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The effects of some anions of theHofmeister series and different divalent cations of alkaline earthmetals on the
properties of Langmuirmonolayers of the cationic Gemini surfactant ethyl-bis (dimethyl octadecylammonium
bromide) have been investigated. Surface pressure and potential isotherms at the air–water interface were
obtained on aqueous subphases containing sodium salts with several anions of the Hofmeister series (Cl−,
NO3

−,Br−, I−,ClO4
−, and SCN−). The influence of the investigated anions on the monolayer properties can be

ordered according to the Hofmeister series with a change in the order between bromide and nitrate anions. On
the other hand, for a given anion, the cation of the salt also influences the surface properties of the Langmuir
films. The monolayers can be transferred onto mica by the Langmuir–Blodgett technique and then the
Langmuir–Blodgett films were characterized by atomic force microscopy (AFM). The AFM images show that
the molecules become more closely packed and nearly vertical to the surface when anions screen the electric
charge of the surfactant molecules.
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1. Introduction

Recently, studies of surface properties of simple electrolyte have
renewed attention because they play a key role in the surface
chemistry of the atmosphere aerosol [1] as well as in many areas of
the Physical Chemistry such as electrochemistry, catalysis, drug
availability or ion separation [2].

Thefirst studies of surfaceproperties of simple electrolytes dealtwith
thermodynamic properties and they indicated that the surfaces are
formed by an ion-free water layer [3]. In contrast, the most recent
experimentsusingvibrational sumfrequencyspectroscopy (VSFG) [4–6]
along with molecular dynamic simulations [7–9] show that large
polarizable anions reside in the surface region. The VSFGmeasurements
also showed that the divalent counter-cations of salts play an important
role concerning to the propensity of anions for the air–water interface
[10,11]. This fact raises some important questions related to interactions
between ions present in the subphase and molecules adsorbed at the
interface. These interactions are ofmajor importance in themanufacture
of high-quality Langmuir–Blodgett films (LB films) with potential
applications in thin film technology [12]. One of the main difficulties in
building materials for molecular electronic is that high intermolecular
organization is necessary to achieve the desired properties. One possible
approach to create such molecular order is amphiphilic self-assembly
into a monolayer on saline aqueous subphases followed by Langmuir–
Blodgett transfer. Thus, when ions are present in the subphase, the
surfactant monolayer usually becomes more ordered [13] and transfers
more easily to solid substrates (LB films) [14]. Aggregates with different
structure have been observed in monolayers prepared on subphases
containing divalent ions [15,16]. These self-assembly systems are
interesting from the fundamental point of view [17] and from
technological applications [18,19].

In order to gain insights in the effects of specific interactions
between anions and surfactants on the structure and properties of
Langmuir and LB films of surfactants, we study the effects of different
anions of the Hofmeister series on both the Langmuir and the LB films
of the cationic Gemini surfactant ethyl-bis (dimethyl octadecylam-
monium bromide), abbreviated as 18-2-18.We also study the effect of
divalent cations in the gradient concentration of anions near the
surface. We chose the cationic surfactant 18-2-18 because Gemini
surfactants provide a high surface activity relative to the correspond-
ing monocatenary surfactants [20] and can be used as templates for
preparation of nanomaterials [21]. The behavior of water-soluble
Gemini surfactants in solutions and at the air–water interface has
been thoroughly investigated and an interesting review of results was
carried out by Zana [22]; however, the properties of Gemini insoluble
monolayers have received less attention [23–28] although they are
promising candidate as component in technological applications such
as energy-storage or liquid-crystal devices.

2. Materials and methods

2.1. Materials

Gemini surfactant 18-2-18, Scheme 1, was synthesized using the
methoddescribedbyZanaet al. [29]with somesignificantmodifications
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Scheme 1. Molecular structure of the cationic Gemini surfactant ethyl-bis (dimethyl
octadecylammonium bromide), abbreviated as 18-2-18.
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introduced in order to improve the purity of the product. Modifications
introduced are recrystallization of the product from mixtures of
chloroform and acetonitrile, and purification by column chromatogra-
phy (silica gel, eluent: acetone and methanol). The product was
characterized by mass spectrometry and nuclear magnetic resonance
to guarantee a degree of purity N99.9%, necessary for the correct
interpretation of surface experiments.

