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Effective charges and zeta potentials of oil in water microemulsions

in the presence of Hofmeister salts
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We present a theory which allows us to calculate the effective charge and zeta potential of oil droplets
in microemulsions containing Hofmeister salts. A modified Poisson-Boltzmann equation is used
to account for the surface and ion polarizations and hydrophobic and dispersion interactions. The
ions are classified as kosmotropes and chaotropes according to their Jones-Dole viscosity B coeffi-
cient. Kosmotropes stay hydrated and do not enter into the oil phase, while chaotropes can adsorb
to the oil-water interface. The effective interaction potentials between ions and oil-water interface
are parametrized so as to accurately account for the excess interfacial tension. Published by AIP

Publishing. https://doi.org/10.1063/1.5019704

l. INTRODUCTION

The interfacial tension of water-oil interface in the pres-
ence of different salts follows the Hofmeister series,!*? first
observed in the context of protein solubility.’ The same ionic
series was found for micellization,*> colloidal suspensions,®®
and bacterial growth.” The series were investigated by the-
oretical, simulational, and experimental methods.'%'8 Tonic
specificity was first suggested to be due to dispersion inter-
actions between ions and water;!0 this, however, was later
shown not to be the case.!”-?6 Recently we developed a the-
ory which allows us to calculate the excess surface tensions
of electrolyte-air interface in very good agreement with the
experimental data.’**-2% In theory, the chaotropic anions
are allowed to adsorb to the interface, while kosmotropic
ions remain hydrated in the aqueous medium. The adsorp-
tion can be explained as a competition between electrostatic
and hydrophobic interactions.??**?° The theory was extended
to electrolyte-oil interface with inclusion of dispersion
forces.”

Oil in water microemulsions (OWEs) are present in var-
ious biological, chemical, and industrial materials. Many of
the culinary techniques rely on OWEs. Stability of OWEs
depends on the environment and on the emulsion composition.
Often charged surfactants are used to stabilize microemul-
sions to avoid coagulation. OWEs with positively charged
oil droplets can be prepared using cationic surfactants.3%-32
Charged microemulsions have been considered for skin ther-
apy because of their more effective penetration.’® They
have been used in asphalts®* and drug delivery.> Recently,
DNA-coated oil droplets have been a subject of intense
research.>®37 Charged emulsions are strongly influenced by
the released counterions and the type of added salt. In the
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present paper, we will combine the theory developed to
calculate interfacial tension of electrolyte-oil interface with
a modified Poisson-Boltzmann (PB) equation to obtain the
effective charge and zeta potential of nanodroplets composed
of oil and cationic surfactants. In Sec. II, we will present our
model and the theory, followed by Secs. IIT and IV describing
the results and conclusions.

Il. MODEL AND THEORY

We are interested to calculate the electrostatic potential
and the effective charge of nano-droplets of oil stabilized by
cationic surfactants. To account for finite concentration of oil,
we will use a Wigner-Seitz (WS) cell, the radius of which
is adjusted to yield the appropriate volume fraction of oil in
the emulsion, see Fig. 1. A spherical oil droplet of radius
a =100 A and charge Zg (produced by a cationic surfactant
layer) is located at the center of a spherical WS cell of radius
R, where g is the elementary charge. The volume fraction of oil
is ¢. = a’/R?. Z counterions from the dissociation of cationic
surfactant and N, counterions and N coions from dissocia-
tion of salt are also present inside the WS cell. We will treat
all the counterions as the same specie independent of whether
they are derived from surfactant or salt dissociation. The salt
concentration is

3 N;

TImE—a) M

pPs
The effective ionic radii of positive and negative ions are r,. and
r_, respectively. The model used for ions is the same as in our
earlier work, which allowed us to calculate surface and interfa-
cial tensions of electrolyte solutions in a very good agreement
with experiments.?#?%-28 The chaotropic anions can loose their
hydration sheath and adsorb to the oil-water interface so that
the radii of chaotropic ions are very close to their crystal-
lographic radii; on the other hand kosmotropic ions always
remain hydrated so that their hydrated radii enter the theory.

Published by AIP Publishing.
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FIG. 1. Representation of the system. A charged spherical oil droplet sur-
rounded by electrolyte.

