molecule.
Similar cross-peaks were found for the surfactant m-D (Ref. {33}
and Fig. 13), indicating that the phenyl! ring is buried toward the
micelle interior, with the cationic ammonia groups protruding into
the aqueous phase. Molecular dynamics, MD, simulations, carried
out in collaboration with Dr. Luis J. Alvarez in order to elucidate
the structural details of m-D and o-D molecules within the
micelles, indicate that the phenyl rings are bent towards the
hydrophobic micellar interior, in agreement with the experimental
observations. ROESY spectra for the surfactants D1 and D2 do not
show cross peaks.
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Fig. 1. Dependence of the specific conductivity, «/uScm ', on surfactant concentration: (a) D2 and (b) m-D. T = 303 K. The solid line corresponds to the Carpena fitting.

Table 1
Critical micelle concentration, cmc, micellar ionization degree, , average aggregation number, N,g,, second critical micellar concentration, €, and Gibbs energy of micellization,

AG}, for the aqueous dimeric surfactant solutions studied at 303 K.

Surfactant 10* x cmc (M) o Nagg® < (M) AGY; (kj mol™")
D1 2201 0.35x0.02 22+2 0.067 +0.003 —59
D2 23+0.1 0.31+0.01 23+2 0.051 £0.002 -61
o-D 2.03+0.08 0.30+£0.02 222 0.045 £ 0.002 ~62
m-D 1.94 +0.07 0.32+0.01 201 0.052 + 0.003 —61

* [Surfactanty,] = 0.01 M.
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Fig. 2. Partial ROESY spectrum of an aqueous micellar solution of [0-D} =5 x 1073 M. T=303 K.

The average micellar aggregation numbers of rthe micelles surfactant concentration was chosen in order to make certain the
formed by the surfactants investigated in water, at a micellized micelles are spherical. It will be seen below that an increase in
surfactant concentration equal to 0.01 M, were obtained using the surfactant concentration could result in the change of the

). This shape and size of the aggregates present in the surfactant solu-

the fluorescence quenching of pyrene by CpyCl (see :
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Fig. 3. Influence of the quencher (cetylpyridinium chloride, CpyCl) concentration on the intensity of pyrene fluorescence in aqueous micellar solutions. (a) D1 and (b) o-D.

T=303K

tions. Consequently, in order to compare the average aggregation
numbers, it is necessary to estimate N,gg under working conditions
assuring the presence of spherical micelles for all the surfactants
studied. The N,g, values obtained are listed in Tzble 1. The average
aggregation numbers corresponding to the smfactant pair bearing
a xylidine spacer, 0-D and m-D, are close to those obtained for the
same surfactants by Wattebled et al. using time-resolved fluores-
cence quenching measurements, TRFQ, at room temperature [48].
For the surfactant pair D1 and D2, bearing a butylidene spacer,
the values of N,g, estimated in this work are somewhat smaller
than those obtained in Ref. {46}. The N, values listed in Tabie 1
are similar to those found by Danino et al. using TRFQ measure-
ments at 298 K [43] for dodecyl-o,m-bis(alkyltrimethylammonium
bromide) dimeric surfactants, 12-s-12,2Br”, having flexible
spacers.
12-s-12,2Br” surfactants show morphological transitions when
surfactant concentration increases .. The surfactant concentra-
tion above which the morphological transition from spherical
micelles into elongated ones occurs is usually called “the second
cmc” (C) § The origin of C is related to the fact that elongated
micelles with moderate aggregation numbers are energetically dis-
favored {31, For the dimeric surfactants used in this work, C' val-
ues were determmed by using the method developed by
Kuwamoto et al. [36]. SPQ is a zwitterionic inner salt highly soluble
~ in water, which remains in the aqueous bulk phase without trap-
ping in the cationic micelles. The SPQ emission fluorescence is
quenched by halide ions via a collisional mechanism. Fiz. 4 shows
the Stern-Volmer plots for the quenching of SPQ fluorescence by
the m-D surfactant in pure water at low as well as at high surfac-
tant concentrations. The observed quenching can be ascribed to the

4301 C*=0.052 M.
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Fig. 4. SPQ fluorescence quenching in aqueous m-D micellar solutions. T = 303 K.

free chloride ions dissociated from the surfactant. ¥iz. 4 shows two
distinct breaks, the first giving the cmc and the second giving C.
The first variation in the Stern-Volmer plot slope can be attributed
to the counterion binding of micelles. The second could be assigned
to a decrease in the micellar ionization degree accompanying the
transition from spherical to elongated micelles. The second cmc
values are listed in Tabie 1.

