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Abstract

Much is understood about electrolyte liquid/liquid interfaces, yet the

relationships between ion solvation, adsorption, and the instantaneous

surface have not been the topic of significant study. The thermally

corrugated capillary wave characteristics of the instantaneous aqueous

surface contribute to heterogeneous interfacial structural and dynamic

properties. Those properties are sensitive the nature of the immisci-

ble nonpolar solvent. In this work, we examine the role of interfacial

heterogeneity upon ion behavior and further, how this is influenced by

a partially polar solvent relative to a vapor phase analog. We compare

and contrast ion solvation in electrolyte/vapor and electrolyte/octanol

biphasic systems, focusing upon the changes to interfacial heterogene-

ity in the presence of the octanol solvent and the variations of ion

concentration at different interfacial regions. The interplay between

competing forces introduced by strong octanol water interactions at

the interface is examined, with a new understanding of how such com-

petition may lead to tailored interfacial properties.

Introduction

Aqueous electrolyte interfaces (with either a vapor phase or an immiscible liquid), have

been a topic of significant research for the last two decades.1–3 Although advances in instru-

mentation have enabled some spectroscopic characterization,4–6 simulation using statistical

mechanics methods, notably molecular dynamics (MD), has been an essential complement to

our current understanding of liquid interfacial chemistry.7–9 The molecular-level asymmetry

of the interface has significant consequences for ion behavior and relative energetic prefer-

ence for the interfacial region. Generally, “interfacial ion adsorption” implies that there is
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a free energy minima for ions to exist within the interfacial region; this often causes an

excess or increase in ion concentration relative to the bulk. Similarly, an ion concentration

in the interface that is the same as in the bulk implies no changes to the free energy of the

ion as it approaches the interface, while depletion of ion concentration indicates a decrease

in energetic favorability for the ion to reside in this region. The change in ion solvation

environment is a major factor that dictates these energetic preferences. For example, at the

electrolyte/vapor interface, the general loss of H2O hydrogen bonds (HBs) causes competi-

tion between these interactions and ion solvation, and can lead to a loss of solvating H2O for

the ion that thermodynamically disfavors interfacial adsorption.10–12 If the ion has a large

enough hydration energy, then ion solvation can be retained via restructuring of the interfa-

cial H-bonding network.13–15 At the same time, the orientational order of water induces an

electrostatic potential difference between the liquid and vapor phases that, in turn, interacts

with the ion charge density.12 In general, small nonpolarizable ions respond more weakly to

the interfacial electric field, whereas large and polarizable ions can have a favorable interac-

tion that support adsorption. Many of the features of electrolyte/vapor interfaces carry over

to that of electrolyte/liquid interfaces, where the liquid is a non-polar solvent.

The characterization of interfacial structure generally falls into two categories based upon

whether the average perturbations to solvent interactions are considered over a 1-2 nm region

of the interface or whether the instantaneous surface (and its subjacent layers) is explicitly

examined. The instantaneous, as opposed to time average, surface accounts for the thermally

corrugated nature of the interface as well as its capillary wave characteristics. Understanding

the instantaneous surface is absolutely essential to a wide variety of interfacial properties,

including the protrusions of solvent that can form during transport of solutes across the liquid

liquid phase boundary.16,17 Although much progress has been made in the analysis of the

instantaneous surface for water/vapor and water/liquid interfaces, time averaged properties

are still typically considered. Yet the instantaneous surface can be highly heterogeneous

in both its structural organization and dynamic properties. Significant differences between
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crest vs. trough regions may impact interfacial reactivity.10,16 Based upon the “bulk-like”

HB structure of the troughs of the water/vapor interface versus the “gas-like” water in the

crests, one may anticipate partitioning of ion concentration between these distinct regions.

At the same time, the local orientation for water is quite different in these regimes, which

may also influence the local interfacial electric field.