In the present work, the coion is Na* with hydrated radius
r+ = 2.5 A. To solvate an ion in water requires creation of a
cavity, formation of which perturbs the hydrogen bond net-
work and costs hydrophobic free energy. If the ion partially
escapes into the oil phase, the perturbation to the water struc-
ture diminishes. For strongly hydrated kosmotropic ions, the
cavitational energy gain of moving an ion to the interface does
not compensate the electrostatic self-energy cost of exposing
ionic charge to the low dielectric oil environment.”> On the
other hand, for large, highly polarizable chaotropic ions, the
cavitational gain in hydrophobic free energy and the electro-
static self-energy penalty of moving a chaotropic anion to the
interface become comparable.”

The electrostatic self-energy of a chaotropic anion of
radius 7_ and relative polarizability « at a distance z from the
oil-water interface—the Gibbs dividing surface (GDS)—was
calculated to be?*

7r_x2 . nll —x]2ew]
0(2) [r—-0)]e,

_ 1 —cos[0(2)] 2
2 9

U = 2 [

tg|x 2

where 6(z) =arccos[-z/r_], g = (1 — @)/, and Ag = ¢*/€,, kpT is
the Bjerrum length set to 7.2 A, value for water at room temper-
ature. The dielectric constants for water and oil are €,, and €,,
respectively, and x is the fraction of ionic charge that remains
hydrated. As the ion penetrates into the oil phase, its electronic
charge becomes polarized, shifting to remain hydrated. The
fraction of ionic charge that remains hydrated can be obtained
by minimizing Eq. (2), and we find

Apmey,
ety 1 - coeon)
x(z) = 1 3)
B ApTey
+ g
[r_@(z) r_€,[m - 6(2)] ]

The cavitational energy gain of moving an ion to the
interface is proportional to the volume exposed to oil,>*%

vid forz > r_,
U =1, 4 @)

b2 (£41) (2= 2) for =<z <,
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where v = 0.3kBT/1°\3 is obtained from bulk simulations.?
When ion penetrates into oil, there is also a lipophobic cav-
itational energy penalty which, however, is small and can be
ignored.> The repulsive potential which models the interface
polarization was calculated to be?*?’

BW. 724 forz > ry
BUin(2) = { BWe= forO <z <r_, 5)

0 for —r_<z<0,

where k = /87 App; is the inverse Debye length and W, is
the work*’ needed to bring an ion from infinity to the contact
distance z =7,

_ s /m k[s cosh(kry) — k sinh(kr)] ©)
0

BWe = 2 s[s cosh(kry) + k sinh(kr,)] ’

where s = Vk?2 + k2. Note that the first equation of expression
(5) is valid for both chaotropic and kosmotropic ions; however,
while chaotropes can cross GDS, the kosmotropes—because
of their strong hydration—experience a hardcore-like repul-
sion from the interface and are restricted to distances z larger
than their hydrated radius.’*?’

For a water-oil interface, the dispersion interaction
between ions, water, and oil must also be taken into account
for chaotropic ions. The dispersion interaction potential was
calculated to be?

Oforz>r_,

Ua(z) = @)

207
A, I—M‘M for —r_-<z<r_,

where A, = 4 kgT is the effective Hamaker constant.

The ionic density profiles outside a charged oil droplet
can be calculated using the modified Poisson-Boltzmann (PB)
equation in spherical coordinates,

V() = -4 [ﬁw @)+ pur) - p(r)] ,
Nse[_ﬁQ¢(7)_BUirn(Z)]
per) = IR dr2elPad0 U]
' (N, + Z)elBa¢(-BUn@)] ®)
P = IR 2 lPas 1 BULG]
() = (N, + Z)elB10()-BUin(-BUy@)-BU)-BUs ()]

B 4r faR_r_ dr 12elB1¢-BUin(@-BUy@)-BU2)-BU.R)]’

where ¢(r) is the electrostatic potential and z = r — a. The
superscripts k and ¢ denote kosmotropic and chaotropic anions,
respectively. In Table I, we summarize the values of the ionic
radii, polarizabilities, and ionic classification for ions studied
in the present paper.