Changes in the size and shape of micelles can also be made evi-
dent by studying an adequate chemical process. The reaction
between methy! 4-nitronenzenesulfonate, MBS, and a nucleophile,
such as the chloride ion, has been shown to be useful for examining
the formation of elongated micelles [52,53]. Fig. 5 shows the
dependence of ks for the process MBS + Cl~ on surfactant concen-
tration in D1 and m-D aqueous micellar solutions. Kinetic data for
the same reaction in dodecyltrimethylammonium chloride, DTAC,
are also included in Fig. 5 for the sake of comparison, The chloride
ions present in the micellar reaction media come uniquely from
the surfactant molecules. Since the organic substrate, MBS, as well
as the chicride ions are distributed between the aqueous and
micellar pseudophases, the reaction occurs simultaneously in both
pseudophases. An increase in surfactant concentration results in a
further incorporation of the organic substrate into the micelles. As
a consequence, the contribution of the reaction taking place at the
micellar interface augments and because the bromide ion concen-
tration is much higher at the micellar surface than in the aqueous
phase, the observed rate constant increases. kg is expected to
reach a constant value at high surfactant concentrations for which
the MBS molecules are fully bound to the micelles. This behavior is
observed for surfactants with no tendency to micellar growth such
as dodecyltrimethylammonium chloride, DTAC (see plot ¢) in
Fig. 3) [34]. However, plots (a) and (b) in Fig. 5 shows that for D1
and m-D micellar solutions no plateau is found at high surfactant
concentrations and the observed rate constant steadily increases
upon augmenting [surfactant]. The same dependence of ku,s On
[surfactant} was foand in D2 and o-D micellar solutions. Similar
trends were previcusly observed for the reaction MBS+Br in
l? -s-12,2B:7 aqueous micellar solutions, with s=3, 4, 5 and 6
154,57, and for the process methyl naphthalene-3-sulfonate + Br~
in12-s- 12 2Br™ aqueous micellar solutions, withs=3,4, 5,6, 8, 10
and 12 {344 This kinetic behavior was explained by considering
that mlcellar growth is accompanied, among other effects, by a
diminution in the micellar icnization degree {36,501, which results
in an increment in the interfacial bromide ions concentration, and
thus in ksps. There are other changes following the morphological
transition, such as a diminution in the polarity and water content
of the inrerfacial region, which car. also influence k,,s. Nonetheless,
the dependence of ks 0n [surfactant] shown in Fig. 3 can be taken
as indicative of morphclogical transitions.
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Fig. 5. Dependence of the observed rate constant, k. for the reaction MBS + C!

