Tuning ion correlations at an electrified soft interface
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lon distributions play a central role in various settings—from bi-
ology, where they mediate the electrostatic interactions between
charged biomolecules in solution, to energy storage devices,
where they influence the charging properties of supercapacitors.
These distributions are determined by interactions dictated by the
chemical properties of the ions and their environment as well as
the long-range nature of the electrostatic force. Recent theoretical
and computational studies have explored the role of correlations
between ions, which have been suggested to underlie a number of
counterintuitive results, such as like-charge attraction. However,
the interdependency between ion correlations and other interac-
tions that ions experience in solution complicates the connection
between physical models of ion correlations and the experimental
investigation of ion distributions. We exploit the properties of the
liquid/liquid interface to vary the coupling strength I' of ion-ion
correlations from weak to strong while monitoring their influence
on ion distributions at the nanometer scale with X-ray reflectivity
and the macroscopic scale with interfacial tension measurements.
These data are in agreement with the predictions of a parameter-
free density functional theory that includes ion-ion correlations
and ion-solvent interactions over the entire range of experimen-
tally tunable correlation coupling strengths (from 0.8 to 3.7). This
study provides evidence for a sharply defined electrical double
layer for large coupling strengths in contrast to the diffuse distri-
butions predicted by mean field theory, thereby confirming a com-
mon prediction of many ion correlation models. The reported
findings represent a significant advance in elucidating the nature
and role of ion correlations in charged soft matter.

liquid surface scattering | ion density profile | surface excess charge |
Poisson-Boltzmann | Debye-Huckel hole

he works by Gouy (1) and Chapman (2) introduced the Pois-
son-Boltzmann (PB) equation to describe the distribution of
ions and the accompanying variation of electric potential at the
interface between a charged planar electrode and an electrolyte
solution (1, 2). This seminal theory considered point-like ions
interacting through their mean electric field in a continuum sol-
vent but neglected both chemically specific ion—solvent inter-
actions and correlations between ions. Specific ion interactions are
exemplified by the well-known Hofmeister series (3). The study
of ion correlations has been motivated by observations of the re-
entrant condensation of DNA (4) and proteins (5) in solution, in
which like-charged biomolecules aggregate in the presence of
multivalent ions, and reports of charge reversal in colloidal sus-
pensions, in which the sign of the screened charge on a colloid can
be changed by varying the surrounding electrolyte solution (6, 7).
Correlations between ions that are caused by their electro-
static interactions are expected to be important when the average
electrostatic interaction energy between neighboring ions is
larger than the thermal energy kz7. This result is characterized
by a coupling strength

T'=(s/d, [

where d is the average separation between ions, and (g =g /e.kpT
is the Bjerrum length at which the electrostatic energy between
two ions of charge g in a medium of relative permittivity €, is equal
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to kgT (8). Ion—ion correlations are relevant when I' > 1, whereas
the mean field PB theory should hold in the opposite limit.

Despite the broad interest in this subject, little is known about
the role of ion—ion correlations in the structure of the electrical
double layer from direct measurements. Here, we report a quan-
titative experimental test of the effect of ion—ion correlations on
the ion density profile n(z) at the electrified liquid/liquid interface.
Application of an electric potential difference across a liquid/lig-
uid interface is used to vary the interfacial ion density, thereby
changing the average ion—-ion separation d and tuning the corre-
lation coupling strength I at the interface (Eq. 1). The accessible
range of I', from 0.8 to 3.7, represents ion—ion correlations that
vary from weak to strong. The effect of correlations on the ion
density profile n(z) is quantified by X-ray reflectivity, which is
sensitive to the density distribution on the subnanometer scale, in
the direction normal to the interface. In addition, interfacial
tension measurements are used to characterize the variation of the
total interfacial excess charge density with the electric potential
difference. The combination of X-ray and interfacial tension
measurements probes the ion density profile on length scales that
span the molecular to thermodynamic domains, and therefore, it
places stringent constraints on the theoretical model. These
measurements are quantitatively consistent with the predictions of
a weighted density functional theory that includes ion-ion corre-
lations and specific ion—solvent interactions.

Results

Our experimental system consists of the liquid/liquid interface
between two immiscible electrolyte solutions: a 10 mM NaCl
aqueous solution and a 5 mM bis(triphenylphosphoranylidene)
ammonium tetrakis(pentafluorophenyl)borate (BTPPA-TPFB)
solution in 1,2-dichloroethane (DCE). The organic ion of im-
portance in this study, TPFB™, is nearly spherical with a van der
Waals diameter a = 1.0 nm. An electric potential difference A¢ is
applied between the bulk phases with a four-electrode poten-
tiostat by inserting electrodes into the bulk liquids (Fig. 14)
(9, 10). If A #0, two back-to-back electrical double layers are
formed at the liquid/liquid interface. As illustrated in Fig. 14,
when A¢ >0, the density of TPFB™ is enhanced (and BTPPA™ is
depleted) near the interface in the DCE, and the density of Na™
is enhanced (and CI™ is depleted) near the interface in water.
The variation of ion concentration along the interfacial normal
z produces a gradient in the electron density profile p(z) (averaged
over the x —y plane of the interface) that is probed by synchrotron
X-ray reflectivity measurements. Fig. 1B illustrates the reflectivity
R(Q.) normalized to the Fresnel reflectivity, R(Q.)/Rr(Q-), as
a function of wave vector transfer Q, normal to the interface. The
increase in peak amplitude with A¢ corresponds to an increase in
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Fig. 1. (A) lllustration of the electrified aqueous electrolyte/organic elec-