The effective droplet charge is defined as the charge for
which the analytical solution of the linearized PB equation
matches exactly the asymptotic solution of the full non-linear
PB equation, Eq. (8). It can be calculated in terms of ionic
concentration at the WS cell boundary.**~** We find
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TABLE 1. Ion classification into chaotropes (c) and kosmotropes (k). Effec-
tive radii (hydrated or partially hydrated) for kosmotropes and (bare) for
chaotropes, for which we have also included the polarizabilities.*!

J. Chem. Phys. 148, 222817 (2018)

Anions Chao/kosmo Radius (A) Polarizability (A3
F k 3.52
Cl- k 2 -
Br- c 2.05 5.07
I c 2.26 7.4

G i (R—

Zy =53 [(kpR + D(kpa = De ™7 &
p
— (kpR = DlKpa + e F] | )
where
A
G= -8B p ), (10)
Kp = N4 ap(pB + pB), (11

and p8 are the ionic concentrations at the WS cell bound-
ary. For separations larger than Debye length, the oil droplets
will interact with each through the Derjaguin-Landau-Verwey-
Overbeek (DLVO) potential with the bare droplet charge
replaced by Z .

lll. RESULTS

We start by calculating the effective droplet charge as a
function of bare charge Z for four halide salts at various con-
centrations. The results are presented in Fig. 2. The effective
droplet charge follows the Hofmeister series. For sufficiently
weakly charged droplets and salts with chaotropic anions
(NaBr, Nal), the effective charge is reversed—the droplet
becomes negative charged—reflecting a strong adsorption of
chaotropic anions to the oil-water interface. We observe that
effective charge saturates for large bare charge Z for all salts.
In Fig. 3, we present the saturated values of the effective

2000 ;
NaF
--- NaCl
& 1500F NaBr 1
N Nal
N -
£ 1000t g .
s .
£ —
B L~
m 5007 ................. —7
0.0 0.1 0.15 0.2
pIM]

FIG. 3. Saturated effective charges (Z — o) as a function of added salt p;. The
oil volume fraction is ¢, = 0.125. Solid, dashed, dotted-dashed, and dotted-
dotted-dashed lines represent salts, NaF, NaCl, NaBr, and Nal, respectively.

charge for halide salts as a function of added salt concen-
tration. In Fig. 4, we show the effective charge of droplets as
a function of added salt. For kosmotropic salts, the effective
charge increases as a function of added salt, in the range of
parameters considered in this study. This is a consequence
of screening of Coulomb interaction which diminishes the
counterion condensation that is responsible for charge renor-
malization. For salts with chaotropic anions, the behavior of
the effective charge is more complex. For weakly charged
droplets, the effective charge decreases with increasing salt
concentration, while for highly charged droplets it increases,
reaches a maximum, and then starts to decrease; see bottom
panels in Fig. 4. In this case, there is a strong competition
between anion adsorption, produced by the hydrophobic and
dispersion interactions, and the Debye screening which dimin-
ishes Coulomb attraction between counterions and cationic
surfactants at the droplet surface. For iodide, we find that
hydrophobic and dispersion interactions are so strong as to
actually reverse the droplet charge at sufficiently large salt
concentrations.

We next study the electrostatic surface potential which
we will associate with the zeta potential measured in
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FIG. 2. Effective charges as a function of droplet bare charge Z. The oil
volume fraction is ¢, = 0.125. Solid, dashed, dotted-dashed, and dotted-
dotted-dashed lines are for salt concentrations ps = 50, 100, 150, and
200 mM, respectively.

FIG. 4. Effective charge as a function of added salt concentration ps. The
emulsion volume fraction is ¢, = 0.125. Solid, dashed, dotted-dashed, and
dotted-dotted-dashed lines represent droplet bare charge Z = 100, 500, 1000,
and 2000, respectively.
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FIG. 5. Electrostatic potential difference for droplets with bare charge
Z =100 and four different added Nal salt concentrations. The inset is an
amplification. Solid, dashed, dotted-dashed, and dotted-dotted-dashed lines
represent ps = 50, 100, 150, and 200 mM, respectively.