Chloroform (PAI, filtered) used to prepare the spreading solutions
was from Sigma-Aldrich. Millipore Ultra pure water prepared using a
combination of RiOs and Milli-Q systems from Millipore was used to
prepare the saline subphases. The salts of high purity were purchased
from Sigma-Aldrich and baked for 48 h at 300–500 °C to remove
traces of organic compounds. The salt concentration dissolved in the
subphase ranged from 0.01 M to 1 M. The LB substrate muscovite
(mica) quality V-1 was supplied by EMS (USA). The mica surface was
freshly cleaved before use.

2.2. Preparation of Langmuir monolayers and Langmuir –Blodgett films

The surface pressure measurements were performed on two
computer-controlled Teflon Langmuir film balances, Minitrough and
Standard KSV2000-2 (KSV, Finland). The surface pressure was mea-
sured with a Pt-Wilhelmy plate connected to an electrobalance. The
temperature is controlled by flowing thermostated water through
jackets at the bottom of the trough. The water temperature was
maintained by means of the thermostat/cryostat Lauda Ecoline RE-106.
The temperature near the surface was measured with a calibrated
sensor from KSV.

In order to confirm the stability of the monolayer, two different
forms for preparing the monolayers were used. In the first one the
surface concentration was changed by subsequent additions of the
surfactant solutions on the liquid/air interface using a micrometer
Hamilton syringe. The syringeprecision is 1 μL. The surface pressurewas
continuouslymonitored, and the equilibrium valuewas takenwhen the
surface pressure remained constant for at least 10 min. In the second
way, the monolayers were symmetrically compressed by moving two
barriers under computer control after the spreading of the surfactant
solution. The compression rate was 5 mm/min. The spreading solutions
of concentration around 5×10-4 M were prepared on chloroform by
weight using an analytical balance precise to 0.01 mg.
A KSV2000 System 2 for LB deposition was also used. The
monolayer was transferred to the solid substrate by symmetric
compression at barriers speed of 5 mm/min, with the substrate into
the trough by vertically dipping it at 5 mm/min.

2.3. Surface potential measurements

The surface potential ΔV was measured in the Teflon Langmuir
Minitrough (KSV, Finland). A Kelvin probe KSVSPOT from KSV located
approximately 2 mm above the aqueous surface was used. KSVSPOT is
based on the non-contact vibrating plate capacitor method with the
reference electrode placed in the subphase. The surface potential of
monolayers was determined relative to the surface potential of the
supporting electrolyte and of water if no salt was added to the
subphase. Each reported value is an average over five measurements
and the standard deviation of these measurements was considered
the experimental error.

2.4. Brewster angle microscopy (BAM)

The morphology of Gemini surfactant layers at the air–water
interface was observed using a Brewster angle microscope BAM
(Optrel BAM 3000 from KSV) mounted on the Teflon Langmuir
through Standard KSV2000-2 (KSV, Finland). The microscope uses a
helium–neon laser of 10 mW (632.8 nm) and a digital camera model
Kam Pro-02 (768×494 pixels) from EHD.

2.5. Atomic force microscopy (AFM)

AFM images of the LB films of 18-2-18 on mica substrates were
obtained in constant repulsive force mode by AFM (Nanotec Dulcinea,
Spain) with a rectangular microfabricated silicon nitride cantilever
(Olympus OMCL-RC800PSA) with a height of 100 μm, a Si pyramidal
tip and a spring constant of 0.73 N/m. The scanning frequencies were
usually in the range between 0.5 and 2.0 Hz per line. The measure-
ments were carried out under ambient laboratory conditions.

3. Results and discussion

3.1. Characterization of 18-2-18 monolayer at the air/water interface

The surface pressure-molecular area isotherms were performed at
293 K, under the desorption temperature, Td=302 K [30]. The
pressure-area isotherms obtained by subsequent additions and
symmetric compression for monolayers on water subphase are
represented in Fig. 1a. As can be observed the isotherms agree with
each other until the monolayer collapse. Above this pressure, the
surface pressure of the monolayer obtained by compression is higher
than that obtained by addition. Similar behavior was observed in
monolayers on saline subphases. Because we are not interested in
study states corresponding to monolayers collapsed we obtained the
rest of the isotherms by symmetric compression.

The monolayers can exist in different states that can be
determined in terms of the equilibrium elasticity modulus [31].
According to it, we calculate the equilibrium elasticity modulus of the
18-2-18 monolayer on water subphase from the pressure isotherms

and the equation: ε0 = Γ
δπ
δΓ

� �
T
. Results are represented in Fig. 1b and

show that for molecular areas above 200 Å2 the elasticity modulus, ε0,
gets a very small value characteristic of gas phase. BAM images in this
region show different domains which are seen as stripes and circles,
see Fig. 1d, and which disappear when the surface pressure increases,
Fig. 1c. Hence, the region with low ε0 values was ascribed to a gas–
liquid expanded phase coexistence region.
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Fig. 2. Variation of the surfactant molecular area with the NaBr concentration dissolved
in the aqueous subphase.