trolyte interface for A¢ >0, with ions represented by spheres. Arrows rep-
resent incident and reflected X-rays. The two grids represent the working
electrodes that are ~1 cm from the liquid/liquid interface; reference elec-
trodes are not shown (10). Electrical double layers (not illustrated) are also
formed on the working electrodes. (B) X-ray reflectivity R normalized to the
Fresnel reflectivity Re from the electrified water (10 mM NacCl)/DCE (5 mM
BTPPATPFB) liquid/liquid interface as a function of wave vector transfer
Q. =(4r/4)sina (wavelength 1=0.41327 +0.00005 A; angle of incidence a)
for different electric potential differences A¢ (increasing from bottom to
top) and TPFB™ interfacial ion-ion correlation coupling strengths I'. Data are
offset for clarity (without the offset, R/Rr — 1 as Q, — 0). Data at Q, =0 are
measurements of the beam transmitted, without reflection through the
upper phase. Lines illustrate the reflectivity predicted from a model with
(solid lines, CORR) and without (dashed lines, PB/MD) ion correlations.

density of an interfacial layer of TPFB™ ions. These ions provide
the largest contribution to the electron density gradient.

The conventional method of fitting X-ray reflectivity data
involves postulating a parameterized model for the electron
density and then fitting the parameters to the data (11). Instead,
we take the approach of comparing the measured reflectivity di-
rectly with values calculated from a theory for the ion distribution.
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This theory predicts the ion number density profiles #(z), which
are then used to calculate electron density profiles p(z) (12, 13).
X-ray reflectivity is determined from p(z) by use of the Parratt
algorithm (14). The predicted X-ray reflectivity curves are then
compared with the data in Fig. 1B.

lon Distribution Theory. Earlier X-ray reflectivity studies showed
that ion distributions at the liquid/liquid interface can be mod-
eled accurately by a PB equation that has been modified to in-
clude ion-solvent interactions when ion-ion correlations are
negligible (12, 13). Excellent agreement was obtained between
experiment and theory, without adjustable parameters, when
ion-solvent interactions near the interface were modeled by
a molecular dynamics simulation of the potential of mean force
of a single ion in the vicinity of the interface between pure
solvents (12, 13). Here, we will show that ion—ion correlations,
in addition to ion—solvent interactions, are required to explain
the data in Fig. 1B.

Although ion—ion correlations are usually considered to be
irrelevant for monovalent ions in aqueous solution, the lower
relative permittivity of the organic DCE (e, =10.43) generates
a large coupling strength I'. Analysis of the X-ray reflectivity data
indicates that the average distance d between neighboring
TPFB™ ions at the interface is d~ 1.5 nm for the highest A¢
(0.406 V). This value of d and the small €, of DCE lead to I'~ 3.7
for TPFB™ ions, which suggests that ion correlations are im-
portant. As expected, the much higher relative permittivity of
water, €, = 78.54, leads to weak correlations (I" < 1) for Na* ions
on the aqueous side of the interface, even at the highest A¢g. In
addition, I' is small and correlations are negligible for ions far
from the interface, because the bulk concentrations are low.

Ion density profiles are predicted from the free energy func-
tional per unit area

F= Z (]_—PB nl ]+/fcal nz )_l_]_—cnrr 2]

i=+,—

where #n;(z) is the number density profile of ion i, and the z axis is
normal to the interface. The first term, 773 [n;(z)], is the standard
PB free energy composed of the ideal gas entropy of the ions and
the potential energy caused by the electrostatic potential ¢(z)
that satisfies Poisson’s equation,

/}fPBz/ni(z)(ln(A3n+( )-1) dz+7/n+ )z 13]

where A is the thermal wavelength, and p=1/kgT. This term by
itself leads to the Gouy-Chapman mean field theory that
neglects ion and solvent correlations (1, 2), effects that are also
ignored in various mean field (PB) approaches developed to
describe the spontaneous segregation of ions at liquid/liquid
interfaces (15-17). The ion-solvent potentials of mean force
f*!(z) in Eq. 2 describe the interactions of each ionic species
with the solvent (18), and they are calculated within the atomistic
classical molecular dynamics (MD) simulation described below.
The last term, 77, is the free energy contribution from ion—ion
correlations that will also be discussed below. The model in Eq. 2
describes a system of interacting ions in an electric field E(z) that
also interacts independently with the solvent.