in the case of the 12-s-12,2Br dimeric surfactants a correlation
between C* and the spacer length was found for 2 < s < 5 {50}, the
second cmc being higher the longer the spacer length is. Camesano
and Nagarajan [55] explained this result by considering that in the
case of cationic dimeric surfactants there are two Gibbs energy
terms which mainly control the size and shape of the micelles that
will form: the repulsive electrostatic interactions between head
groups and the extra packing contribution to the deformation of
the surfactant tails. The latter considers the packing constraints
on the tails, as they are connected by the spacer, in order to pack
within the micelle core, meeting liquid-like density constraints.
Both energetic terms favor the micellar growth more the shorter
the spacer length is. For the surfactants studied, the calculated
maximum length of the spacers are 3.87 A 256A, 2.92 A, and
5.05 A for D1, D2, 0-D, and m-D, respectively . As expected
we found C'(D1)> C(D2) and C(m-D)> C{o-m). However, C (o-
Dj) should be higher than C'(D2), whereas the experimental results
show the opposite trend. In order to rationalize the experimental
data, the packing parameter, P = v/a,l., will be considered 1. This
factor was used in order to explain the behavior of the micellar
morphology, the sphere to rod transitions for example, with the
length (I.) and volume (#) of the tail chain of the surfactant, and
the optimum surface area occupied by a surfactant head group at
the micelle core-bulk phase interface (q,). A reduction in the pack-
ing parameter favors the formation of spherical micelles. The
length and volume of the tail chain is similar for all the surfactants
investigated. The authors assumed that the optimum head group
area per surfactant molecule at the miceilar surface, a,, can be
approximately estimated by the minimum surface area per head
group at the air-solution interface, A, obtained by surface
tension measurements & shows the dependence of the surface
tension on the In({surfactan:]} for aqueous D1 solutions. The
surface excess concentration, [ ..., and the minimum adsorbed
area per molecule, A, have been calculated using the Gibbs
equation:

on surfactant concentration at 303 K. {a) D1; (b) m-D; and (¢) DTAC.

@ Pure water e
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Fig. 6. Dependence of the surface tension, 3
D1 solurtions. T=303 K.

, on In({surfactant}) in water-C,mimcCl

1 7 d~

Ry (2)
Texc nRT (d ]n[SUI’faCtant}> -

and the equation:

Amin = (NaTexe) ™! 3

In Fgs. {2) and {2} R and T have their usual meaning, N, is Avoga-
dro’s number and n is a constant which depends on the number
of species constituting the surfactant and which are adsorbed at
the interface. Avalue of n = 2 was considered for the dimeric surfac-
tants =7 . There is controversy regarding the value of n to be used
to calculate A, for dimieric surfactants (n=2 or n=3). However,
the trend of A, on the spacer length is not affected by n. There
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are some limitations in the use of Eq. /2%, pointed out by Thomas
et al. and Eastoe et al. (%541 but this woui(l not affect the quali-
tative discussion of the Amm values. These values are 104 A%, 97 A%,
94 A% and 98 A? for D1, D2, o-D, and m-D, respectively. On these
basis one would expect that C(D1)> C’(D2) ~ C"(m-D)> C{(0-D),
in agreement with the observations. The small A,,;,, values experi-
mentally found for 0-D and m-D can be explained by considering
that the pheny! ring of the dimeric surfactant molecules is buried
toward the micelle interior, with the cationic ammonia groups pro-
truding into the aqueous phase, as is shown by the ROESY
experiments.

- The fluorescence maximum, /.y of the probe pyrene-3-car-
boxaldehyde, P3C, in micellar solutions could provide a direct mea-
sure of the polarity of the micelle-bulk interfacial region {35]. The
fluorescence emission spectra of P3C were recorded at [surfac-
tant,;] = 0.01 M. It was found that the emission spectra were com-
plex, being the result of the sum of those corresponding to the P3C
molecules localized in the aqueous phase and in the micellar inter-
facial region. In order to resolve the two contributions to the total
fluorescence emission intensity, a deconvolution software was
used 74 The fluorescence emission spectrum of P3C in water,
in the absence of surfactant, was also recorded in order to get
the /‘qu(water) value to be used in the curve-fitting deconvolution.

3 shows the result of the deconvo-
lutlon in aqueous Dl micellar solutions. The i, values were
445+ 1nm, 445+ 1 nm, 443 + 1 nm, and 442 + 1 nm for D1, D2,
0-D, and m-D, respectively. Taking the experimental errors into
account, these data indicate that the polarity of the interfacial
region of all the dimeric micelles investigated is similar.

