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ABSTRACT: It is well known that surfactants decrease both water/air and water/oil
interfacial tensions whereas in contrast inorganic salts increase both. We study a new, third
class of surface-active ionic solutes, which have been called antagonistic salts, consisting of
an organic group with a small inorganic counterion. These show decreased interfacial
tension at the oil/water interface due to a redistribution of the organic group in the oil but
do not show any surface activity at the air/water interface and are consequently different
from surfactants that lower both tensions. We use a simple modeling using Poisson—
Boltzmann theory that accounts for the surface activity of the antagonistic salt at the

water/oil interface.

Msaltu

“Surfactant”

I{nowledge of the surface activity of ionic solutes is of key
importance for manifold applications and industries, such
as coating and dispersion processes,' > oil recovery,”* digital
microfluidics,®” and biochemical research.® Surfactants are the
most prominent example of surface-active ions and are
commonly viewed as having both a hydrophobic (organic)
and a hydrophilic (inorganic) part within the same molecule.
For this reason, surfactant molecules will spontaneously adsorb
onto an interface between water and any apolar medium,
usually either air or oil. Whenever molecules adsorb onto a
surface or interface, the surface tension y will be lowered
according to the Gibbs adsorption equation (eq 1)

dy _ 1 dy

du kT dlnC

r

(1)

where I' is the adsorption and y is the chemical potential of the
adsorbing solute and where the approximation on the right-
hand side holds for dilute solutions with a bulk concentration C
of the solute (surfactant). If I' > 0, then the surface tension
should decrease with increasing bulk concentration of
surfactant. Upon the addition of a typical surfactant, the
surface tension of water can decrease from ~70 mN/m to
roughly 25 mN/m; however, the interfacial tension with oil can
decrease by many orders of magnitude to go from ~50 mN/m
to ultralow tensions of roughly a few uN/ m. 1% The difference
between the air/water and the oil/water interfaces is that for
the latter the surfactant may also be soluble in the oil phase and
may be capable of dissolving part of the water into the oil phase
or vice versa. Ultralow surface tensions are then reached when,
because of the presence of the surfactants, the mutual solubility
becomes so high that the difference in composition becomes
very small; consequently, the interfacial tension also becomes
very small. Such an ultralow tension often leads to the
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formation of a third phase (in addition to the oil and water
phases) that contains most of the surfactant and similar
amounts of oil and water; well-known examples of this are
swollen lamellar or sponge phases.” '

Conversely, many inorganic salts such as NaCl are known to
increase both the surface tension of water with air and the
interfacial tension."*”"” According to the Gibbs equation (eq
1), this means that the salt molecules are negatively adsorbed,
ie, depleted from the interface. This happens for both water/
air and water/oil interfaces and is usually understood in terms
of the repulsion between an ion and its image charge that
becomes important when an ion comes close to the
surface.”™"7

In view of what precedes, it becomes clear that ionic solutes,
regarding their surface activity, are commonly classified either
as surfactants or inorganic salts. In light of this, recent reports
of certain ionic solutes that are not surfactants but produce a
lamellar phase, implying an ultralow water/oil interfacial
tension,'®'? are surprising. The authors of refs 18 and 19
dubbed the solute sodium tetraphenyl borate an antagonistic
salt; this salt, when added to a D,0/3MP (3-methylpyridine)
system, gave the lamellar phases. Somewhat similarly to ionic
surfactants, this antagonistic salt consists of a small inorganic
ion, Na*, and a large organic counterion. The question is then
what distinguishes it from a charged surfactant: perhaps the
most commonly used surfactant, SDS, also dissociates into Na*
and a large organic counterion.

