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ABSTRACT: The balance of hydrophobic and hydrophilic interactions underlies emergent phenomena in complex 
multicomponent chemical systems. Here, we show that a supposedly ‘non–interacting’ nonpolar phase can be used 
to competitively solvate amphiphilic molecules at an oil/aqueous interface. This solvation, as probed by surface 
specific nonlinear spectroscopy and simulations, results in a molecularly thin corrugated phase boundary featuring 
metastable assemblies that alter the hydrogen bonding networks of water and the apparent ‘hard/soft’ descriptors 
used to describe ionic interactions. We show that competitive solvation enhances amphiphile mobility, opening up 
otherwise energetically inaccessible complexes that transiently interact with aqueous phase ions. These transient 
species impact ensemble binding affinities and may represent the molecular agents responsible for aspects of ionic 
transport and function. The results of this work highlight how seemingly unrelated nonpolar interactions feedback 
onto aqueous phase chemical phenomena, providing a pathway to tune phase separation and self-assembly to access 
new reaction pathways using interfaces for a range of chemical and biological systems. 

INTRODUCTION
    Complex, multicomponent chemical systems often 
leverage a delicate balance between hydrophobicity, 
hydrophilicity (i.e., phase segregation) and ionic 
interactions to drive emergent functionality.1-4 For 
instance, proteins folding relies on the way in which 
water, ions, and hydrophobic residues balance their 
individual needs in the context of the greater overall 
thermodynamic landscape.5-6 Similarly, the ways in 
which molecules self–assemble to recognize chemical 
species in large scale chemical separations7-8 or in 
brain–mimicking neuromorphic computing devices 
rely on analogous delicate balancing acts.9 The 
asymmetric local chemical environment found at 
interfaces provides an ability to re-tune these 
interactions via differential ordering, assembly and 
stratification of molecular constituents.10-13 While 
potentially powerful, a mechanistic understanding 
describing the balance of these interactions has 
remained elusive due in part to challenges in 
measuring interfacial phenomena, transient 
structures, and competitive interactions taking place 
between interfacial constituents that are often 
chemically and structurally similar.

    In this regard, solvation on both sides of an 
interface (e.g., in the hydrophilic and hydrophobic 
phases) as sketched in Figure 1 is known to play a 
prominent role in defining macroscopic surface 
properties and chemical function at buried liquid 
interfaces, yet remains remarkably poorly 
understood.14-15 At these interfaces, assembly is 
typically framed from the perspective of the aqueous 
phase species dominating the energetic landscape, 

whereas the neighboring nonpolar phase is typically 
taken as a ‘non–interacting’ phase that is purely a 
spectator.16-18 However, the balance of hydrophobic 
and ionic interactions intimately depends on the 
composition of both phases – adjustments to solvation 
on either side of the interface can lead to dramatic 
changes in chemical function19-21 or macroscopic 
phase transitions22-23 that underly nanoscale 
assembly,24-26 ionic transport,27-28 and molecular 
memory.29 While model air/aqueous interfaces 
provide insight into piecewise interactions, inclusion 
of competitive species and different phase 
compositions can give rise to functional assemblies 

Figure 1: The local environments found at interfaces 
influence H-bonding and ionic interactions that are 
balanced by hydrophobic and phase dependent 
interactions. Understanding how these competing 
interactions result in emergent functionality in realistic, 
multicomponent, systems can bring about ways to 
control interfaces for selective and energy efficient next 
generation chemistry, processes, and devices. We probe 
these interfaces using SFG vibrational spectroscopy (b) 
to chemically map interfaces covered in octadecyl 
amine (ODA, c) 
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whose chemical properties are entirely inaccessible 
to these simpler model systems. This knowledge gap 
in how hydrophobic and ionic interactions differ at 
interfaces and how multicomponent mixtures 
compete limits our ability to design interfacial 
environments in basic or applied contexts.  