Ion perturbation of interfacial characteristics has generally been broached only in the

context of interfacial tension, γ, and molecular density distributions, but is closely related

to the ongoing and controversial topic of whether ion adsorption enhances or diminishes

capillary wave fluctuations, or interfacial roughness. Initial work implied that ions at the

interface “pin” capillary waves and decrease the interfacial area of the surface,18,19 whereas

more recent work surmised that the original conclusion derived from finite size effects of

the interfacial area and that in fact interfacial ions enhances capillary wave fluctuations.20

The manner in which surface roughness influences the distribution of ions in the interfacial

region is relatively unexplored, and the extension of this line of enquiry to amphiphilic sol-

vents has not been performed. The direct interaction of an immiscible polar solvent with

interfacial aqueous ions presents an intriguing contrast to the electrolyte/vapor case, as po-

lar solvents may impart their own organizational features and introduce new competitive

interactions. Toward this end, this work compares the behavior of ions in electrolyte/vapor

and electrolyte/octanol biphasic systems. Two interfacial regions are investigated: 1) slabs

that contain crest and troughs of the instantaneous surface as well as several subjacent

layers, and 2) the instantaneous surfaces themselves of the electrolyte or octanol. We ex-

amine the changes to crest and trough regions in the water/octanol and electrolyte/octanol

systems relative to their vapor analogs, and investigate the concentration of ions within

different interfacial regions. When the instantaneous surface exhibits significant interfacial

heterogeneity, ions are observed almost exclusively in “trough” regions. However, octanol

creates a highly interdigitated instantaneous surface with that of water which decreases the

variation between crest and trough hydrogen bond networks. Thus, ion concentration at
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electrolyte/octanol interfaces increases relative to the analogous vapor phase, not because

octanol helps to solvate the ions, but rather because the strong water-octanol interactions

decrease the ion’s tendency to lose waters of solvation in the interfacial region. This interplay

of competing forces introduced by strong octanol-water interactions provides one mechanism

for altering ion concentration and potentially reactivity at the interface.

Computational Methods

Simulation Protocol and Force Field Benchmarking

All simulations were performed using the GROMACS 2016.221 software package using pe-

riodic boundary conditions. Classical MD simulations of the 1M electrolyte/vapor systems

(NaNO3(aq) or CsNO3(aq)) were performed with 7205 H2O and 130 NaNO3 or CsNO3 ions,

respectively, and a unit cell of size 60×60×180 Å (Figure S1 in Supplementary Informa-

tion). The initial system configurations were generated by randomly distributing molecules

in adjacent phases using Packmol,22 with ions placed in the aqueous phase. After energy min-

imization, the electrolyte/vapor system evolved in the NVT ensemble, using a 2 fs timestep,

at 300 K for 20 ns of equilibration, followed by 40 ns used for data analysis. Analogous liq-

uid/liquid interface simulations of water/octanol, NaNO3(aq)/octanol and CsNO3(aq)/octanol

consisted of 2470 octanol molecules and 7205 water containing 130 NaNO3 or CsNO3 ions in

60×60×240 Å simulation boxes. The water/octanol systems were equilibrated for 40 ns in

NPT and NVT respectively, followed by 40 ns of production run in NVT (Table S1). Nose-

Hoover thermostat and Parrinello-Rahman barostat were used for temperature and pressure

coupling respectively. Finite size effects were examined as described in the Supplementary

Information.

Extensive force field benchmarking was performed, with details provided in the Supple-

mentary Information and briefly summarized here. All simulations employed with a 1.6 Å

cutoff for both short range electrostatic and van der Waals interactions. Particle-Mesh Ewald
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summation23 was used to treat long range electrostatics. The TIP3P model24 was employed

for water. The Na+ and Cs+ ions were modeled using the force fields of Joung et al.25 Bulk

NaNO3 simulations were performed at a concentration of 1.875 M to benchmark the force

fields to experimental data26 (radial distribution functions (RDFs) presented in Figure S2),

which resulted in an average aqueous phase bulk Na+-H2O solvation coordination number

(CN) of 5.38 under a 3.20 Å Na+-OH2O
cutoff, in good agreement with prior work.27,28 In

the case of Cs+, a CN of 8.80 H2O is observed under a 4.10 Å Cs+-OH2O
cutoff in the bulk

aqueous phase, also agreeing with prior AIMD studies.29 Two different nitrate force fields

were tested: those of Wipff et al.30,31 and Papoyan. et al.32 The Wipff et al.30 force field

was chosen for all data reported in this work because it best represented the experimentally

observed Na+...NO –
3 and NO –

3 ...H2O RDFs,26,33 where on average 2 solvating H2O are

observed per nitrate ON to yield a total of six solvating H2O about NO3
− (Figure S2).