Fig. 1. Surface pressure isotherms (a) obtained by addition (solid circles) and by symmetric compression (line) at 293 K. (b) Variation of the equilibrium elasticity with the surfactant
surface concentration. BAM images corresponding to: (c) LE and (d) G–LE. Image size: 350×270 μm. The arrows in the isotherm point to the monolayers observed by BAM.
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The equilibrium elasticity modulus values from the liftoff to the
onset of the collapse film are characteristic of liquid-expanded (LE)
phase, indicating that during compression before the collapse the
phase condensed does not appear. This fact was previously observed
for monolayers of bis (quaternary ammonium bromide) surfactants
with spacers larger than the one used in this work [27].

3.2. Characterization of 18-2-18 monolayer on saline subphases

In order to gain insights in the effect of saline subphases on the
properties of 18-2-18 monolayers, we study the effect of different
anions of the Hofmeister series dissolved in the subphase on the
properties of the surfactant monolayer. Firstly, we study the salt
concentration effects in themonolayer. Fig. 2 shows results for Gemini
monolayers on NaBr aqueous subphases. As can be seen in Fig. 2 the
area per molecule decreases rapidly with increasing salt concentra-
tion and it remains constant above 0.1 M of NaBr. Similar trend was
observed for other salts. It is well established that the molecular area
of surfactants in monolayers is related to the balance between
repulsions and attractions. According to it, when the electric charge of
ionic surfactant is screened, the repulsions between the surfactant
molecules decrease and monolayers become more compressed.
Therefore, from our results it is possible to conclude that the addition
of salts screens the surfactant and consequently the monolayer
becomes more compressed. To study the effect of anions of the
Hofmeister series, the anion concentration dissolved in the subphase
was kept constant in 0.20 M, using this concentration the surfactant
molecules at the interface are in their most compressed state. Fig. 3
shows the isotherms corresponding to monolayers on subphases
containing sodium salts of different anions. The isotherms in Fig. 3
were obtained at 293 K. The morphology of the isotherm is quite
similar to the isotherm on water subphase; however, it becomes
more compressed according to the following order: waterbCl−bNO3

−

bBr−b I−bClO4
−bSCN−. The equilibrium elasticity values were used

to identify the different states of the monolayers. The values found
show that before the collapse the phase condensed does not appear.
This behavior is similar to that observed for the monolayer on water
subphase. Fig. 4 shows the BAM images in the gas–liquid expanded
(G–LE) regions for monolayers on subphases with different salts. If we
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compare these images with those corresponding to the same region
for the monolayer on water, Fig.1d, it is possible to conclude that the
morphology of domains is quite similar. As it happens in monolayers
on water, Fig. 1c, BAM images for LE monolayers on saline subphases
do not present aggregates (not shown).

The area per molecule extrapolated to zero surface pressure and the
maximum equilibrium elasticity values for the LE state are collected
in Table 1. For comparative purposes the table also presents the
corresponding values for the monolayer on water subphase. The area
per molecule for the monolayer on water is 124 Å2. This value is
consistent with the molecular area for the same Gemini surfactant with
3 methylene groups as spacer, 18-3-18, (1.28 nm2) [28]. In monolayers
Fig. 4. BAM images of G–LE regions of 18-2-18 on diff
preparedon saline subphases the areapermolecule decreases according
to the series: waterbCl−bNO3

−bBr−b I−bClO4
−bSCN−, and the max-

imum value of the equilibrium elasticity modulus increases in the same
order. These facts can be attributed to the screening of the surfactant
electric charge by electrolytes dissolved in the subphase. Thus,when the
electric charge of the surfactant adsorbed at the interface is screened the
repulsions between molecules decrease and the monolayers become
more compressed, increasing the chain packing and the elasticity of the
monolayer. Additional information about the influence of anions on
monolayers of 18-2-18 was obtained by means of surface potential
measurements. For the sake of clarity, we represent only some surface
potential isotherms in Fig. 5.
erent saline subphases. Image size: 350×270 μm.

image of Fig.�3


Table 1
Maximum equilibrium elasticity modulus and area per molecule values for 18-2-18 LE
monolayers on different subphases.