100 N
>
E 50k \.\ 4
) Z =600 N
--- 7Z=300 N
Z =100 \‘\
—7=0 o
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\.

4 2
log(p, [M])

FIG. 6. Zeta potential for Nal. Solid, dashed, dotted-dashed, and dotted-
dotted-dashed lines represent Z = 0, 100, 300, and 600, respectively. The
volume fraction is ¢, = 0.125.

electrophoretic mobility experiments. The electrostatic poten-
tial difference

Ap(r) = ¢(r) = ¢(R) 12)

inside a microemulsion containing Nal, as a function of dis-
tance from the center of the droplet is shown in Fig. 5. For large
salt concentrations, A¢ changes sign and exhibits a minimum
at the GDS. We will, therefore, associate® the electrockinetic
zeta potential with { = A¢(a). Zeta potentials for various bare
charges are shown in Fig. 6, as a function of added Nal concen-
tration. Unfortunately experimental data for zeta potentials of
charged oil droplets is very rare, available only for very low salt
concentrations and does not explore the ionic specificity.**
We predict that for sufficiently large chaotropic salt concentra-
tions, zeta potential of cationic oil droplets will reverse sign,

100F-=~—— L 1
_ NaF el
= s - NaCl -4
g NaBr
N Nal
60| 1
wp T e
01 02 03 04 05
0,

FIG. 7. Zeta potential for NaF, NaCl, NaBr, and Nal represented by solid,
dashed, dotted-dashed, and dotted-dotted-dashed lines, respectively. The
droplet charge is Z = 500 and the concentration of added salt is 50 mM.

J. Chem. Phys. 148, 222817 (2018)

resulting in a reversal of electrophoretic mobility. Finally, in
Fig. 7, we show that zeta potential decreases when oil volume
fraction in the microemulsion increases.

IV. CONCLUSIONS

We have studied the effective charge and zeta potential
of oil in water microemulsions stabilized by cationic sur-
factants. The interaction of ions with the oil-water interface
was treated using previously derived potentials which quan-
titatively account for Coulomb, dispersion, and hydrophobic
interactions. We find that for a given salt concentration, the
effective charge saturates as a function of bare droplet charge.
For Hofmeister salts with chaotropic anions, the effective
charge presents a maximum and then decrease with increasing
salt concentration. This shows the importance of hydropho-
bic and dispersion interactions which drive chaotropic anions
towards the oil-water interface. This behavior is very different
from what is found for salts with kosmotropic anions for which
there is a monotonic increase of the effective charge as more
salt is added to emulsion. In this case, the augmentation of
the effective charge is produced by the increase of the Debye
screening, which diminishes the Coulomb attraction between
oil droplets and kosmotropic counterions, lowering counte-
rion condensation at higher salt concentrations. We have also
calculated zeta potentials of oil droplets in microemulsions
with Hofmeister salts. We find that the electrophoretic mobil-
ity of weakly charged cationic oil droplets can be reversed by
addition of salts with chaotropic anions. Finally, we note that
that pH is a very important parameter for stability of charged
emulsions. In our calculations, the pH was kept fixed so that
the bare charge includes binding of H* and OH™. In future
work, we will extend the calculations to account for vari-
ability of pH. This, in principle, should be feasible using the
recently developed model of hydronium adsorption, which has
proven quite accurate for predicting surface tensions of acid
solutions. 64

ACKNOWLEDGMENTS

This work was partially supported by the CNPq, CAPES,
Alexander von Humboldt Foundation, INCT-FCx, and by the
US-AFOSR under the Grant No. FA9550-16-1-0280.

IR, Aveyard and S. M. Saleem, J. Chem. Soc., Faraday Trans. 1 72, 1609
(1976).

2A. P. dos Santos and Y. Levin, Langmuir 28, 1304 (2012).

3F, Hofmeister, Arch. Exp. Pathol. Pharmakol. 24, 247 (1888).

47, Luczak, M. Markiewicz, J. Thoming, J. Hupka, and C. Jungnickel,
J. Colloid Interface Sci. 362, 415 (2011).

SA. P. dos Santos, W. Figueiredo, and Y. Levin, Langmuir 30, 4593 (2014).

OT. Lopez-Leon, A. B. Jodar-Reyes, D. Bastos-Gonzalez, and J. L. Ortega-
Vinuesa, J. Phys. Chem. B 107, 5696 (2003).

7T. Lopez-Leon, M. J. Santander-Ortega, J. L. Ortega-Vinuesa, and D.
Bastos-Gonzalez, J. Phys. Chem. C 112, 16060 (2008).