The number density profile n;(z) is found by minimizing F,
subject to the constraint of charge neutrality within each bulk
liquid phase, to yield

n.(z) = n"exp|p(Fep(z) - £ - w7 @)], 4]

where n?* is the bulk electrolyte concentration, e is the funda-

mental charge, and u“"(z) is the excess chemical potential
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caused by ion—ion correlations. The density profiles and the elec-
trostatic potential distribution ¢(z) are related through Poisson’s
equation

dch% - %4]‘.71'6[”+(Z) —n_(z)]. 51

If f°!(z) and u"(z) are known, the ion density profiles at

the liquid/liquid interface are predicted from Eqs. 4 and 5 for
both liquid phases, with the interface located at z=0. Over the
experimental range of A¢, the ions remain in their original
phases; therefore, for z > 0, + and — (Eq. 4) refer, respectively, to
Na* and Cl” in water, whereas for z<0, + and — refer to
BTPPA* and TPFB~ in DCE. A numerical solution of ¢(z)
across the interface is found subject to the following conditions:
(i) the potential difference A¢p (=¢|,_, —¢|,__,) between the
bulk liquids on either side of the liquid/liquid interface, which is
determined from the applied voltage as described in Materials and
Methods; (ii) the constraint of bulk electroneutrality (E|,_, = 0);
and (i) electrostatic boundary conditions (10). Note that z = +o0
refers to the bulk liquids that are far from the liquid/liquid and
liquid/electrode interfaces.

lon-Solvent Interactions. We discuss first the model for which ion
correlations are ignored [denoted as the PB/MD model, for which
U (z) in Eq. 4 is set to zero]. In this case, the ion density profiles
n;(z) can be predicted from the jon-solvent potentials of mean
force % (z () for each of the four types of ions. The ol s~ shown in
Fig. 24 is determined by an MD simulation of the potential of
mean force of a single TPFB™ ion at the DCE/water interface
(Materials and Methods). The rise in fi%s- near z=0 indicates
unfavorable interactions of TPFB™ with water. The difference be-
tween the values in the two bulk phases, Aff%.5- =26.0 +£0.5k5T,
is comparable with the experimental value of the free energy of
transferring TPFB™ from bulk DCE to bulk water, namely
29 +2kpT (19). Similarly, the 3¢, (z) for Na* is given by a pre-
viously published potential of mean force (19). The very small
interfacial densities of the ClI” and BTPPA+ ions that are de-
pleted from the interface for A¢>0 justify a mean field (PB)
description, for which fL =£90,, ., = 0.

As described earlier, the ion den51ty profile n;(z) (from the PB/
MD model) is converted to a prediction for the X-ray reflectivity
and compared with the data in Fig. 1B. However, comparison of
the X-ray reflectivity data with the prediction from the PB/MD
model also requires consideration of the thermal capillary wave
roughness of the interface (20). The roughness reduces the
measured X-ray reflectivity by scattering X-rays out of the an-
gular range accepted by the X-ray detector (11). Interfacial
roughness is included in our model by convoluting the predicted
electron density profile with a Gaussian function whose width is
the interfacial roughness (11). This roughness is the only fitting
parameter used to compare the theoretical density profiles to the
reflectivity data in Fig. 1B. The fitted values of roughness (4.2 —
4.9 A) for all fits of the PB/MD model are within 2 SDs (i.e.,
within + 0.4 A) of the values calculated from capillary wave theory
using our interfacial tension measurements (10, 21) (Table S1).

The best fits of the PB/MD model shown by the dashed lines in
Fig. 1B do not match the data except at the lowest Ag, where I' < 1
and ion—ion correlations are expected to be weak. The amplitudes
of the predicted reflectivity peaks are too small, indicating that the
predicted interfacial density of ions is too small. Previous theo-
retical discussions of ion correlation models show that local ion
densities can be increased by correlations (8), and we now con-
sider the effect of the correlation free energy 7 in our analysis.

lon-lon Correlations. Different models are available to describe
the free energy F°” that determines correlations in the positions
of TPFB™ ions (8, 22-30). The particular model that we chose,
the Debye—Hiickel-Hole (DHH) model of the one-component
plasma in a weighted-density approximation, provides an expression
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for the excess chemical potential caused by ion—ion correlations
that can be simply combined (Eq. 4) with an ion-solvent po-
tential to account for both effects. Because our experiments in-
dicate that T > 1 for only TPFB™ ions, we consider correlations
for only this ion. Calculation of the correlations starts with the
DHH theory of the homogeneous one-component plasma (31).
This model follows from the postulate of a correlation hole
around an ion that accounts for mutual electrostatic repulsions
with other TPFB™ ions. In the limit of weak correlations, I' << 1,
thermal fluctuations dominate over electrostatic repulsions, and
the size of the correlation hole is comparable with the Bjerrum
length ¢g. However, in the opposite limit I' >> 1, the correlation
hole size is proportional to (n_)""/°, where n_ is the homoge-
neous density of the plasma (of TPFB™ ions). It has been shown
that the homogeneous free energy per ion f°HH in the DHH
theory is given by (22),

2
AP () = % {1 L ln(w> -’

where o(n_)= [1+(3F)3/2]1/3 In the limit of strong ion-ion
correlations, Eq. 6 converges to the electrostatic energy,
fPHH  _kpTT, as expected.