The most common explanation of the difference is that
antagonistic salts go to the oil/water interface because of the
opposite preference of solvation of both ions. This leads to
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Figure 1. (a) Surface tension at the water/air surface of aqueous solutions of sodium chloride (NaCl, black squares), guanidinium chloride (GC, red
circles), and sodium tetraphenyl borate (STB, blue triangles) as a function of the ionic solute concentration in weight percent. (b) Interfacial tension
at the water/heptane interface (full symbols, straight line) and water/toluene interface (hollow markers, dashed line) of the same solutions as in (a).
The interfacial tension at the pure water/toluene interface is roughly 35 mN/m whereas that at the water/heptane interface is 52 mN/m, which

explains the shift between the heptane and toluene data.

microphase separation, with the organic ions becoming
dissolved by the oil phase and the inorganic ions being left in
the water.?® The electrostatic attraction between both ions then
leads to the formation of a double layer at the interface. Light-
scattering measurements confirm that for antagonistic salts at
the oil/water interface the small inorganic ions are on the
aqueous side and the large organic ions are on the oil side."® It
is thus believed that it is this antagonistic redistribution that is
required for antagonistic salts to adsorb at an interface and,
according to eq 1, lower the interfacial tension. In contrast to
the oil/water surface, the redistribution process is not expected
at the water/air surface, so there should be no surface activity.
The fundamental difference between surfactants and antago-
nistic salts should then be that surfactants lower both the
water/air and the water/oil tension, whereas antagonistic salts
should decrease only the water/oil tension. This is the
definition of antagonistic salts that we will use in what follows.

The goal of this article is to demonstrate that this
fundamental difference between antagonistic salts and
surfactants really exists and that therefore antagonistic salts
(besides inorganic salts and surfactants) are indeed a new, third
class of surface-active solutes.

We study the surface activities at the water/air and water/oil
interfaces of two organic salts and use NaCl as a reference salt.
Our experiments suggest that the salt used in refs 18 and 19 is
perhaps better characterized as a surfactant because it lowers
both the water/oil and the water/air interfacial tension. In
addition, no ultralow interfacial tension is found in this system.
We do, however, uncover another truly antagonistic salt. This
salt lowers the water/oil tension but does not influence the
water/air tension. We find the lowering of the oil/water tension
to be on the order of a few mN/m, in agreement with a model
calculation of the electrostatic problem using Poisson—
Boltzmann theory for the adsorption of antagonistic salts at
the water/oil interface.

We consider solutions of a simple inorganic salt, sodium
chloride (NaCl), and two other ionic solutes, guanidinium
chloride (CH¢N; Cl) and sodium tetraphenyl borate
((C¢Hs),BNa, all purchased from Sigma-Aldrich) in ultrapure
Millipore water. It is worth mentioning that the solubility in
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water of sodium chloride and guanidinium chloride is very high
(~6 M***") whereas the solubility of the relative bulky sodium
tetraphenyl borate lies at ~1.37 M;*® the lower the solubility of
a charged molecule in water, the more likely the solute adsorbs
at an interface, as we will see later. The solutes were added to
water and stirred for 1 day and left at rest for another day. The
concentration of the solutes was measured in weight percent
(wt %), whereby this refers to the weight of the amount of pure
water used for the preparation. In our experiments, we used
different oil phases (decane, heptane, hexane, cyclohexane, and
toluene, all purchased from Sigma-Aldrich)). However, we
detected roughly the same effect on the interfacial tension of
the ionic solutes, regardless of the nature of the oil phase. This
we illustrate in Figure 1b where we compare the interfacial
tension at a water/heptane and a water/toluene interface. For
simplicity we therefore discuss the results only for heptane
throughout the text. Because the addition of electrolytes
influences the surface activity of many charged surfactants, >
we also prepared solutions of guanidinium chloride and sodium
tetraphenyl borate in the presence of 10 wt % (where the wt %
also refers to the weight of the pure water) sodium chloride.
We probe the surface activity of the ionic solutions at the
water/air and water/oil (alkane) interfaces as a function of the
solute concentration using the pendant drop method. With the
tensiometer (Easy Drop DSA 100 from Kruess), a droplet of
the aqueous solution was created that then hangs from a
syringe needle (1.82 mm in diameter). The shape of the droplet
is vertically distorted by the effect of gravity; the deviation from
the droplet shape from a sphere (droplet shape in the absence
of gravity) is thus a measure of the surface tension. The droplet
is captured by a digital camera, and the contours of its surface
are evaluated and software then measures this deviation in the
droplet shape. As the droplet is formed, a fresh interface
between the aqueous solutions and the embedding phase (air
or oil) is created. We observed that the tension measured is
transient when sodium tetraphenyl borate is dissolved in the
aqueous phase but constant for sodium chloride and
guanidinium chloride. The tension decreases in the first 100 s
by roughly 2 mN/m and then remains roughly constant. The
tension data in Figures 1 and 2 are the average value of the
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Figure 2. (a) Surface tension at the water/air surface and (b) interfacial tension at the water/heptane interface of aqueous solutions of guanidinium
chloride (GC, red circles) and sodium tetraphenyl borate (STB, blue triangles) in the absence (filled markers) and the presence (hollow markers) of