8 A. P. dos Santos and Y. Levin, Phys. Rev. Lett. 106, 167801 (2011).

9P.Lo Nostro, B. W. Ninham, A. L. G. Pesavento, L. Fratoni, and P. Baglioni,
Phys. Biol. 2, 1 (2005).

1OM. Bostrom, D. R. M. Williams, and B. W. Ninham, Langmuir 17, 4475
(2001).

1G. L. Richmond, Chem. Rev. 102, 2693 (2002).

12D Liu, G. Ma, L. M. Levering, and H. C. Allen, J. Phys. Chem. B 108, 2252
(2004).

BE A. Raymond and G. L. Richmond, J. Phys. Chem. B 108, 5051 (2004).


https://doi.org/10.1039/f19767201609
https://doi.org/10.1021/la204036e
https://doi.org/10.1007/bf01918191
https://doi.org/10.1016/j.jcis.2011.06.058
https://doi.org/10.1021/la500710t
https://doi.org/10.1021/jp0216981
https://doi.org/10.1021/jp803796a
https://doi.org/10.1103/physrevlett.106.167801
https://doi.org/10.1088/1478-3967/2/1/001
https://doi.org/10.1021/la0102298
https://doi.org/10.1021/cr0006876
https://doi.org/10.1021/jp036169r
https://doi.org/10.1021/jp037725k

222817-5 A. P. dos Santos and Y. Levin

14y R. Shen and V. Ostroverkhov, Chem. Rev. 106, 1155 (2006).

158, Gopalakrishnan, D. Liu, H. C. Allen, M. Kuo, and M. J. Shultz, Chem.
Rev. 106, 1155 (2006).

l6p, Koelsch, P. Viswanath, H. Motschmann, V. L. Shapovalov, G. Brezesinski,
H. Mohwald, D. Horinek, R. R. Netz, K. Giewekemeyer, T. Salditt,
H. Schollmeyer, R. von Klitzing, J. Daillant, and P. Guenoun, Colloids
Surf., A 303, 110 (2007).

D. Horinek, A. Herz, L. Vrbka, F. Sedlmeier, S. I. Mamatkulov, and
R. R. Netz, Chem. Phys. Lett. 479, 173 (2009).

18R R. Netz and D. Horinek, Annu. Rev. Phys. Chem. 63, 401 (2012).

19p, Jungwirth and D. J. Tobias, J. Phys. Chem. B 105, 10468 (2001).

20p, Jungwirth and D. J. Tobias, J. Phys. Chem. B 106, 6361 (2002).

2IL. X. Dang, J. Phys. Chem. B 106, 10388 (2002).

221, X. Dang and T. M. Chang, J. Phys. Chem. B 106, 235 (2002).

23Y. Levin, Phys. Rev. Lett. 102, 147803 (2009).

24Y. Levin, A. P. dos Santos, and A. Diehl, Phys. Rev. Lett. 103, 257802
(2009).

3p. J. Tobias, A. C. Stern, M. D. Baer, Y. Levin, and C. J. Mundy, Annu.
Rev. Phys. Chem. 64, 339 (2013).

26Y, Levin and A. P. dos Santos, J. Phys.: Condens. Matter 26, 203101 (2014).

2TA. P. dos Santos, A. Diehl, and Y. Levin, Langmuir 26, 10778 (2010).

28 A P. dos Santos and Y. Levin, Faraday Discuss. 160, 75 (2013).

M. D. Baer, A. C. Stern, Y. Levin, D. J. Tobias, and C. J. Mundy, J. Phys.
Chem. Lett. 3, 1565 (2012).

30y, Surh, Y. S. Gu, E. A. Decker, and D. J. McClements, J. Agric. Food Chem.
53, 4236 (2005).

31L. Nilsson and B. Bergenstahl, J. Colloid Interface Sci. 308, 508-513 (2007).

J. Chem. Phys. 148, 222817 (2018)

327. Mei, S. Liu, L. Wang, J. Jiang, J. Xu, and D. Sun, J. Colloid Interface
Sci. 361, 565 (2011).

335, Da Costa, M. Basri, N. Shamsudin, and H. Basri, J. Chem. 2014, 748680.

Mg Wang, Y. Liu, Y. Zhang, and S. Hu, Constr. Build. Mater. 28, 117 (2012).