Subphase εmax/mN m−1 Area per molecule (Å2)

Water 60 124
NaCl 75 113
NaNO3 85 100
NaBr 85 93
NaI 100 92
NaClO4 110 91
NaSCN 120 89
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Fig. 5. Surface potential isotherms at 293 K of 18-2-18 monolayers prepared on
different subphases: (circles) water; (triangles) 0.20 M NaCl and (squares) 0.20 M
NaClO4.
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Fig. 6. Surface pressure isotherms for Langmuir monolayers of 18-2-18 on subphases
containing different nitrate salts of different divalent cations: a) water, b) magnesium,
c) calcium, d) strontium and e) barium. The salt concentration in the subphases
remains constant in 0.10 M.
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Results in Fig. 5 show that the surface potential values are always
positive as correspond to a monolayer containing cationic surfactant
molecules. In addition, the surface potential at a given area decreases
with the salt concentration dissolved in the subphase indicating that
anions compensate the charges of the surfactant molecules. The
surface potential values for a given surface area follows the order:
waterbCl−bNO3

−bBr−b I−bClO4
−bSCN−. All these results indicate

that anions have different ability to compensate the electric charge of
the surfactant. This behavior is consistent with the specific ion effects
observed in other cationic monolayers [32]. Other specific anion
effects have been observed in the properties of monolayers of the
zwitterionic surfactants [33–35].

From all these results, we can conclude that the effect of the
addition of salts to the aqueous subphase on the equilibrium
properties of surfactant monolayers depends on the ability of the
anions to compensate the electric charge of the surfactant adsorbed at
the air–water interface. Our results demonstrate that the ability of
anions to screen the electric charge of the Gemini surfactant increases
in the order: Cl−bNO3

−bBr−b I−bClO4
−bSCN−. This ordering is a

Hofmeister series, Scheme 2, with a change in the order between
bromide and nitrate anions. The Hofmeister series was established to
ordering anions based on their ability to salt-out proteins from
aqueous solutions [36]. It is also known that a variety of processes
such as solubility of salts, zeta potential, electrolyte activities, critical
micellar concentrations, colloidal stability, etc., follow this series [37].
More recently, theoretical [7–9] and experimental results [4–6] have
illustrated the influence of the Hofmeister series on the propensity of
−−−− <<<< BClHPOSOOHC 2
4

2
4

3
756

Scheme 2. The Hofmeister
anions for the air–water interface. The experiments using VSFG [4]
and normalized second harmonic generation spectroscopy (SHG) [38]
indicated that the propensity of anions for the interface increases as
the Hofmeister series. On the other hand VSFG measurements have
also demonstrated the presence of NO3

− at the interface [10,11]. The
fact that the nitrate symmetric stretch can be observed by VSFG is
signature of structural changes on the NO3

− adsorbed at the interface
because the symmetric stretch of the planar structure of NO3

− in bulk,
D3h symmetry, is not VSFG active [10]. The structural change on the
nitrate anions at the interface could be responsible of the observed
inversion in the order between bromide and nitrate anions [37].

Vibrational sum frequency spectroscopy also showed that the
divalent counter-cations play an important role concerning to the
propensity of anions for the air–water interface [10,11]. Therefore,
we study the effect of the addition of different divalent cations in the
subphase on the equilibrium properties of 18-2-18 monolayers.

Fig. 6 shows the surface pressure-molecular area isotherms for the
Gemini surfactant monolayers on subphases containing different
nitrate salts of the divalent cations; the salt concentration is always
0.10 M.

As can be observed in the figure, the isotherms shift to lower areas
per molecule as the cation size increases. The area per molecule
extrapolated to zero surface pressure in the LE region and the
maximum of the equilibrium elasticity modulus values are collected
in Table 2. For the sake of comparison Table 2 also presents the values
obtained for different perchlorate salts of divalent cations. Results in
Table 2 clearly demonstrate that the monolayer becomes more
compressed according to the following orderMg2+bCa2+bSr2+bBa2+.
The elasticity increases in a similarway to the decrease of themolecular
area of surfactant molecules at the interface. In addition, the surface
potential at a given molecular area decreases following the same order
(not shown). All these results indicate that the electric charge of
monolayers of the Gemini surfactant is screened following the series:
Mg2+bCa2+bSr2+bBa2+. This behavior shows the important role that
the countercation plays in the propensity of a given anion for the air–
water interface and it is consistent with theoretical [39] and
experimental [10,11] results concerning to the effects of cations on
the structure of air–aqueous interface.
−−−−− <<<< SCNClOINOr 43

series of anions [36].

image of Fig.�5


Table 2
Maximum equilibrium elasticity modulus and area per molecule values for 18-2-18 LE
monolayers on subphases containing different salts.