3.2. Micellization of cationic dimeric surfactants in water-ionic liquid
solutions

The aggregation of the dimeric surfactants in water-ionic liquid
solutions, at several IL concentrations, was studied by surface ten-
sion measurements. ¥iz. & shows the results obtained in water-C,_
mimCl D1 solutions. One can see in this figo o that a1 increment in
the IL concentration leads to a reduction in Zie cmc, for [IL] up to
0.10 M. A similar trend was found for all the dimeric surfactants
mvestlgated in water-CymimcCl and water-CsmimCl solutions.
2 summiarizes the experinizntal cmc values. For IL concentra-
tions higher than 0.10 M the surface tension variation within the
surfactant concentration range below the cmc is too small and
the errors affecting the estimated cmc values too high. With this
in mind the cmc’s corresponding to [IL] = 0.10 M were obtained
by using a fluorescent method, based on the variations of the pyr-
ene intensity ratio I/l following the micellization process. Al Ii/Iy
plots show a decrease as the total surfactant concentration
increases, associated with the formation of micelles (see Fig. 35,
Supplementary Material). In order to calculate the cmc values,
the procedure proposed by Zara et al. was used {3, I,/I;; experi-
mental data were fitted to a sigmoid (Boltzmann type) curve, and
the center of the sigmoid was 1uent1‘ied as L‘*e cmc. These data
are also summarized in 7 imiental data clearly
show that for 0 <[IL] £ 0.10 ; L ooe il foncentration
causes a reduction in the cme, s 1}f to typicai background elec-
trolytes such as NaCl. However, for .10 M < {IL] < C.50 M the cmc
increases when the IL concentration augments. A similar dual
effect of the IL concentration on: the cme of conventional surfac-
tants has been previously found {27 G4 However, in other cases
only an increase in the cmc of the su-factants when the IL concen-
tration increases was found {#51L More complex variations of the
cme of surfactants upon changing [IL] were zlso observed {221
which were rationalized by considering the ILs as co-surfactants.

An IL added to an aqueous surfactant solutica could have three
different roles: as a background electrolyte, as z polar organic sol-

Table 2
Values of the critical micellar concentration, cme, obtained by surface tension
measurements in water-1L and water-NaCl surfactant solutions. T=303 K.

|Additive] (M) 10° < cmce (M)

D1 D2 o-D m-D
Comimdl
0.00 1.8 1.9 1.6 1.6
0.0050 0.94 0.93 0.40 0.49
0.010 0.45 0.49 - -
0.020 0.27 - 0.16 0.20
0.050 0.10 0.098 - -
0.10 0.082/0.087¢ 0.054 0.043/0.048" 0.046
0.30 0.12¢ - 0.14% -
0.50 0.17% - 0.18* -
CymimCl
0.0050 1.0 1.2 0.45 047
0.010 0.77 - - -
0.020 0.37 0.39 0.22 0.25
0.050 0.093 - - -
o.1¢ 0.097/0.10° 0.065 0.056/0.057% 0.059
0.30 n18? - 0.16% -
.30 027 - 0.35° -
Comim(l
0.0050 1.2 1.2 0.57 0.64
0.010 .89 0.92 ~ -
0.020 .42 0.44 0.33 035
0.050 0.15 0.17 - -
0.10 0.11/0.13¢ 0.12 0.093/0.10° 0.097
0.30 c.20° - 0.25° -
0.50 0.47° - 0.58* -
Na(l
0.0050 .04 1.1 0.40 0.43
0.020 024 0.25 0.14 0.17
0.050 0.10 - - -
0.10 0.047/0.051% 0.049 0.036/0.037% 0.039
030 0.021° - 0.021% -
0.50 0.016°% - 0.014* -

¢ Values estimated by using pyrene.

vent, and as a co-surfactant. In regard to the latter, no critical
micelle concentration was detected for C;mimCl and CamimCl

i For CemimdCl a cmic close to 0.90 M was proposed from surface
tension measurements {3}, although no micellization was found
by conductivity measurements The rather short alkyl chain
and the hydrophilicity of the chloride counterion do not favor mic-
ellization. Therefore, the use of the imidazolium chloride ILs with
ethyl, butyl and hexy! substituents should minimize their role as
co-surfactant. Nonetheless, in order to further investigate if the IL
molecules form mixed micelles with the dimeric surfactants, two-
dimensional, 2D, rotating frame nuclear Overhauser effect spec-
troscopy (ROESY) was used. No cross-peaks corresponding to the
interaction between surfactant protons and IL protons were
observed, thus indicating that the role of the investigated
hydrophilic ILs as co-surfactants is negligible under the working
concitions.