35p R. Lockman, J. M. Koziara, R. J. Mumper, and D. D. Allen, J. Drug
Targeting 12, 635 (2004).

364, Levin, T. P. J. Knowles, C. Mugemana, N. Bruns, and W. J. Frith, e-print
arXiv:1710.07820v1 (2017).

3y. Zhang, A. McMullen, L. Pontani, X. He, R. Sha, N. C. Seeman, J. Brujic,
and P. M. Chaikin, Nat. Commun. 8, 21 (2017).

38D, Chandler, Nature 437, 640 (2005).

39g. Rajamani, T. M. Truskett, and S. Garde, Proc. Natl. Acad. Sci. U. S. A.
102, 9475 (2005).

40y, Levin and J. E. Flores-Mena, Europhys. Lett. 56, 187 (2001).

4IN. C. Pyper, C. G. Pike, and P. P. Edwards, Mol. Phys. 76, 353 (1992).

423, Alexander, P. M. Chaikin, P. Grant, G. J. Morales, P. Pincus, and D. Hone,
J. Chem. Phys. 80, 5776 (1984).

g, Trizac, L. Bocquet, M. Aubouy, and H. von Grunberg, Langmuir 19, 402
(2003).

4A. Diehl and Y. Levin, J. Phys.: Condens. Matter 17, S3309 (2005).

45A. Diehl and Y. Levin, J. Chem. Phys. 125, 054902 (2006).

46, M. de Morais, O. D. H. dos Santos, T. Delicato, and P. A. da Rocha-Filho,
J. Dispersion Sci. Technol. 27, 1009 (2006).

4TD. Guzey and D. J. McClements, J. Agric. Food Chem. 55, 475 (2007).

48K Wojciechowski, A. Bitner, P. Warszyriski, and M. Zubrowska, Colloid
Surf., A 376, 122-126 (2011).

49A. P. dos Santos and Y. Levin, J. Chem. Phys. 133, 154107 (2010).


https://doi.org/10.1021/cr040377d
https://doi.org/10.1021/cr040361n
https://doi.org/10.1021/cr040361n
https://doi.org/10.1016/j.colsurfa.2007.03.040
https://doi.org/10.1016/j.colsurfa.2007.03.040
https://doi.org/10.1016/j.cplett.2009.07.077
https://doi.org/10.1146/annurev-physchem-032511-143813
https://doi.org/10.1021/jp012750g
https://doi.org/10.1021/jp020242g
https://doi.org/10.1021/jp021871t
https://doi.org/10.1021/jp011853w
https://doi.org/10.1103/physrevlett.102.147803
https://doi.org/10.1103/physrevlett.103.257802
https://doi.org/10.1146/annurev-physchem-040412-110049
https://doi.org/10.1146/annurev-physchem-040412-110049
https://doi.org/10.1088/0953-8984/26/20/203101
https://doi.org/10.1021/la100604k
https://doi.org/10.1039/c2fd20067h
https://doi.org/10.1021/jz300302t
https://doi.org/10.1021/jz300302t
https://doi.org/10.1021/jf047944i
https://doi.org/10.1016/j.jcis.2007.01.024
https://doi.org/10.1016/j.jcis.2011.05.011
https://doi.org/10.1016/j.jcis.2011.05.011
https://doi.org/10.1155/2014/748680
https://doi.org/10.1016/j.conbuildmat.2011.07.059
https://doi.org/10.1080/10611860400015936
https://doi.org/10.1080/10611860400015936
https://arxiv.org/abs/1710.07820
https://doi.org/10.1038/s41467-017-00070-0
https://doi.org/10.1038/nature04162
https://doi.org/10.1073/pnas.0504089102
https://doi.org/10.1209/epl/i2001-00504-y
https://doi.org/10.1080/00268979200101381
https://doi.org/10.1063/1.446600
https://doi.org/10.1021/la027056m
https://doi.org/10.1088/0953-8984/17/45/016
https://doi.org/10.1063/1.2222372
https://doi.org/10.1080/01932690600767056
https://doi.org/10.1021/jf062342f
https://doi.org/10.1016/j.colsurfa.2010.09.033
https://doi.org/10.1016/j.colsurfa.2010.09.033
https://doi.org/10.1063/1.3505314