The Joung and Wipff ion force fields were tested for their ability to reproduce the elec-

trolyte/vapor interfacial properties, where the SPC/E, TIP3P and TIP4P-ew34,35 water mod-

els were considered. The interfacial tension for pure TIP3P water/vapor was calculated as

48.71 mN/m, in good agreement to the literature value of 49.20 mN/m (Figure S3).36,37

In the case of the electrolyte/octanol and water/octanol systems, the TIP3P water model

with the OPLS force field parameters for octanol and charges.38 All employed force fields

are presented in Tables S2-S4.

Data analysis

Interfacial Tension. The interfacial tension, γ, was calculated using the pressure tensor

method39 as an integral over the z dimension with a box length Lz as

γ =
1

Nint

∫ Lz

0

1

2
〈Pzz −

1

2
(Pxx + Pyy)〉dz, (1)
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where Nint is the number of interfaces (Figure S1) and Pzz, Pyy, and Pxx are the diagonal

components of the pressure tensor.

Orientation Profiles of Water and Octanol. The time average dipole vector orientation

for H2O was calculated in 1 Å slabs in the z direction using

〈
cos(θi)

〉
=

〈∑
i

µ̂i · n̂z

〉
, (2)

where cos(θi) is the angle between the unit dipole vector and the z axis perpendicular to

the interface. The unit dipole vector, µ̂i, of water molecule i is dotted with the unit vector

normal to interfacial plane, n̂z, pointing along z direction. The molecular orientation of

octanol was calculated the same way, but instead using the unit vector passing through the

terminal C-atom and the O-atom, as in prior work.40,41

Instantaneous Interface. The “Identification of Truly Interfacial Molecules (ITIM)” algo-

rithm42,43 was used to identify the instantaneous interfacial molecules of H2O and octanol,

employing the recommended probe sphere of radius 1.5 Å and a grid spacing of 0.2 Å. In the

case of water, four subjacent layers were also identified. The interfacial width of water, d,

was calculated as the full width at half maximum (FWHM) of the density profile of the H2O

center of mass instantaneous surface layer, fitted to a probability density function having a

Gaussian distribution.

Crest and Trough Regions of the Interface. The interfacial crest and trough regions were

identified from the density profile of the truly interfacial H2O molecules and combined with a

slab analysis to determine the H2O and ions present in all crest and trough containing regions.

Two slabs of 0.5×FWHM were created on either side of the mean µ of the instantaneous

surface layer, with the slab towards the aqueous phase containing all interfacial trough

molecules/ions and that towards organic phase containing the interfacial crest (see Figure

S4).

Topological Data Analysis of Intermolecular Interactions. Networks of H2O...H2O, H2O...ion,
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H2O...Oct, ion...Oct interactions were analyzed using the ChemNetworks program.44 Hydro-

gen bonds were defined with an O...H distance cut-off based upon the first minimum of the

O...H RDF (Table S5) and an O...H-O angle of 145-180◦. Ion interactions were defined solely

with a distance cutoff based upon the first minimum of the RDFs as given in Supplementary

Information.

Residence Time within the Interfacial Region. The survival probability L(t) of ions and

H2O to be present in interfacial crest and trough regions, was determined by the correlation

function of the ion being present at times t and t+δt. The computed probability L(t) at

time t was fitted to an exponential function of form

L(t) = a1e
−( t

τ1
)β1

+ a2e
−( t

τ2
)β2
, (3)

where τ 1 and τ 2 represent the residence times with contributions given by a1 and a2 re-

spectively for each exponential terms. The fitting parameters β1 and β2 are called stretched

exponents,45 that are generally used for the calculation of residence times of species in het-

erogeneous systems.46 The net residence time τ is

τ = a1τ 1 + a2τ 2. (4)