The influence of background electrolytes on the cmc was inves-
tigated by surface tension measurements, Table 2 summarizes the
cmc valaes con*csrr‘ndi"g to the dimeric surfactants studied in the
presence of several NaCl concentrations. For the sake of compari-
sort, for [IL] = 0.1C M the ¢mc values were determined by using
the pyrene fluorescence method. One can see that an increase in
[NaCl] causes a reduction in the cme for all the surfactants investi-
gated, in the whol> Nall concentration range studied. This is an
expected rasult since the presence of NaCl in the aqueous solution
diminishes the electrostatic repulsions between the positively
charged surfactant head groups within the micelles, thus favoring
the aggregation pre I3

The influence of nolar organic solvents on the cmc of the
dimeric surfactaiits was investigated by studying their aggregation
prccess in water—ethylene glycel and in water-formamide binary

258
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mixtures. These two solvents do not incorporate into the micellar
aggregates, but mainly remain in the bulk phase. The experimental
data are summarized in Table 3. Ethylene glycol has a permittivity
lower than water and formamide has a permittivity higher than
water {56]. However, in both cases an increase in the amount of
organic solvent causes an increment in the cmc. This cmc increase
has been found for several water-organic solvent mixtures (with
organic solvents which preferentially remain in the bulk phase)
characterized by permittivities higher as well as lower than that
of pure water {471, Speaking in general, the addition of an organic
solvent renders the bulk phasz a petter salvent.for e surfactant
-molecules. This would niake the wranster of the hvdrophebic tail
from the bulk phase into the micelizs less favorable and, as a con-
sequence, the Gibbs enelgy term, AGY, .- increases (becomes less
negative), making AGY less regative.

For all the water—IL soluticns studied, a diminution in the cmcis
observed when the [IL] increases up tc 0.1¢ M. The cmc values,
within the range 0<[IL] £ C.10 M, follew the trend cmc(Comim-
(1) < eme(CymimCl) < eme(ComimCl). This trend also holds for [IL]
higher than 0.10 M, although within this IL concentration range
the cmc augments when the ionic liquid concentration increases.
Taking the effect of [NaCl] aﬂd [polar organic solvent] on the cmc
into account, the datain T could be explained by considering
that the hydrophilic ionic liquids investizated behave simulta-
neously as a background electrolyte and as a polar organic solvent.
The extent of the contributions of cne or the other role depends on
the IL concentration as well as on thc IL hydrzphobicity. An
increase either in the IL concent-aticn or 1n the IL alkyl chain
tength favors the role of the ‘o1i: iqu.d 45 a polar nic solv

The water-IL surfactant sclutions ware “orther investigate d by
using dynamic light scattering measurements, DLS, wvhich permit
the estimation of the averag: hydrodynamic diameter of the micel-
lar aggregates. ¥ig. 7 shows the dependence of the average hydro-
dynamic diameter of D2 and o-D on the icnic liquid concentration.
The values of this magnitude for the D1 and m-D aggregates in
water-IL binary mixtures are listea in Table 31, together wich the
plot of %Intensity(number) azainst the hamuu for the water-IL
0-D micellar solutions (Fiz t ). For IL
concentrations higher than JSM the solurions furned opaque.
Some measurements were done for D1 and m-D s rfactant:, the
results being similar to those of D2 and 0-D, respectively. :
shows that an increase in the icnic liquid concentration results in
an increase in the size of the micalles of the dirmeric surfactants
except for CgmimCl. In the iaiter ¢ the micelle size remains
nearly constant for [C i3 M. The hydrodynamic
radius increment experiscnte LoC fellons the trend
Conumdl > CamimCl > Cominae ..