The equivalent of Eq. 6 for an inhomogeneous system of ions,
such as an interfacial ion distribution with density that varies with
depth, is found in the weighted density approximation (23, 32,
33) by the replacement n_ —7n_(z) in Eq. 6, where 71_(z) is a
coarse-grained density. The fact that fP(7_(z)) is now a func-
tion of a nonlocal density can be interpreted as the consequence
of introducing a correlation hole, which induces a nonlocal
character to the ion correlations. The weighted density is found
by averaging over the local density n_(z) in the region of the
correlation hole (34),

m@)= [ w2 @) 71

where the weight function w (equation 29 in ref. 34) depends on
the local density (23, 35). The correlation free energy functional
F™ in Eq. 2 is then given by

Feor = / nrerp- (2)f P <’7TP FB” (Z)> de. 181

The excess chemical potentlal U (z) caused by TPFB™ ion—ion
interactions (Eq. 4) is found by taking the functional derivative
of the correlation free energy with respect to the local density
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Fig. 2. (A) lon-solvent potential of mean force £33t~ (z) of one TPFB™ ion at
the water/1,2-dichloroethane interface. Each point is calculated by an MD
simulation. (B) Snapshot from the MD simulation for the interfacial depth z
of the TPFB™ ion (circled) shown in A.
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The TPFB™ density profile is now determined by Eq. 4 with
U (z) given above, whereas the profiles of the other ions are
also determined by Eq. 4 but with 4" (z) =0. Correlations in the
TPFB™ ion positions depend on the density nrprs-, which is
expressed by Eq. 9; hence, the equilibrium density profiles and
the dependence of y““"(z) on z must be determined from a self-
consistent numerical solution of Eqs. 4-9. This procedure defines
the Correlation (CORR) model. A standard iteration algorithm
used here is included in ST Text.

Analysis of X-ray reflectivity data using the CORR model
involves one-parameter fits of the interfacial roughness, which
was previously explained for the PB/MD model. Note that there
are no other adjustable parameters within the CORR model.
These fits show good agreement over the full range of electric
potentials (Fig. 1B) that correspond to coupling strengths up to
I'=3.7. Similar to the PB/MD model, the roughness values are
within +0.4 A of the predictions of capillary wave theory (Table
S1). The improved fitting of the X-ray reflectivity by the CORR
model is entirely caused by introducing electrostatic correlations
between TPFB™ ions through u“”, and it represents the only
difference between the two models. The reflectivity curves pre-
dicted by the CORR model are progressively higher than those
curves from the PB/MD model as the coupling strength I'
increases, indicating that enhanced ion—ion correlations increase
the ion density at the interface.

Interfacial Excess Charge. In contrast to X-ray reflectivity data,
which probe the nanoscale spatial variation of the density,
macroscopic measurements of capacitance or interfacial excess
charge o probe the integral of the ion density profiles, where
o=e [o, dz[n*(z) —n~(2)]. Fig. 3 illustrates 6 = —(dy/0A¢), which
is a result of measurements of interfacial tension y over a range of
A¢ (Fig. S1). Excellent agreement between the interfacial excess
charge predicted by the CORR model and the data is found
without adjustable parameters. Fig. 3 shows that ion—ion correla-
tions as well as ion—solvent interactions are required to explain the
variation of the interfacial excess charge with potential.

Discussion

The predictions of the density functional model in Eq. 2 of the
electrical double layer have been shown to be consistent with
X-ray reflectivity measurements that probe the interfacial elec-
tron density profile and interfacial tension measurements that
probe the integrated interfacial excess charge density. The PB
(or Gouy—Chapman) model, which consists of only the first term
in Eq. 2, overestimates the X-ray reflectivity by a factor of five or
more for A¢>0.18 V, because it produces unrealistically large
ion densities at the interface (Fig. 4D) (19). Adding the second
term, which describes ion—-solvent interactions, leads to the PB/
MD model. Use of all terms in Eq. 2, including the third term,
which describes correlations, is referred to as the CORR model.
If ion-solvent interactions were ignored and only ion-ion cor-
relations were added to the PB model, the predictions for the
reflectivity and excess charge density would deviate from the data
by an even greater amount than predicted by the PB model.