10 wt % sodium chloride (NaCl).

tension in these 100 s for all thee solutes. The error bars are
smaller than the plot markers, which is why they can hardly be
seen.

Figure la,b shows the surface tension and interfacial tension,
respectively, of aqueous solutions containing the three jonic
solutes NaCl, guanidinium chloride, and sodium tetraphenyl
borate as a function of solute concentration. We find that NaCl
slightly increases both the surface tension and the interfacial
tension. This behavior of NaCl is well known, is general for
inorganic salts, and is due to the depletion of ions near the
interface. More striking is the surface activity of the two other
ionic solutes in our experiment. As mentioned at the beginning
of this article, sodium tetraphenyl borate was considered to be
an antagonistic salt in earlier oe,xperiments.ls’19 Figure 1,
however, shows that the surface tension and the interfacial
tension both decrease as a function of sodium tetraphenyl
borate concentration by several tens of mN/m. The
redistribution of ions into the apolar phase, a requirement for
antagonistic salts to lower the interfacial tension, is not possible
at the water/air interface. Thus, if the surface activity of sodium
tetraphenyl borate originates predominantly from an antago-
nistic redistribution, then the surface tension of water with air
should not decrease in the same way as the water/oil tension,
which it does. Therefore, Figure 1 suggests that sodium
tetraphenyl borate is perhaps better classified as a surfactant.

The situation is qualitatively different for the aqueous
solutions of guanidinium chloride: the surface tension (Figure
1a) is unchanged, and the interfacial tension at the water/
heptane interface decreases (Figure 1b). The surface activity of
guanidinium chloride is consequently dependent on whether a
water/air or water/oil interface is considered. As mentioned at
the beginning, this can be explained by the antagonistic
redistribution of ions that takes place at a water/oil interface
but is impeded at the water/air interface.

To understand the data of Figure 1 it is worth noting that
there is a correlation between the surface activity of the solutes
and their solubility in water. Guanidinium chloride (GC) has a
very high solubility (~6 M) in contrast to sodium tetraphenyl
borate (~1.3 M); guanidinium chloride is consequently less
hydrophobic than sodium tetraphenyl borate, which is a hint as
to why guanidinium chloride does not lower the water/air
tension but sodium tetraphenyl borate does. An additional
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finding that clearly distinguishes between the surfactant-like and
antagonistic behavior of the two organic solutes is what
happens to the surface tension and interfacial tension upon the
addition of sodium chloride. Figure 2ab shows that the
addition of NaCl causes both the surface tension and the
interfacial tension of the sodium tetraphenyl borate solutions to
decrease further. This is a common observation made for ionic

2
surfactants>>°

and thus supports our earlier conclusion:
sodium tetraphenyl borate behaves like a surfactant. However,
guanidinium chloride shows the opposite behavior; the surface
tension (Figure 2a) and the interfacial tension (Figure 2b)
slightly increase upon the addition of 10 wt % NaCl. This
probably happens because the two ionic solutes compete with
each other near the surface and the effects appear to be roughly
additive.