Subphase εmax/mNm−1 Area per
molecule (Å2)

Subphase εmax/mNm−1 Area per
molecule (Å2)

Water 60 124 Water 60 124
Mg(NO3)2 62 122 Mg(ClO4)2 84 97
Ca(NO3)2 65 115 Ca(ClO4)2 88 94
Sr(NO3)2 68 102 – – –

Ba(NO3)2 75 98 Ba(ClO4)2 103 85
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3.3. AFM images of the Langmuir–Blodgett films

In order to test the influence of saline subphases on the properties of
LB films of the Gemini surfactant 18-2-18, Langmuir films were
prepared on water subphases without and with salts and then, were
Fig. 7. AFM images of the LB films on mica for different 18-2-18 monolayers: a) on water su
(NO3)2 at surface pressure 10 mN/m and c) on a saline subphase containing 0.10 M of Ba(C
transferred from the interface onto mica using the Langmuir–Blodgett
methodology. The morphology of LB films was observed by AFM. Fig. 7
shows the images and the cross-section profiles of LB films prepared
with Langmuirmonolayers of 18-2-18 ondifferent subphases at distinct
surface pressures. The Fig. 7a presents the image of the LB film
constructed from the Langmuir monolayer on water subphase corre-
sponding to the LE state (π=19mN/m and Γ=1.4·10−6mol/m2). The
image shows afilmwith height around0.8 nm. This height is lower than
the length of the fully extended hydrocarbon chain of 18 methylene
groups (2.4 nm) [40], indicating that the surfactant molecules do not
stand up at this surface pressure. This behavior is similar to that
previously observed for LB films of other Gemini surfactants [28].

We explore the effect of salts dissolved in the subphase on the
morphology of LB films by transferring LE Langmuir monolayers on
different saline subphases with the same surface concentration of 18-
2-18 than the one on water subphase (Γ=1.4·10−6mol/m2). Fig. 7b
bphase at surface pressure 19 mN/m; b) on aqueous subphase containing 0.10 M of Ba
lO4)2 at 30 mN/m.
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presents the AFM image and the cross-section profile of the LB film
built on Ba(NO3)2 0.10 M. The image shows a quasi-homogeneous
film of surfactant molecules with height between 2 and 2.5 nm, this
thickness is similar to the length of the fully extended chain of the
surfactant molecule. Similar trend was observed for the rest of
monolayers on saline subphases, to illustrate this fact we present in
Fig. 7c the AFM image of a LB film constructed by transferring a
concentrated Langmuir film in the LE state (Γ=2.5·10−6mol/m2)
prepared on Ba(ClO4)2 0.10 M. It is also interesting to notice that
below the collapse region even in the most concentrated monolayers
we do not detect the formation of micelles at the surface; this
behavior is contrary to results found in monolayers of cationic Gemini
surfactants with larger spacer than the 18-2-18 surfactant [26].

According to these results, it is possible to conclude that the
AFM images of Langmuir–Blodgett films are consistent with the
equilibrium properties of the Langmuir monolayers discussed in
the first part of this paper. Thus, the AFM images of LB films reveal
that the LE monolayers of 18-2-18 become more closely packed
and nearly vertical to the surface when the electric charge of the
surfactant molecules is efficiently screened by anions dissolved in
the aqueous subphase.

4. Conclusions

Anions in the aqueous subphases influence the surface behavior of
the cationic Gemini surfactant ethyl-bis (dimethyl octadecylammo-
nium bromide) according to the Hofmeister series with a change in
the order between bromide and nitrate anions. On the other hand, for
a given anion, the counter-cation also influences the surface
properties of the Gemini surfactant films.

The 18-2-18monolayers can be transferred onto mica using the LB
methodology. AFM images of the LB films show that the surfactant
molecules become more closely packed and nearly vertical to the
surface when the anions screen the electric charge of the surfactant
head groups. Finally, it is interesting to notice that, conversely to
results obtained for LB films of bis-(quaternary ammonium halide)
surfactants with spacers larger than the one used in this work, no
micellar aggregates at the interface were detected in 18-2-18 films.
This result agrees very well with molecular dynamics simulations
carried out by other authors with other Gemini surfactants. Thus,
molecular dynamics simulations showed that only surfactants with
the shortest spacers (≤3CH2) give stable monolayers while when the
length of the spacer increases, several surfactant molecules move
from the interface to the primary monolayer below the interface
exhibiting aggregate formation [41].
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