lon-Solvent Interactions. The PB/MD model predicts that the
density profile of Na* and TPFB™ ions, which mostly increases on
approach to the interface, falls slightly just before reaching the
interface at z=0 (Fig. 4 B and D, where the Na* distribution in
Fig. 4B is qualitatively similar to the distribution for the PB/MD
model). This effect is the result of ion repulsion from the interface
as indicated by the monotonic rise of the potential of mean force
(illustrated for fi9s- in Fig. 24). In the case of Na*, a strongly
hydrated ion, this energy barrier can be attributed to its preference
for the highly polar aqueous environment. On the organic side of
the interface, repulsion of TPFB™ by water is likely caused by the
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disturbance of the water hydrogen bonding network by a large
organic ion. These repulsive interactions are strong enough in the
PB/MD model to counteract the potential gain in electrostatic
energy achieved by a closer approach to the interface at z=0. In
the absence of ion—solvent interactions, the PB model predicts
that the density rises monotonically to z=0 (Fig. 4D). Farther
from the interface, ion distributions in the PB/MD model decay
slowly in a manner similar to PB theory.

Earlier work on ion distributions at the nitrobenzene/water
interface had shown agreement of the PB/MD model with X-ray
reflectivity data (12). As a result of the higher relative permit-
tivity of nitrobenzene (e, = 34.8) and the lower range of electric
potential (|]Ag,,..|=0.277 V), the correlation coupling strength
in those experiments was small (I"~0.7), and it was shown that
the effect of correlations was negligible (13). However, the
reflectivity data in Fig. 1B are taken over a range of I" up to
~3.7, and demonstrate that the PB/MD model is inadequate
when " > 2.

lon-lon Correlations. The agreement between the predictions of
the CORR model and the data is due to two essential features of
the ion density profiles. First, the appearance of a dense layer of
TPFB™ ions near the interface is a consequence of the minimum
in the excess chemical potential 4" (z) (Fig. 44). Eq. 4 indicates
that the progressively deeper minima that appear in p“"(z) with
increasing A¢ lead to an enhanced density of TPFB™ ions in this
layer. Comparison of Fig. 44 with Fig. 4C reveals that TPFB™
density profiles reach their maxima at the same positions as the
minima in " (z). Fig. 4B shows that the enhanced density of
TPFB™ ions takes the form of a narrow peak that decays rapidly to
its bulk value, which is a signature prediction of theories of ion
correlations (24); it differs from the broader diffuse electrical
double layers of Gouy—Chapman (PB) theory and PB/MD theory
(Fig. 4D). The correlation energies (|“°”|) for the three highest
applied electric potentials become larger than thermal fluctuations
within ~ 1.5 nm of the interface, and they approach a maximum
value of ~4kpT when A¢=0.406 V (Fig. 44).

The second important feature of the TPFB™ density profile is
the decrease in density illustrated in Fig. 4C for small values of z
in the range —0.5nm <z < Onm. The agreement between the
CORR model and the X-ray data suggests that ion—solvent
interactions described by f** play a role in shaping the behavior
of correlations near the interface. The z dependence of the ex-
cess chemical potential caused by correlations " (z), shown in
Fig. 44, is qualitatively a mirror image of the TPFB™ density
profile: after reaching a minimum at —0.5nm <z < —0.3nm,
u°" (z) increases to a higher value at z=0. The weakening of the
correlations is caused by the repulsive TPFB™ interactions with
interfacial water molecules as described by fi%:5- (Fig. 24). This
predicted interplay between ion-ion and ion—solvent interactions

-0 (103 e/ A?2)

0 0.1 0.3 04

0.2
Ap (V)

Fig. 3. Interfacial excess charge ¢ of ions accumulating at the interface in
response to the electric potential difference A¢. Lines represent predictions
of the PB (electrostatics and ion entropy), PB/MD (including ion-solvent
interactions), and CORR (adding correlations) models.
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Fig. 4. CORR model calculations. (A) Excess chemical potential x«" for
TPFB~ for three values of A¢. (B) lon distributions at the water (z> 0)/DCE
(z<0) interface illustrate back-to-back electrical double layers at A¢ = 0.406V
in units of molarity. (C) TPFB™ number density profile ntpeg- (z) times the vol-
ume a3, where a=1 nm is the ion diameter, for three values of A¢g. (D)
Comparison of the PB (Gouy-Chapman), PB/MD (PB plus ion-solvent inter-
actions), and CORR (PB/MD plus ion—ion correlations) models for the TPFB~ ion
concentration (in molarity units) near the interface at A¢=0.406V.

at a liquid/liquid interface is consistent with the experimental
data. We emphasize that, if correlations were considered without
ion—solvent interactions, then both the correlation energy and
the electric potential would have an extremum at z = 0, leading to
densities that are even higher than predicted by PB theory and
a very poor agreement with the data.

The distance of closest approach to the interface is similar to
the radius of TPFB™ (0.5 nm), even though the radius does not
enter explicitly into Eq. 2. Although the correct ionic size that
should be used in an electrical double-layer model is a matter
of debate (36), an advantage of the current model is that the
arbitrariness in defining an ionic diameter is removed. In this
approach, the role of the size of ions is determined by the
molecular modeling and intermolecular interactions, which are
used in the MD simulations of .