Here, we leverage the competitive adsorption of 
ions to realistic air/aqueous and oil/aqueous 
interfaces to provide mechanistic insight into 
solvation on both sides of an interface. Using surface-
specific nonlinear spectroscopic measurements and 
modeling and free-energy landscapes explored in 
molecular dynamics simulations, we show how 
specific ion effects are tuned based on emergent H–
bonding networks that differ based on the nature of 
the ‘non–interacting’ nonpolar phase. These H–
bonding networks modulate how the charged 
amphiphilic headgroups ‘appear' from the 
perspective the ions in an aqueous phase and impact 
the mechanisms of ion exchange and binding. We find 
that the adsorption affinities of surface inactive ions 
vary by more than a kJ/mol depending on the nature  
of the nonpolar phase and the associated free energy 
surface on which they traverse. This effect is linked to 
apparent differences in H–bonding strengths and a 
heterogeneous arrangement of interfacial surfactants 
and metastable ion-surfactant clusters that emerge 

through tail solvation with the oil phase. Unique 
spatially isolated ion pairs and solvent-exposed 
headgroups are identified at oil/aqueous interfaces, 
suggesting key pathways by which species are 
transported through interfaces with implications for 
drug delivery, critical material separations, and soft 
matter electronics. The tug–of–war between 
competing hydrophilic and hydrophobic interactions, 
each pulling on the molecules from the neighboring 
phases, results in a dynamic physical picture where 
competitive solvation can be used to construct 
stratified solvation environments to facilitate 
selective chemical transformations. 

RESULTS AND DISCUSSIONS

    To understand the competition between solvation, 
ionic interactions and H–bonding, we choose to probe 
air/aqueous and n-decane/aqueous interfaces as 
exemplar systems that are often assumed to be 
chemically and functionally identical. These 
interfaces are coated with octadecyl amine (ODA), a 
positively charged amphiphile, to electrostatically 
attract anions to the surface and stabilize the 
decane/aqueous interface, as sketched in Figure 2a. 
Based on surface tension measurements (Figure S1), 
the average area each ODA occupies for both model 

Figure 2: a) Schematic of the n-decane/aqueous interfaces probed using SFG, where infrared (IR) and near infrared 
(NIR) pulses interact with interfacial species to generate signals specific to the surface. The reduction of signal from 
SCN–, as measured by SFG, in competition with F– is plotted in b). Displacement isotherms measured at c) air/aqueous 
and d) oil/aqueous interfaces follow expected trends in ion hydration. Adsorption equilibrium constants (KA) and 
calculated ΔΔGads for the different ions at the oil/aqueous vs. air/aqueous interfaces are plotted in e) and f), 
respectively, which show a notable difference in binding free energies. 
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interfaces probed in this work is ~21 Å2/molecule, 
allowing for a 1:1 comparison between samples. To 
quantify differential ion adsorption between the two 
interfaces, we first measure the adsorption equilibria 
of SCN– on the ODA decorated interfaces using sum 
frequency generation (SFG) vibrational spectroscopy, 
discussed in the Methods section. SCN– is probed 
because it is a surface–active anion with a 
characteristic vibration at 2050 cm–1 that can be 
measured as a function of bulk concentration to yield 
SFG adsorption and displacement isotherms. 
Adsorption isotherms probing SCN– at the 
air/aqueous vs. oil/aqueous interfaces (Figure S2) 
retrieve similar equilibrium adsorption constants and 
number densities (values given in Table S2), 
indicating that the systems behave similarly. However, 
SFG spectra probing mixtures of SCN– competing for 
adsorption sites with anions across the Hofmeister 
series, plotted in Figure 2b, show a marked decrease 
in the SCN– response for all studied anions (Figure S3–
S6) that differ based on the nonpolar phase. The 
decrease in SCN– signals report on reduced interfacial 
populations from competitive adsorption of other 
anions to a limited number of surface sites, as 
confirmed by separate orientational measurements 
(Figure S7). To quantify the adsorption of these 
competitive ions, we plot the reduction of the SCN– 

response in Figure 2c and 2d for air/aqueous and 

decane/aqueous interfaces, respectively, as 
displacement isotherms. From these measurements 
and analysis detailed in the SI, adsorption equilibrium 
constants, KA, for competitive ions at both interfaces 
are summarized in Figure 2e. 

    For both interfaces we find that ion adsorption 
follows F– < Cl– < Br– < NO3

– < I– < ClO4
–≈SCN–, which is 

consistent with Hofmeister trends in anion 
hydration.30-31 Free energies of adsorption, ΔGads, at 
298 K are calculated using measured values of KA. To 
highlight the differences in interfacial affinity we plot 
changes in ΔGads , ΔΔGads = ΔGdecane/aqueous – ΔGair/aqueous, 
in Figure 2f, which shows hydrophilic ions, like F– and 
Cl–, prefer decane/aqueous interfaces over 
air/aqueous interfaces. We note that the Law of 
Matching Water Affinities, or Collin’s rule,32-33 
suggests that hard anions prefer to form contact ion 
pairs with hard cations based on compatible 
enthalpies of hydration and size. In this context, the 
stronger binding of F– to ODA at decane/aqueous 
interfaces might suggest that the –NH3

+ headgroup 
‘appears’ more strongly solvated (e.g., a harder cation) 
as compared to the same headgroup at the 
air/aqueous interface. Correspondingly so, we 
hypothesize that the H–bonding network defined by 
the –NH3

+ headgroups are tuned by interactions with 
the neighboring nonpolar phase. 