Analysis of the Willard-Chandler Surface. The interfacial surface area of all systems was

determined using a procedure of continuous representation of a discrete instantaneous con-

figuration of surface waters proposed by Willard and Chandler.47,48 This procedure provides

a reliable definition of the relevant spatial fluctuations in space and time of the interface

location, which is otherwise averaged out by using the Gibbs dividing surface. We adopt the

suggested coarse-graining length 2.5 Å and 90% water bulk density criterion in obtaining

the Willard-Chandler surface of water. Ensemble average values of the interfacial area are

obtained by averaging the individual areas of the instantaneous Willard-Chandler interfaces

for each system. The normalised change in interface area, ∆A, is measured relative to a flat
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surface having the same xy dimension as,

∆A = 〈A(WC)− A〉, (5)

where A(WC) is the area of Willard-Chandler surface, A is the area of flat surface (xy Å).

The range of z for different systems is the width of Gaussian distribution of interfacial water

density as shown in Figure 1A & B. ∆Gdef is defined as the average free energy required

to perturb a flat interface to an interface with capillary wave structure.49,50 It is defined by

by19

∆Gdef ≈ γ×∆A, (6)

where γ is the interfacial tension.

Results and Discussion

We first present a brief but detailed description of the characteristics of the instantaneous

surface for the water/vapor and water/octanol systems. These data illustrate the impact of

strong H2O...Oct interactions upon organizational structure. Then, we study the partitioning

of ion concentration in crest vs. trough regions. The variations in ion behavior due to specific

ion effects are also discussed. Finally, we determine how the presence of ions influences the

instantaneous surface of water.

Heterogeneity of water/vapor vs. water/octanol interfaces

Prior study has examined the water/vapor interface and the distribution of H-bonding en-

vironments that occur in crests vs. troughs of the instantaneous surface.10,51 Although

water/octanol interfaces have been the topic of much research, the primary emphasis has

been upon understanding the spatial average of interfacial properties across the rough sur-

face. The experimental interfacial tension, γ, is an order of magnitude smaller for the neat
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water/octanol (8.52 mN/m) relative to water/vapor (71.73 mN/m),36,52 a trend reproduced

by our simulations—although the interfacial tension of TIP3P-water/vapor is notoriously

difficult to match to experiment (Table 1).36,53 Interestingly, both the interfacial width, d,

and interfacial area, ∆A, decrease despite the decrease in interfacial tension of water/octanol

relative to water/vapor (Table 1). If the interfacial width is representative of a commensu-

rate change in interfacial area, then the water/octanol system deviates from the relationship

of γ with the mean curvature (capillary wave behavior) via the Young-Laplace equation54.

One possibility for this behavior may be that there is a larger difference than normal be-

tween length scales of the local thermal fluctuation and capillary wave oscillations, caused

by significant coupling of interactions between octanol and water.

In part, these data support potential dampening of the capillary wave fluctuations in wa-

ter/octanol interface relative to water/vapor, a feature further pursued by studying changes

to the organization of crest vs. trough regions. As previously noted for water/vapor,10

there is a loss of ∼0.4-0.5 H2O...H2O H-bonds in the crest region that projects into the

vapor phase relative to the trough region that projects into the water bulk (Table 1). In

the water/octanol system, this value is within statistical uncertainty, though there may be a

small decrease in the variation given that a similar decrease is observed using the TIP4P-ew

water model and the GROMOS force field55 for octanol, as demonstrated in Figure S11.

Instead, the variation in dipole orientations in crest vs. trough is significantly subdued in

water/octanol relative to water/vapor. The variations in dipole orientations in crest versus

trough regions has been discussed,10 and in the case of water/vapor and water/hexane, the

water in the trough (closer to the water bulk) have their dipole orientated towards the water

phase, whereas those in the crest have their dipole pointing out of the water phase (Figure

1A). Yet in the water/octanol case, the water dipole orients toward the water bulk phase

irrespective of where those interfacial waters reside.
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In combination, these data indicate that the water/octanol interface has less variation

in crest vs. trough characteristics relative to water/vapor. Two different arrangements of

the instantaneous surfaces of water and octanol could lead to this result. First, is that the

water and octanol ITIM layers are flattened and laying essentially “on top of” each other

with minimal surface roughness. In this case, one would expect that the density profile of

the ITIM layers would be offset by a distance larger than 2× the 1.6 Å atomic radius of