The small deviations at high O, between the CORR model and
the reflectivity data (Fig. 1B) for the highest potentials most likely
indicate that the electrical double layer is slightly thinner (by
~0.1nm) than predicted by the model. Correlations between
TPFB™~ and Na* across the interface could thin the double layer,
but they were not included in our analysis. The deviations could
also be caused by a breakdown of the approximation used in ar-
riving at the free energy functional in Eq. 2, where we assumed that
the ion-solvent interactions are independent of the density and
consequently, ion—ion interactions. This dependence on the ionic
density should become more prominent as the latter reaches close
packing, a’nrprs- — 1. In the cases investigated here, the maximum
packing density is @*nrprs- ~0.7 (Fig. 4C). Additional theoretical
and experimental work is needed to understand these issues.

In summary, we have measured the effect of ion-ion correla-
tions on the microscopic ion distributions and the total interfacial
excess charge while varying the coupling strength of ion—ion cor-
relations over a range from weak to strong (i.e., 0.8 <I"<3.7).
These data cannot be explained by the standard Gouy—Chapman
(PB) approach, even when supplemented by ion-specific inter-
actions with the solvent. We have tested only one of many dif-
ferent descriptions of ion-ion correlations in the literature,
although it will be interesting to test others against these data (8,

20330 | www.pnas.org/cgi/doi/10.1073/pnas.1214204109

22-30). However, it is important to note that these theories of
ion—ion correlations do not include a realistic representation of
ion—solvent interactions. This work shows that the interplay be-
tween ion-solvent interactions and ion—ion correlations is nec-
essary to quantitatively describe the distribution of ions in this
strongly correlated system. We anticipate that these results will
also be relevant for understanding correlations of divalent and
trivalent ions in aqueous solution, which are of importance
for colloid and biomolecular interactions and have coupling
strengths that are comparable with those coupling strengths in-
vestigated in this work.

Materials and Methods

Materials and Solutions. Sodium chloride, purchased from Fisher Scientific
(certified American Chemical Society, crystal), was dissolved in water from
a Nanopure UV Barnstead system to produce a 10 mM solution. The organic
solvent 1,2-dichloroethane, purchased from Aldrich (CHROMASOLYV, for HPLC,
99.8%), was purified by multiple passes through a column of basic alumina.
The organic salt BTPPA-TPFB was synthesized from BTPPACI (Aldrich) and
KTPFB (Boulder Scientific Company) (37). A solution of BTPPATPFB in DCE was
prepared at a concentration of 5 mM. However, because of the low dielectric
constant of DCE, only partial dissociation into BTPPA* and TPFB™ occurs. The
dissociated fraction was determined to be 54% + 1% (from solution conduc-
tance measurements) (38), which produces an organic solution with a dissoci-
ated ionic concentration of 2.7 mM. The aqueous and organic electrolyte
solutions were separately placed in contact with pure solvent of the other
phase in a beaker and rocked for 10 h to equilibrate.

Electrochemical Cell. Each phase from the equilibrated solution is extracted
separately and placed in contact in a cylindrical glass sample cell of 7-cm
diameter for electrochemical and X-ray reflectivity studies (19). The potential
difference of the galvanic cell, Ag|AgCl | 10 mM NaCl (water) || 5 mM BTPPATPFB
(DCE) | 10 mM LiCl + 1 mM BTPPACI (water) | AgCl | Ag (where || represents the
interface under investigation), was controlled by a four-electrode potentiostat
using a Solartron 1287. The electric potential difference between the bulk liquid
phases A¢=dyater — Ppce is calculated from the measured electrochemical
cell potential and potential of zero charge (pzc), Ap=A¢ — AP, where
A¢P* = 0374V is determined from the potential-dependent interfacial tension
(Fig. S1) (9). The Gibbs free energy of transfer for each of the four ions is at least
23 kgT; therefore, the ions remain in their original aqueous or organic phase
over the experimental range of A¢ (< 0.4 V ~ 16 kgT per charge), which con-
trasts with experiments that use ion partitioning between bulk phases to es-
tablish the potential difference (12, 13).

X-Ray Measurements. X-ray reflectivity, R(Q;), is measured as a function of
wave vector transfer normal to the interface, Q, = (4z/4)sin(a), where 4 is the
X-ray wavelength and « is the angle of incidence. X-ray reflectivity measure-
ments were carried out at the ChemMatCARS Sector 15 of the Advanced
Photon Source on a liquid surface reflectometer at an X-ray energy of 30 keV
(11, 39). Reflectivity is defined as the reflected intensity normalized to the
incident intensity (after subtraction of background scattering) (40). The data
are presented in the form of reflectivity normalized to the Fresnel reflectivity,
R(Q)/Re(Q,), calculated for an ideal structureless interface (11).