In summary, Figures 1 and 2 suggest that guanidinium
chloride behaves like an antagonistic salt according to the
definition given at the beginning. The decrease in the interfacial
tension of aqueous guanidinium chloride solutions with
heptane (Figure 1b) should therefore be due to the
redistribution of guanidine ions in the heptane phase. To see
whether such a mechanism can indeed describe the decrease in
interfacial tension with heptane (Figure 1b), in the following
text we will present a model of the antagonistic effect using a
Poisson—Boltzmann model that accounts not only for the
redistribution of ions but also, albeit in a very simplified way,
for the image charge effect.’' ™ Specific ion effects such as
hydration and polarizability,***’ 3839
the role of fluctuations*® have been left out for now in order to

specific adsorption, and
isolate the antagonistic effect of interest here, leaving their
interplay for future research.

We consider a planar surface of area A separating two half
spaces z < 0 and z > O filled with water (dielectric constant ¢,, =
80) and oil (eq = 1.9, representing heptane), respectively, at
temperature T. The system also contains two monovalent ionic
species, labeled by a = +1 for the cations and o = —1 for the
anions, and we seek the change Ay of the water/oil surface
tension due to the jons by minimizing the mean-field grand
potential functional
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ions with the solvent through the shifted Verwey—Niessen 1

potentialV,(z) = 0 for z < S and V,(z) = f, for z > s, were f, 3 7 I T z x

denotes the ionic self-energy difference (or the Gibbs transfer
energy) of the ions in oil compared to that in water. The
location of the potential discontinuity at z = s # 0 is a simplified
way to describe image charge interactions,*' where shift
parameter s is negative here because €y > ¢o. Note that f,
and f_ take opposite signs for an antagonistic salt. The last term
in the square brackets of eq 2 accounts for the Coulombic ion—
ion interactions described in terms of electrostatic potential
kyT¢(z)/e that satisfies the Poisson equation.*' The
minimization of Q leads to p,(z) = p,, exp[Fp(z) — V./
kT, which with the neutrality of bulk oil leads to ¢p(z — o) =
(*/)(f- = f.) = ¢hp, the Donnan potential, from which we find
that p,(z = o) = p,, exp[(f. + f-)/2] = po, the bulk ion
concentration in oil.

Following ref 41, one derives the full z-dependent
equilibrium density profiles by minimization of the grand
potential functional.” The electrostatic contribution to the
tension is given byAy = (Q — Q,)/A, which yields within
linear screening theory

p¢ D2

D./27l5

A
—; =2(1 - pz)spo - (n cosh(k;s)

kg
+ sinh(Kis))\/E (3)

where p = exp[(f, + f_)/4], A5 = ((¢*)/(eoksT)) is the Bjerrum
length in oil, ; = (87A§p,,)"/* is the interfacial Debye screening
parameter for s < z < 0, n = (e,/€0)"% and D = (1 + np)
cosh(ks) + (n + p)sinh(k;s).

In Figure 3 we compare our experimental result of the
reduction of the tension of the water/heptane interface with the
guanidinium chloride concentration with our linearized
Poisson—Boltzmann equation, where we use fit parameters f_
= —3.3kT, f, = 3.1kgT, and s = —0.1 nm. Except at extremely
low concentrations, this set of fit parameters renders the first
term of our expression for Ay dominant, with p < 1. This term
is bilinear in ion concentration and s and stems from the net
desorption due to the image charge (and possibly other
specific) forces.* Although the reasonable agreement between
the experimental observations and the linearized theory comes
with a very reasonable value for s on the order of a molecular
size, the numerical values for the self-energies are rather low. It
is interesting to speculate that a full nonlinear treatment of the
problem and perhaps a better account of the image-charge
interactions and ion polarization should give rise to more
realistic (higher) values of the best fit of the self-energies, but
this is left for future research. For now we conclude that
linearized Poisson—Boltzmann theory qualitatively supports the