O-atom. Instead, the peak of the octanol distribution is only 0.4 Å offset from that of water

(Figure 1B, using the center of mass of H2O). A second option is that the surface layers of

H2O and octanol become “interdigitated” where individual octanol -OH groups and H2O

have overlapping density in the z direction. This is indicated by the density profiles in

Figure 1B, the analysis of HB patterns, and the 2-dimensional Oct...Oct RDF. The most

likely H-bonding configuration of octanol derives from each octanol having 1 H-bond with

water and 2 H-bond with other octanol. Such species are present in water-bridged octanol

dimers, that emerge in the broad peak at 4.21 Å in the 2D Oct...Oct RDF (Figure 1D).

The strong water-octanol interaction is further supported by a decrease in H2O residence

times, τ , when in the water/octanol relative to water/vapor. In the water/vapor case, the

dangling -OH causes much stronger H2O...H2O interactions and leads to a τ of 43 ps. This

value decreases to 23 ps in water/octanol as the octanol minimizes loss of H2O HB’s as it

becomes a part of the HB network at the interface. Each of these features futher supports

the observation that the free energy of interface deformation ∆Gdef decreases nearly fourfold

in the water/octanol interface.

In summary, in the electrolyte free systems it is observed that the water/octanol interface

significantly has less variations in the local structure of crest and trough regions of the

instantaneous surface than the corresponding water/vapor interface. This is due to strong

water/octanol interactions and the subsequent “interdigitation” of water and octanol in the

interfacial layer.
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Figure 1: (A) Comparison of the H2O dipole orientation (Equation 2) in water/vapor and
water/octanol. (B) Number-density distribution of the truly interfacial layer of H2O and
octanol. (C) The HB distribution of octanol and water in truly interfacial layer, where the
probability of H2O...Oct and H2O...H2O interactions is normalized to 1 as is the Oct...Oct
and Oct..H2O interactions. (D) 2D RDF of octanol molecules present in the truly interfacial
layer. The probability distribution of octanol molecules corresponding to the interfacial
configurations are shown in the inset.

13



Ion Behavior Influenced by Surface Roughness

It is well-known that the presence of ions at aqueous/nonpolar interfaces generally increases

the interfacial tension, γ and decreases interfacial width, d.3,4,51,56–59 Specific ion effects are

also observed (in this work and others), where small cations like Na+ decrease d (and increase

interfacial tension) more strongly than larger ions like Cs+.60,61 Although these observations

are well-known for electrolyte/vapor and interfaces with non-polar solvents, the outcome

in the presence of a polar immiscible solvent is not well studied. In this case, we examine

the impact of competetive H2O...Oct, ion...H2O and ion...Oct interactions upon interfacial

structure and macroscopic properties.

The density profiles of the cations, anions and corresponding H2O across the interfacial

region is presented in Figure S5. Yet more interesting is the partitioning of the ions within

the crest and trough regions and the comparison of their behavior in the vapor and octanol

systems. Toward this aim, we calculated the average percent of ions in the simulation that

are observed within the truly interfacial layer and subjacent layers (Table 2). Considering

first electrolyte/vapor, the ion density profile agrees with prior studies3,3,12,62 where, due

to the size and polarizability of the NO3
− anion, an interfacial anion excess is observed

relative to the cation. The ratio of cations to anions in the truly interfacial layer is ∼1:4 at

the NaNO3(aq)/vapor interface and ∼1:2 at the CsNO3(aq)/vapor interface. Thus, between

the two cations, there are more Cs+ relative to Na+, as anticipated by their relative size,

polarizability, and hydration free energies.63–65

The Gibbs dividing surface is generally used as a reference for the interfacial region,

often based on the position where the density of water is half of the bulk. In contrast, we

define “crest” and “trough” regions of the instantaneous surface using the peak of the ITIM

water distribution as the midpoint of the surface, defined as µ = 0. The ion concentration

in crest and trough regions is illustrated by the number density in the truly interfacial layer

as a function of µ (Figure 2A). In this case, ion density in negative µ regions of the green