Data in the literature show -
on the micelles size depends co codh the sus
ure. Rai et al. {52! found that the average size of the ml
ous solutions of the anio..c dcc. 2cylbenzanc
increases drastically upon zddition of buoyl-3-m

“ionicliquid addition
t anc the IL nat-
cellesin aque-
suifonate, SOBS,
eth

wiirnidazelium

[ R S
Lad el

Table 3
Values of the critical snicellar concentracion, ¢me, In water-poiar organic solvent
dimeric surfactant solutions at 303 «.

Water-ethylene glycol 10° » cmc \M
D1 D2 0-D m-D

20 wt% 2.4 o 2n 21
50 wtk 7E 74 71 7.3
Water-formamide
10w £ KR ¥ 5
20wt 1.7 4.3 3.7

wit%: Percentage of organic solvent v weig

hexafluorophosphate, C;mimPFg, up to ~0.15 M. This may not be
unexpected, as the addition of organic ions of opposite charge to
ionic dimeric surfactants may induce massive aggregation effects
{691, However, addition of butyl-3-methylimidazolium tetrafluoro-
borate C,mimBF,, or of the inorganic salts NaPFg and NaBF, only
gradually increases the aggregate size. For aqueous solutions of
another anionic surfactant, sodium dodecylsulfate, SDS, the addition
of C;mimBF, causes a gradual increase in the micellar size {70].
Behera et al. studied the effect of CsmimBr addition on the average
size of micelles of the cationic cetyltrimethylammonium bromide
up te an L concentration ciesz to 1.3 M 171 Initially, they found a
sraduct Increase in the average agmeoate size from 1.2nm to
5.1 nra, by increasing [IL] up o 0.41 M. However, a subsequent
increase in the io.1:¢ liquid concentration does not affect the aggre-
gate size, within experimental errors. Similarly, no significant
changes were found in the size of micelles of the nonionic Triton
X-100 in aquecus solution, when CymimPFg was added up to
2.1 wt% {72].In contrast, the addition of CymimBF,, to aqueous solu-
tions of the zwitericnic N-dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate, SB12, was repo:ted to decrease the micellar size
from 7.1 nm, in pure water, to 1.7 nm in the presence of [Cymim--
BF4]=0.089 M [7Z1 With the goal of understanding the effect of
the ionic liquids ot micellar size and considering their double role
as backgreund eiectrolytes and as polar organic solvents, the influ-
e of NaCl and of polar organic solvents on the micelle size will
be considered next.
2. 7 shows tiat anincrease in [NaCl] leads to an increase in
fhe average n amic diameter of the dimeric micelles. As
e case of ihr whviawgon of the amce upon increasing [NacCl],
s chservaticn wan bm Lxg am d by the reduction of the electro-
static repulsions between the positively charged head groups
within the agzregatres which allows the formation of larger
aggregates. Although utions to AGy are also depen-
dent on the ionic concenmration ., the electrostatic Gibbs energy
term s *nmlj ;‘:LFCASII)]: fo -'JIOW'h of the aggregates found
W are aaued to micellar solutions. The fluorescence quench-
ing of pyrene by CpyClwas used ir order to estimate the N,g, of the
0z micelles in the gresence of tiie NaCl, with [surfactant} = 0.01 M.
The dcccr'ﬁnc vaiics of Nygg weic 23, 26, 37, and 50 for NaCl concen-
trations equal to 00, 0.1 M, 0.2 M, and 0.5 M, respectively. That is,
ar increase in [NaCl) provokes an increment in the Nagg, as was
redicted. A simalar ucpendem_ of Nuge on [NaCl] is expected for
D1, 0-2, and m-D surfactants.

With regarc to the effect of polar organic solvents on the
micelle averagoe  sggregation number, several authors have
: crease in the content of the organic solvent
REIITHY b 1ase) results in a decrease in

scnionic and zwitterionic surfactants

¢ dimeric surtactants) § i. This diminution
£ zeq by cons.dering the vanatzons caused in the
interfacia Gibbs energy contiibudon, AGhiedacian to AGhy by the
ice of the crganic sulvent. This size-dependent term takes into
accouint tmf the fexmation of a micelie creates an interface allowing
wweed the nydicpaobic core and the bulk phase (the
W ater-organic so It s a large positive term, which
235235 as tne rouceiie size increases, thus favoring micellar growth
21 Al eriacia 15 piOporticnai to the hydrophobic core-bulk phase
cial tension. It is reasonabie to expect that the variations in
the Lydrophobic corzjouik phase iczzerfacial tension are proportional
to the changes in the au‘ou K pA ase surface tensmn. v, when an
moan; solvent is ru*u s