9209

Concentration (WT%)

Figure 3. Interfacial tension at the water/heptane interface as a
function of the bulk concentration in water, p,, in weight percent. The
red graph denotes the experimental data for the interfacial tension
measurements in the presence of guanidinium chloride (the same as in
Figure 1b). The dashed line is the result of linearized PB theory for an
antagonistic salt with self-energy differences of (f_, f,) = (-3.3, 3.1)
kT and S = 0.1 nm.

experimental finding that guanidinium chloride is of an
antagonistic nature.

In summary, we tested two ionic solutes, sodium tetraphenyl
borate and guanidinium chloride, by comparing their influence
on the surface and interfacial tensions. Because sodium
tetraphenyl borate lowers both the surface and interfacial
tension, this suggests that sodium tetraphenyl borate behaves
similarly to a surfactant. The enhancement of its surface activity
in the presence of an NaCl supports this suggestion. Because
sodium tetraphenyl borate behaves as a surfactant, the
observation of a lamellar phase in refs 18 and 19 is less
surprising because, as mentioned before, surfactants are known
to produce lamellar phases. This of course does not exclude the
fact that surfactants may also exhibit an antagonistic
redistribution processes; as mentioned before, the antagonistic
redistribution process at the D,0/3MP (3-methylpyridine)
interface was detected by light-scattering measurements.'® Our
results (Figure 1), however, suggest that the redistribution
process contributes very little to lower the water/oil interfacial
tension because the water/air surface tension is lowered by the
same amount. In this framework it is also interesting to
determine the molecular distribution of sodium tetraphenyl
borate at the water/air surface by light-scattering experiments.
This, however, clearly goes beyond the scope of the work we
present here.

Thus, sodium tetraphenyl borate is a good example of a
solute where one may discuss whether to classify it as a
surfactant or an antagonistic salt. It would be interesting to
consider whether one can predict whether a given ionic solute
adsorbs on its own (as surfactants do) and/or with the help of
the antagonistic redistribution. One measure for this could be
the hydrophilic—lipophilic balance (HLB) of a specific solute.
The HLB is a common measure of the solubility of surfactants
in aqueous and oil phases and allows the classification of
different types of surfactants. There are two methods to
determine the HLB.*>** Both methods allow the determination
of ¢ of HLB from the molecular structure of a surfactant;
however, only the Griffins method** can be applied to our
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system because the other requires a knowledge of the HLB
values of the individual groups that make up the molecule. The
HLBs found for our solutes are HLB ~2 (sodium tetraphenyl
borate) and HLB ~8 (guanidinium chloride). According to
these values, sodium tetraphenyl borate is more hydrophobic
than guanidinium chloride, which supports our conclusion that
we drew from the solubility in water and the tension
measurements. However, the values also suggest that both of
the solutes are more soluble in the oil phase than in water. This
contradicts our own solubility measurements of both solutes in
heptane. We found that neither sodium tetraphenyl borate nor
guanidinium chloride dissolves in heptane even at concen-
trations as low as a few mM whereas in water their solubility
limit is on the order of a few M. This is probably a drawback of
the method that was originally devised for nonionic surfactants.

The question then remains as to why we could not detect an
ultralow interfacial tension in any of our systems, regardless of
the oil phase or salinity that we used. A possible interpretation
of the observation in refs 18 and 19 is that their D,0/3MP
system was near a critical temperature T, below which D,0 and
3MP become miscible and consequently the interfacial tension
between D,0O and 3MP vanishes. The interfacial tension of a
pure (surfactant-free) D,O/3MP system is given by the
relation**

kT
2

y = 0.128
4)