MD Simulations. lon-solvent interactions are simulated in classical MD by the
potential of mean force technique. This potential is sampled by inserting an
ion into a simulation box at a specific interfacial height z in the bulk liquids.
With the ion position fixed, the overall system is equilibrated for 200-400 ps
followed by a simulation run of 2 ns. The force acting on the ion center of
mass, from Coulomb and Lennard-Jones interactions with all of the solvent
molecules, is ensemble-averaged at the end of the simulation, (F°") (Fig. S2).
This procedure is then repeated with the ion placed at a different z position.
The heights are chosen to vary from one bulk liquid to the other. The ion—
solvent potential of mean force £°/(z) is found from the following expression

£ (z)= - / (F°" (z—-2'))dz'. [10]

MD simulations were performed using the simple point charge force field
to model water (41) and a fully flexible 1,2-dichloroethane force field de-
rived in the work by Benjamin (42). A custom computer code was used to
simulate a water/DCE box containing a total of 2,424 water molecules and
844 DCE molecules in the (N, V. E) ensemble (Fig. 2B). A fully atomistic and
flexible TPFB™ ion was added to the system, with Lennard-Jones parameters
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taken from the Amber force field (43) or the literature (44) (Table S2). The
atomic partial charges on the TPFB™ atoms (Cy4F20B~) were determined from
a computation of the quantum molecular electrostatic potential (Table S2).
Intramolecular potentials consist of bond bending, stretching, and torsion,
with force constants taken from the Amber force field or derived from vi-
brational analysis (Table S3).

. Gouy G (1910) Constitution of the electric charge at the surface of an electrolyte.

Journal de Physique 9:457-467.

2. Chapman DL (1913) A contribution to the theory of electrocapillarity. Philos Mag Ser 6
25:475.

3. Zhang Y, Cremer PS (2006) Interactions between macromolecules and ions: The
Hofmeister series. Curr Opin Chem Biol 10(6):658-663.

4. Bloomfield VA (1996) DNA condensation. Curr Opin Struct Biol 6(3):334-341.

5. Zhang F, et al. (2008) Reentrant condensation of proteins in solution induced by
multivalent counterions. Phys Rev Lett 101(14):148101.

6. Patey GN (1980) The interaction of two spherical colloidal particles in electrolyte so-
lution. An application of the hypernetted chain approximation. J Chem Phys 72:5763.

7. Martin-Molina A, Quesada-Pérez M, Galisteo-Gonzalez F, Hidalgo»AIvarez R (2003)
Looking into overcharging in model colloids through electrophoresis: Asymmetric
electrolytes. J Chem Phys 118:4183-4189.

8. Levin Y (2002) Electrostatic correlations: From plasma to biology. Rep Prog Phys 65:1577.

9. Girault HHJ, Schiffrin DJ (1989) Electrochemistry of liquid-liquid interfaces. Electro-
analytical Chemistry, ed Bard AJ (Dekker, New York), pp 1-141.

10. See supporting information online at www.pnas.org/lookup/suppl/doi:10.1073/
pnas.1214204109/-/DCSupplemental.

11. Pershan PS, Schlossman ML (2012) Liquid Surfaces and Interfaces: Synchrotron X-Ray
Methods (Cambridge Univ Press, Cambridge, United Kingdom).

12. Luo G, et al. (2006) lon distributions near a liquid-liquid interface. Science 311:
216-218.

13. Luo G, et al. (2006) lon distributions at the nitrobenzene-water interface electrified
by a common ion. J Electroanal Chem (Lausanne Switz) 593:142-158.

14. Parratt LG (1954) Surface studies of solids by total reflection of X-rays. Phys Rev 95:
359-369.

15. Kung W, Solis FJ, Olvera de la Cruz M (2009) Thermodynamics of ternary electrolytes:
Enhanced adsorption of macroions as minority component to liquid interfaces.
J Chem Phys 130(4):044502.

16. Onuki A (2008) Surface tension of electrolytes: Hydrophilic and hydrophobic ions near
an interface. J Chem Phys 128(22):224704.

17. Bier M, Zwanikken J, van Roij R (2008) Liquid-liquid interfacial tension of electrolyte
solutions. Phys Rev Lett 101(4):046104.

18. Daikhin LI, Kornyshev AA, Urbakh M (2001) lon penetration into an ‘unfriendly me-
dium’ and the double layer capacitance of the interface between two immiscible
electrolytes. J Electroanal Chem (Lausanne Switz) 500:461.

19. Laanait N, et al. (2010) Communications: Monovalent ion condensation at the elec-
trified liquid/liquid interface. J Chem Phys 132(17):171101.

20. Buff FP, Lovett RA, Stillinger FH (1965) Interfacial density profile for fluids in the

critical region. Phys Rev Lett 15:621.

Mitrinovi¢ DM, Tikhonov AM, Li M, Huang Z, Schlossman ML (2000) Noncapillary-

wave structure at the water-alkane interface. Phys Rev Lett 85(3):582-585.