ITIM water curve indicate ion concentration within the crest part of capillary waves (or ions

14



Figure 2: (A) Number density of H2O and ions within the truly interfacial layer of NaNO3(aq)

and CsNO3(aq) vapor interfaces. (B) Number density of H2O and ions within the truly
interfacial layer at NaNO3(aq) and CsNO3(aq) octanol interfaces.(C) The number of H2O
solvating Na+ present in the interfacial regions of NaNO3(aq)/vapor. (D) The number of
H2O solvating Na+ present in the interfacial regions of NaNO3(aq)/octanol. (E) The number
of H2O solvating Cs+ ions present in the interfacial regions of CsNO3(aq)/vapor. (F) The
number of H2O solvating Cs+ ions present in the interfacial regions of CsNO3(aq)/octanol.
(G) The number of H2O solvating ONitrate of NO –

3 ions present in the interfacial regions
of ions(aq)/vapor. (H) The number of H2O solvating ONitrate of NO –

3 ions present in the
interfacial regions of electrolyte/octanol.

15



Table 2: The percent distribution of electrolytes in various interfacial layers in
both electrolyte/vapor and electrolyte/octanol systems.

Interfacial Layer Na+( NaNO3) NO−
3 ( NaNO3) Cs+(CsNO3) NO−

3 (CsNO3)
water/vapor
1 0.3± 0.6 2.2±0.9 1.0±0.1 2.0±0.7
2 5.6±0.4 8.6±0.3 8.0±0.6 7.7±0.8
3 10.3±0.1 10.9±0.7 10.6±0.4 10.3±0.2
4 11.4±0.9 11.8±0.1 11.5±0.7 11.3±0.9
5 11.9±0.4 11.8±0.7 11.8±0.9 11.7±0.8
water/octanol
1 3.0±0.8 11.5±0.3 6.9±0.2 12.3±0.8
2 10.0±0.5 8.4±0.6 11.5±0.3 8.4±0.6
3 10.0±0.5 9.2±0.3 10.0±0.6 9.2±0.3
4 10.0±0.6 9.2±0.3 9.2±0.3 9.2±0.3
5 10.0±0.5 9.2±0.3 9.2±0.3 9.2±0.3

that are solvated by crest H2O) and density in the positive µ region represents ions within

troughs that point to the aqueous phase (or ions that are solvated by trough containing

H2O). Importantly, all ion types are preferentially observed in the trough region of the

rough surface. This preference is nearly identical irrespective of whether the electrolyte is

CsNO3 or NaNO3, even though the interfacial Cs+ concentration is higher than that of Na+.

As previously described for the pure water/vapor interface, the trough regions have water

H-bonding and orientation characteristics that are nearly the same as the bulk phase, and

thus ions that reside in the trough minimize loss of H2O...H2O hydrogen bonding and/or the

ion waters of solvation, as the H2O CN are nearly identical for trough-residing cations and

those in the bulk phase (Figures 2C-E). In contrast, those small numbers of ions that reside

in the crest region lose solvating waters. This is most pronounced for the Na+, and observed

to a lesser extent for Cs+ and NO3
−.

Significant differences in these behaviors emerge when considering the water/octanol

surface. First, a 10× increase in Na+ and NO3
− concentration is observed in the truly

interfacial layer relative to the vapor interface, while Cs+ exhibits an ∼ 7× increase (Table

2). All ions are still preferentially observed in regions of the rough surface that protrude into

the aqueous phase, yet comparison of Figures 2A-B illustrates that the ion distribution at the
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electrolyte/octanol interface overlaps more with the water ITIM distribution in the octanol

interface because there is less variation in the characteristics between crest and trough regions

in the electrolyte/octanol system relative to the electrolyte/vapor. As observed in Figure

2D and 2F, cations at the electrolyte/octanol interface have, on average, the same number

of solvating waters as the bulk, and irrespective of whether they are reside in a nominally

crest vs. trough region.

Figure 3: The distribution of solvation coordination number (CN) of all interfacial ions.