Here the solvent length £ is a function of the temperature and
describes the correlation length scale of the composition
fluctuations.** The closer the temperature T of a system is to
the critical temperature T, (for the D,0O/3MP system
considered, T, = 318 K) at which the two phases mix, the
longer the length scale of these fluctuations becomes. The
correlation length for the D,0/3MP system was measured in
ref 19 at exactly the same temperature (T = 313 K) at which
the lamellar phase in refs 18 and 19 was observed and was
found to be & ~ 20 nm, for which eq 4 yields y ~ 2 X 1073
mN/m for the interfacial tension of the D,O/3MP system. This
shows that the interfacial tension in their system is already 4
orders of magnitude lower even in the absence of sodium
tetraphenyl borate than in our system.

Guanidinium chloride shows no surface activity at the water/
air interface but does show a slight decrease in the interfacial
tension at the water/heptane interface, indicating that the
tendency for the migration of the bulky organic counterions
into the oil phase is the key mechanism for antagonistic salts to
lower the interfacial tension. This is in agreement with a
linearized Poison—Boltzmann model that correctly predicts the
interfacial tension lowering that supports our conclusion that
guanidinium chloride is of an antagonistic nature.

Our experiments and theoretical considerations show that
the world of surface-active compounds is not distinctly divided
into inorganic salts and surfactants.'~'” A third class has to be
considered that lowers the interfacial tension at a water/oil
interface by a peculiar redistribution mechanism. At the same
time this mechanism prevents a truly antagonistic salt from
lowering the surface tension at the water/air interface. Our
attempt to determine the HLB of the two solutes considered
here failed, which illustrates that predicting the surface activity
of a specific solute is still not trivial. However, antagonistic salts
have been barely considered in surface science, even though
their selective surface activity might play a crucial role and open
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new perspectives for all applications and industries that are
based on surface-active compounds.'® A specific example for a
technology that might be significantly affected by the unique
antagonistic redistribution of ions may be electrophoresis, a
microfluidic separation and driving mechanism for droplets.**

B AUTHOR INFORMATION

Corresponding Author
*E-mail: d.michler@uva.nl.

Present Address
(M.W.) Biological and Soft Systems, Cavendish Laboratory, JJ
Thomson Avenue, Cambridge CB30 HE, United Kingdom.

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Davies, J. T.; Rideal, E. K. Interfacial Phenomena; Academic Press:
New York, 1963.

(2) Gelbart, W. M. Ben-Shaul, A, Roux, D. Eds; Micelles,
Membranes, Microemulsions, and Monolayers; Springer-Verlag: New
York, 1994.

(3) Shen, A. Q.; Gleason, B; McKinley, G. H.; Stone, H. A. Fiber
coating with surfactant solutions. Phys. Fluids 2002, 14, 4055—4068.

(4) Zhang, D. L; Liu, S;; Puerto, M.; Miller, C. A.; Hirasaki, G. J.
Wettability alteration and spontaneous imbibition in oil-wet carbonate
formations. J. Pet. Sci. Eng. 2006, 52, 213—226.

(5) Berg, S. Marangoni-driven spreading along liquid-liquid
interfaces. Phys. Fluids. 2009, 21, 03210S.

(6) Baret, J. C. Surfactants in droplet-based microfluidics. Lab Chip
2012, 12, 422—433.

(7) Emilie Verneuil, E.; Cordero, M. L.; Gallaire, F.; Baroud, C. N.
Laser-Induced Force on a Microfluidic Drop: Origin and Magnitude.
Langmuir. 2009, 25, 5127—-5134.

(8) Pegram, L. M.; Record, M. T., Jr. Hofmeister Salt Effects on
Surface Tension Arise from Partitioning of Anions and Cations
between Bulk Water and the Air-Water Interface. J. Phys. Chem. B
2007, 111, 5411—5417.

(9) Binks, B. P.,; Kellay, H; Meunier, J. Effects of Alkane Chain
Length on the Bending Elasticity Constant K of AOT Monolayers at
the Planar Oil-Water Interface. Europhys. Lett. 1991, 16, 53—58.