22. Penfold R, Nordholm S, Jonsson B, Woodward CE (1990) A simple analysis of ion-ion
correlation in polyelectrolyte solutions. J/ Chem Phys 92:1915.

23. Groot RD (1991) lon condensation on solid particles: Theory and simulations. J Chem

Phys 95:9191.

21.

Laanait et al.

ACKNOWLEDGMENTS. We acknowledge support from a University of Illinois
at Chicago Graduate Fellowship and the Graduate Assistance in Areas of
National Need program (to N.L.), National Science Foundation Grants CHE-
0910825 (to P.V. and M.L.S.), and CHE-0809164 (to I1.B.). ChemMatCARS is sup-
ported by National Science Foundation Grant CHE-0822838. The Advanced
Photon Source at Argonne National Laboratory is supported by Department
of Energy Office of Basic Energy Sciences Contract DE-AC02-06CH11357.

24. Rouzina |, Bloomfield VA (1996) Macroion attraction due to electrostatic correlation
between screening counterions. 1. Mobile surface-adsorbed ions and diffuse ion
cloud J. Phys Chem 100:9977-9989.

25. Torrie GM, Valleau JP (1980) Electrical double layers. I. Monte Carlo study of a uni-
formly charged surface. J Chem Phys 73:5807.

26. Kjellander R, Marcelja S (1985) Inhomogeneous Coulomb fluids with image inter-
actions between planar surfaces. I. J Chem Phys 82:2122.

27. Stevens M, Robbins M (1990) Density functional theory of ionic screening: When do
like charges attract? Europhys Lett 12:81-86.

28. Moreira AG, Netz RR (2001) Binding of similarly charged plates with counterions only.
Phys Rev Lett 87(7):078301.

29. Jho YS, et al. (2008) Strong-coupling electrostatics in the presence of dielectric in-
homogeneities. Phys Rev Lett 101(18):188101.

30. Samaj L, Trizac E (2011) Counterions at highly charged interfaces: From one plate to
like-charge attraction. Phys Rev Lett 106(7):078301.

31. Nordholm S (1984) Simple analysis of the thermodynamic properties of the one-
component plasma. Chem Phys Lett 105:302.

32. Tarazona P (1985) Free-energy density functional for hard spheres. Phys Rev A 31(4):
2672-2679.

33. Curtin WA, Ashcroft NW (1985) Weighted-density-functional theory of inhomogeneous
liquids and the freezing transition. Phys Rev A 32(5):2909-2919.

34. Diehl A, Tamashiro MN, Barbosa MC, Levin Y (1999) Density-functional theory for
attraction between like-charged plates. Physica A 274:433-445.

35. Hansen J-P, McDonald | (2006) Theory of Simple Liquids (Elsevier, Amsterdam), 3rd Ed.

36. Wernersson E, Kjellander R, Lyklema J (2010) Charge inversion and ion-ion correlation
effects at the mercury/aqueous MgSO, interface: Toward the solution of a long-
standing issue. J Phys Chem C Nanomater Interfaces 114:1849-1866.

37. Fermin DJ, Ding Z, Duong H, Girault HH (1998) Photoinduced electron transfer at
liquid/liquid interfaces. Part I. Photocurrent measurements associated with hetero-
geneous quenching of zinc porphyrins. J Phys Chem B 102:10334.

38. Laanait N (2011) lon correlations at electrified soft matter interfaces. PhD thesis
(University of lllinois, Chicago, IL).

39. Lin B, et al. (2003) The liquid surface/interface spectrometer at ChemMatCARS syn-
chrotron facility at the Advanced Photon Source. Physica B Condens Matter 336:75-80.

40. Zhang Z, Mitrinovic DM, Williams SM, Huang Z, Schlossman ML (1999) X-ray scattering
from monolayers of F(CF,);0(CH>),OH at the water-(hexane solution) and water-vapor
interfaces. J Chem Phys 110:7421.

41. Berendsen HJC, Postma JPM, van Gunstersen WF, Hermans J (1981) Interaction Models
for Water in Relation to Protein Hydration. Intermolecular Forces, ed Pullman B (Reidel,
Dordrecht), pp 331-342.

42. Benjamin | (1992) Theoretical study of water/1,2-dichloroethane interface: Structure, dy-
namics and conformation equilibrium at the liquid-liquid interface. J Chem Phys 97:1432.

43. Cornell W, et al. (1995) A second generation force field for the simulation of proteins,
nucleic acids, and organic molecules. J Am Chem Soc 117:5179-5197.

44. Firlej L, Kuchta B, Wexler C, Pfeifer P (2009) Boron substituted graphene: Energy
landscape for hydrogen adsorption. Adsorption 15:312-317.

PNAS | December 11,2012 | vol. 109 | no.50 | 20331

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214204109/-/DCSupplemental/pnas.201214204SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214204109/-/DCSupplemental/pnas.201214204SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214204109/-/DCSupplemental/pnas.201214204SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214204109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214204109/-/DCSupplemental