Within the truly interfacial layer of water, competition of the H2O...ion, Oct...ion, Oct...H2O

and H2O...Oct interactions may have an important impact upon the ion solvation. Further,

changes to ion concentration at the interface has the potential to lead to different concentra-

tions of ion paired species. To understand the interfacial ion...Oct interactions, we plotted

the average number of interactions in Figure 3. On average, the Na+ ions are solvated by

0.27±0.08 octanol molecules and Cs+ by 0.61±0.02 octanol molecules. The average nitrate

solvation by interfacial octanol is significantly less than that for the cations, at 0.18±0.05

for NaNO3(aq) and 0.21±0.07 for CsNO3(aq). This result indicates that within the compe-

tition of between Oct...ion and Oct...H2O interactions, the octanol is more effectively able

to interact with H2O and maximize those interactions as opposed to participating in partial

solvation with the ions of the electrolyte. Contact ion pairs were found to be rare in both
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electrolyte/vapor and electrolyte/octanol systems (Figure S6). In combination, these data

indicate that the increase of ion concentration at the electrolyte/octanol interfaces relative

to the vapor phase occurs because the strong water-octanol interactions decrease the ion’s

tendency to lose waters of solvation in the interfacial region.

Dynamic Aspects of Interfacial Ions

The residence time, τ , of water in the interfacial slabs decreases dramatically in the elec-

trolyte systems66 relative to the pure solvent biphasic systems. Moving from water/vapor

to NaNO3(aq) the H2O τ decreases from 43 to 9.9 ps, and is calculated to be 14 ps in

CsNO3(aq). Similar behavior is observed when comparing the residence time of H2O in going

from water/octanol (23 ps) to NaNO3(aq)/octanol (4.5 ps) and CsNO3(aq)/octanol (2 ps).

Ion dynamics in the crest and trough slabs are ion specific, where Na+ ions prefer to reside

longer in the interfacial region of electrolyte/vapor compared to electrolyte/octanol whereas

reverse trend is observed for Cs+ ions. In general, ions prefer to reside longer in the trough

region compared to crest. The average residence time of Cs+ at the octanol interface was

found to be 700 ps compared to 4 ps for Na+. We also observed a longer residence time for

NO –
3 ions in the system of CsNO3 at both vapor and octanol interfaces. The increased net

positive charge density from the Cs+ ions (observed from the ion density Table 2) and high

Cs+ residence time is hypothesized to contribute to the longer residence time for NO –
3 .

Ion Induced Perturbations to the Instantaneous Surface and

Subjacent Layers

This sections first builds upon prior work that has investigated macroscopic ion induced

perturbations to both the vapor and octanol interfaces.60,67–69 As observed when comparing

water/vapor and water/octanol interfaces, within the electrolyte interfaces there exist signif-

icant differences in the relationship between γ, d, and ∆A in the presence of octanol. While
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Figure 4: The HB distribution with respect to octanol and water in NaNO3(aq)/octanol and
CsNO3(aq)/octanol syatems.

the water- and electrolyte/vapor biphasic systems all exhibit the expected anticorrelated

relationship of γ and d (as interfacial tension increases the interfacial width decreases)—all

octanol biphasic systems have a positive correlation of γ and d. When examining the elec-

trolyte containing interfaces, there is an increase to interfacial tension, as anticipated, in the

vapor and octanol systems (Table 1). The percent increase is dramatic in the latter case with

an average increase of ∼126.24% for NaNO3(aq)/octanol and ∼45.95% for CsNO3(aq)/octanol

when measured in the NPT ensemble. The perturbation by ions upon the fluctuation of

the instantaneous surface is more prominent in the octanol biphasic systems, as revealed by

studying the trends in in free energies of interfacial deformation (Table 1). For example,

CsNO3(aq)/octanol interfacial structure is observed to deform ∼1.5 times more easily com-

pared to CsNO3(aq)/vapor. The free energy change of 57.9 kJ/mol is primarily due to change

in interfacial tension γ.