(10) Kellay, H.; Binks, B.P.; Hendrikx, Y.; Lee, L.T.; Meunier, J.
Properties of surfactant monolayers in relation to microemulsion
phase behavior. Adv. Colloid Interface Sci. 1994, 49, 85—112.

(11) Shahidzadeh, N.; Bonn, D.; Meunier, J. A new mechanism of
spontaneous emulsification: Relation to surfactant properties. Euro-
phys. Lett. 1997, 40, 459—464.

(12) Miller, C. A. Spontaneous Emulsification Produced by Diffusion
- A Review. Colloids Surf. 1988, 29, 89—102.

(13) Nishimi, T.; Miller, C. A. Spontaneous Emulsification of Oil in
Aerosol-OT/Water/ Hydrocarbon Systems. Langmuir 2000, 16,
9233—9241.

(14) Shahidzadeh-Bonn, N.; Rafai, S.; Bonn, D.; Wegdam, G. Salt
Crystallization during Evaporation: Impact of Interfacial Properties.
Langmuir 2008, 24, 8599—8605.

(15) dos Santos, A. P.; Diehl, A.; Levin, Y. Surface Tensions, Surface
Potentials, and the Hofmeister Series of Electrolyte Solutions.
Langmuir 2010, 26, 10778—10783.

(16) Levin, Y.; dos Santos, A. P.; Diehl, A. Ions at the Air-Water
Interface: An End to a Hundred-Year-Old Mystery? Phys. Rev. Lett.
2009, 103, 257802.

(17) Levin, Y. Polarizable Ions at Interfaces. Phys. Rev. Lett. 2009,
102, 147803.

(18) Sadakane, K,; Onuki, A,; Nishida, K; Koizumi, S.; Seto, H.
Multilamellar Structures Induced by Hydrophilic and Hydrophobic
Ions Added to a Binary Mixture of D,O and 3-Methylpyridine. Phys.
Rev. Lett. 2009, 103, 167803.

DOI: 10.1021/1a504801g
Langmuir 2015, 31, 906—911


mailto:d.michler@uva.nl
http://dx.doi.org/10.1021/la504801g

Langmuir

(19) Sadakane, K; Iguchi, N.; Nagao, M.; Endo, H.; Melnichenkoe,
Y. B.; Seto, H. 2D-Ising-like critical behavior in mixtures of water and
3-methylpyridine including antagonistic salt or ionic surfactant. Soft
Matter. 2011, 7, 1334—1340.

(20) Onuki, A.; Okamoto, R.; Araki, T. Phase Transitions in Soft
Matter Induced by Selective Solvation. Bull. Chem. Soc. Jpn. 2011, 84,
569—587.

(21) Luo, G.; Malkova,S.; Yoon, J.; Schultz, D. G; Lin, B.; Meron,
M.; Benjamin, I; Vanysek, P.; Schlossman, M. L.; Ion Distributions
near a Liquid-Liquid Interface. Science 2006 311, 216—218.

(22) Wojciechowski, K.; Kucharek, M. Interfacial Tension Oscil-
lations without Surfactant Transfer. J. Phys. Chem. B 2009, 113,
13457—13461.

(23) Aoki, K; Li, M; Chen, J; Nishiumi, T. Spontaneous
emulsification at oil—water interface by tetraalkylammonium chloride.
Electrochem. Commun. 2009, 11, 239—241.

(24) Onuki, A. Surface tension of electrolytes: Hydrophilic and
hydrophobic ions near an interface. J. Chem. Phys. 2008, 128, 224704
1-9.

(25) Guerrero-Garcia, G. L; Jing, Y,; de la Cruz, M. O. Enhancing
and reversing the electric field at the oil—water interface with size-
asymmetric monovalent ions. Soft Matter 2013, 9, 6046.

(26) Haynes W. M., Ed,; CRC Handbook of Chemistry and Physics,
91st ed.; CRC Press: Boca Raton, FL, 2010—2011.