T ddsk JLN DISIES IO

o

for coniact ®

b maklng AGin(elfacial
iczlles in the water-organic sol-
RETEETTON 1 the surface tension of the
[EPRTRETIG R IPNLES smaller the average aggre-

s of D2 and m-D were estimated via
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Fig. 7. Average hydrodynamic diameter of the micelles estimated by DLS measurements in aqueous surfactant solutions in the presence of different additives.

{Surfactant}=0.05 M and T=303 K. (a) D2 and (b) o-D.

Fig. 8. AFM topographic image of aquoois UG0S N adsarbed At aomica
surface.

ne by Cpvdl,
ith 20%

with [surfac-
by weight of
t and m-D, respec-
satvent is added
rthe D1 and

the fluorescence quenching of v
tant] = 0.01 M, in water-ethyier
organic solvent. The results we
tively. That is, Nage decreases whe
to the micellar solution. A similar re
0-D surfactants.

Thez influence ot the ionic liquids on N,y was also studied using
the fluorescence cuenching of pyrene by CpyCl. For D2, with
[DZj= 0.01 M and /1] =0.5M, the average aggregation number
estimared was 44, 3% and 33 for adced C;mimCl, Cymimdl, and Cs_
mimdl, respectively. That is, for{IL] = 0.5 M, N,go(CmimCl) > N,gy(-
C4m1mCl) > N,gg{ CemimCl), in agreement with the trend shown in
Fig. 7 for the average hydrodynamic radius.

From the above results it is possible to conclude that the varia-
tion in the micellar size caused by the ionic liquid addition to the
aqueous micellar solution is the result of two effects operating in
opposite directions. On one hand, an increase in the ionic liquid
concentratior leads to an increment in the ionic strength of the
bulk ;aase (background electrolyte effect). As a consequence, the

electrostatic repulsicns at the miceliar interface diminish, favoring

the formaticn of larger dggregates. On the other hand, the presence
of thz {L in the bullc phase decreases the hydrocarbon core-bulk
phase interfacial tensicn, making the interfacial Gibbs energy con-
tribution ose positive Joolar o zanic sclvent effect). This renders
the forma : s more favorable. The diminution
of the air;bulk ph ic1t) surface tension caused
by t ~guic follows the trend »(Comim-
ercfore, the reduction in
liquids is expected to be lar-
2 ;._.\Jrl Jmm of the IL is. The experimentally
a3 ceused by the ILs addition are
M liquics dual role as background
sclvents.

Fig. 9. AFM topographic image of IL-suriacta
solutions with [CamimCl) = 0.5 M ans D7

ons with (D1;=0.65 M. {b) Water-C,mimCl D1 micellar
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Structural information can be extracted from Atomic Force
Microscopy, AFM, images. With this in mind, AFM experiments
were carried out in order to get ‘mormat ion about the changes
caused by the increase in IL concer : icellar solutions.
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4. Conclusions

The micellization process
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cationic head groups in the miceile interface diminishes. As a con-
sequence the cmc decreases. On the other hand, when the ionic lig-
uids mainly act as Dolax organic solvents, an increase in the

SEIA mas 1

iie a better solvent for the hydro-
Thus the Gibbs energy for the
1. the bulk phase into the micellar

i = iaking the micellization process
more d fficuit and, rhk refo ‘e, increasing the cmc. The relative con-
tripution as a pelar organic solvent increases when the IL concen-
tration aucment> It also increases with the length of the ionic
Hquid's

iiquid concentration causes an
R S 1Y :m" diameter, d, of the aggre-
in the whole IL concentration

mnCl the micelle size remains
T ~oavem i e oorations. These changes can also
cnorand e o0 s o played by the ILs investigated.
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