We then analyze the interfacial organization, from the perspective of water and octanol,

the complete H-bonding network of H2O...H2O, Oct...Oct, H2O...Oct and Oct...H2O was

examined. It is well understood that that ion solvation by H2O decreases H2O...H2O H-

bonds,65 and is concentration dependent. Indeed, this is observed in the average decrease

in bulk H2O...H2O H-bonds by 0.2-0.3 in the 1M electrolyte solution in both the vapor and

octanol biphasic systems. Yet this result does not carry over to the interfacial region. In the
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electrolyte/vapor system, the presence of the ions (which selectively reside in trough regions),

does not significantly impact the H2O...H2O HB number. Moving from the water/vapor to

water/octanol also does not significantly alter the H2O...H2O HB number, yet when ions are

introduced a large decrease in HBs is observed. This is in spite of the fact that the impact of

ion solvation upon H2O...H2O HB should be offset by the fact that octanol replaces a H2O

in the solvation shell of Na+ and Cs+. Instead, the change in H2O...H2O hydrogen bonding

can be attributed to NO –
3 -H2O interactions (Figure 3H). The NO –

3 ions significantly lose

water of hydration based upon where they reside in the interfacial region. The loss of ∼0.33

hydrogen bond in crest with addition to electrolyte is predominantly due to an average

0.45 ± 0.06 and 0.39 ± 0.05 H-bond formation by HH2O
-ONO −

3
in NaNO3(aq)/octanol and

CsNO3(aq)/octanol respectively. An average decrease in ∼0.12 hydrogen bond in trough

region compared to bulk is also consistent with a 0.14 ± 0.09 and 0.14 ± 0.08 increase in

NO –
3 -H2O interactions in both NaNO3 and CsNO3 systems respectively.The effect of ions

upon the H2O...Oct HBs is minor (Figure 4).

Aqueous Organic
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Figure 5: (A) The octanol end-to-end vector orientation profiles with respect to mean po-
sition µ in water/octanol(green) NaNO3(aq)/octanol(blue) and CsNO3(aq)/octanol(red) sys-
tems.(B) The net dipole orientation profiles of water molecules of all three water/octanol
systems.

Finally, the electrolyte induced perturbations in dipole orientation of water and octanol

molecules were examined. Although the presence of ions does little to alter H2O orientation
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at the vapor systems (Figure S9), the dipole orientation of H2O in the electrolyte/octanol

system (Figure 5B) exhibits orientational ordering. Notably, the largest deviations occur

far from the interfacial regions we have studied, 10-20 Å from the instantaneous surface,

that indicates water becoming less ordered with decreasing cation size from Cs+ to Na+.

Note, the negative peak between 10-20 Å of CsNO3 system, that is also correlated with a

40% increase in CsNO3 contact ion pair interactions compared to NaNO3. Interestingly,

these ion-pair interactions influence the orientation of waters that are not solvating the

ions,70 as indicated in the distribution of orientation of H2O solvating ions and those not

having any ion-interactions (Figure S14). Perhaps unsurprisingly, given the small number of

ion...Oct interactions, the orientation of octanol is relatively unchanged in the presence of

the electrolyte. As in the water/octanol system, the orientation of the octanol end-to-end

vector (Figure 5A) favors an orientation perpendicular to the interface, in agreement with

prior studies.71

Conclusions

The organization and dynamics of water/octanol liquid/liquid interfaces were studied in

relation to analogous water/vapor interfaces. In comparison, the pure water/octanol inter-

face was found to be less heterogeneous, as determined from number densities of interfacial

molecules and graph theoretical approach to calculate interfacial H2O-H2O and H2O-octanol

H-bonding. This fundamental change in interfacial structure is attributable to the strong

octanol-water interactions, that subsequently lead to “interdigitation” of the interfacial wa-

ter and octanol molecules. Interfacial heterogeneity has a large impact upon the distribution

of ions within the interfacial region when analogous NaNO3 and CsNO3 electrolyte solutions

were examined. Ions at the water/vapor interface were observed to reside primarily in the

trough region of capillary waves to avoid loss of solvating water, yet this behavior was dimin-

ished in the electrolyte octanol interfaces. An increased ion concentration at the interface
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is found to be most highly correlated with the ability of octanol to integrate into the HB

network of interfacial solvents—thus preventing significant changes to ion solvation when it

resides in the interface. This interplay of competing forces introduced by strong octanol-

water interactions provides one mechanism for altering ion concentration and potentially

reactivity at the interface.
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