(27) http://www.sigmaaldrich.com/content/dam/sigma-aldrich/
docs/Sigma/Datasheet/6/50933dat.pdf.

(28) http://www.osti.gov/scitech/servlets/purl/626456.

(29) Murata, M; Arai, H. The interaction between polymer and
surfactant: The effect of temperature and added salt on the interaction
between polyvinylpyrrolidone and sodium dodecyl sulfate. J. Colloid
Interface Sci. 1973, 44, 475—480.

(30) Bergeron, V.; Langevin, D.; Asnacios, A. Thin-Film Forces in
Foam Films Containing Anionic Polyelectrolyte and Charged
Surfactants. Langmuir 1996, 12, 1550—1556.

(31) Onsager, L.; Samaras, N. N. T. The Surface Tension of Debye-
Hiickel Electrolytes. J. Chem. Phys. 1934, 2, 528—536.

(32) Dole, M. A Theory of Surface Tension of Aqueous Solutions. J.
Am. Chem. Soc. 1938, 60, 904—911.

(33) Buff, F. P,; Stillinger, F. H. Surface Tension of Ionic Solutions. J.
Chem. Phys. 1956, 25, 312—318.

(34) Levin, Y.; Flores-Mena, J. E. Surface tension of strong
electrolytes. Europhys. Lett. 2001, 56, 187—192.

(35) Levin, Y. Thermodynamics of surface tension: application to
electrolyte solution. J. Stat. Phys. 2003, 110, 825—834.

(36) dos Santos, A. P.; Levin, Y. Ion Specificity and the Theory of
Stability of Colloidal Suspensions. Phys. Rev. Lett. 2011, 106, 167801.

(37) Bakhshandeh, A.; dos Santos, A. P.; Levin, Y. Weak and Strong
Coupling Theories for Polarizable Colloids and Nanoparticles. Phys.
Rev. Lett. 2011, 107, 107801.

(38) Horinek, D.; Netz, R. R. Specific Ion Adsorption at
Hydrophobic Solid Surfaces. Phys. Rev. Lett. 2007, 99, 226104.

(39) Schwierz, N.; Horinek, D.; Netz, R. R. Anionic and Cationic
Hofmeister Effects on Hydrophobic and Hydrophilic Surface.
Langmuir 2013, 29, 2602—2614.

(40) Abrashkin, A; Andelman, D.; Orland, H. Dipolar Poisson-
Boltzmann Equation: Ions and Dipoles Close to Charge Interfaces.
Phys. Rev. Lett. 2007, 99, 077801.

(41) Bier, M.; Zwanikken, J.; van Roij, R. Liquid-Liquid Interfacial
Tension of Electrolyte Solutions. Phys. Rev. Lett. 2008, 101, 046104.

(42) Griffin, W. C. Calculation of HLB Values of Non-Ionic
Surfactants. J. Soc. Cosmet. Chem. 1954, S, 249—356.

(43) Davies, J. T. A Quantitative Kinetic Theory of Emulsion Type, L
Physical Chemistry of the Emulsifying Agent. Gas/Liquid and Liquid/
Liquid Interface: Proceedings of the International Congress of Surface
Activity; 1957, pp 426—38

(44) Schmidt, J. W. Structure of a fluid interface near the critical
point. Phys. Rev. A 1988, 38, 567—570.

911

(4S) Im, D. J; Yoo, B. S.; Ahn, M. M.; Moon, D,; Kang, I. S. Digital
Electrophoresis of Charged Droplets. Anal. Chem. 2013, 85, 4038—
4044.

DOI: 10.1021/1a504801g
Langmuir 2015, 31, 906—911


http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Datasheet/6/50933dat.pdf
http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Datasheet/6/50933dat.pdf
http://www.osti.gov/scitech/servlets/purl/626456
http://dx.doi.org/10.1021/la504801g