Figure 3: Variation of imaginary part of the SFG response in the OH stretching region in the presence of F–, NO3
– and ClO4

– 

for the air/aqueous interface (dotted lines) and oil/aqueous interfaces (solid line). The difference in low frequency 
vibrations suggests that H-bonding is stronger at oil/aqueous interfaces vs. air/aqueous interfaces. 
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    To test this hypothesis and probe H–bonding under 
the same conditions, we measured interfacial OH 
stretching vibrations of water using SFG. The 
imaginary parts of the effective second order 
susceptibility, Im(χ(2)), are plotted in Figure 3a–3c 
that describes the absorbative part of the nonlinear 
optical response.  The sign of Im(χ(2)) informs on the 
orientation of the associated transition dipole 
moment (up vs. down)34-35 as shown in Figure 3b. 
These spectra are extracted from intensity 
measurements using the maximum entropy method36 
after applying spectral corrections based on 
separately measured Fresnel factors.37 A step–by–
step procedure detailing the processing is provided in 
the SI. Three ions (F–, NO3

– and ClO4
–) are considered 

here to inform on trends across the Hofmeister series. 
We note that the static electric field setup by the 
positively charged –NH3

+ headgroups polarizes bulk 
water via the so called χ(3)–effect.38-40 As the bulk ionic 
strength increases, the SFG response from field 
aligned water decreases due to charge screening and 
ion pairing – this is observed in Figure 3a–3c as a 
decrease in the magnitude of the negative signed SFG 
response. We emphasize that in all cases, 10 mM 
NaSCN is present in the system, so the most dramatic 
effects from the χ(3)–effect, found at low total ionic 
strengths, are minimized.14, 38, 41 It should be noted 
that there are still strong contributions from field 
aligned water that change as a function of ionic 
strength.

    We find that the OH responses and line shapes vary 
across both ion and the concentration series and 
report on specific ion effects, ionic layering, and 
associated H–bonding.42 At low competitive anion 
concentrations, the OH spectral response from 
air/aqueous interfaces is notably different at 
decane/aqueous interfaces on the low frequency side 
of the spectrum.  These low frequency vibrations 
report on strongly H–bonded water with 
contributions from –NH stretching modes of the ODA 
headgroup.30 As such, differences in this region 

indicate that 1) water is organized at the two 
interfaces in fundamentally different ways, 2) that the 
–NH3

+ headgroups present themselves differently to 
the aqueous phase depending on the nature of 
neighboring nonpolar phase, and the 3) H–bonding of 
water and –NH3

+ groups at decane/aqueous 
interfaces appears stronger than at air/aqueous 
interfaces.39, 42 We should emphasize here that 
comparison of different ionic solutions at different 
ionic strengths requires removing contributions from 
field aligned water, which is beyond the scope of the 
current work.38, 43 As the concentration of competitive 
ions reaches saturation, the spectra from the two 
interfaces become indistinguishable, but retain 
spectroscopic differences depending on the anions 
and their effect on the local H–bonding network at 
saturation. To characterize the amphiphiles and 
packing at the surfaces CH stretching spectra plotted 
in Figure 4a. The ratio of –CH2 to –CH3 signals (bands 
at ~2850 cm–1 and ~2875 cm–1, respectively) reports 
on tail packing and the presence of gauche 
conformers at the interface; the smaller –CH2 to –CH3 
ratio indicates that the tails are better packed at 
air/aqueous interfaces.34 From this analysis, we find 
that ODA tails are more poorly ordered and have a 
larger conformational space to sample at 
decane/aqueous interfaces, suggesting that interfaces 
are roughened on the molecular scale with some 
species extending deeper into one phase or another 
(verified vida infra). This physical picture, sketched in 
Figure 4b) and 4c), agrees with surface tension 
measurements (Figure S1) that point to a molecularly 
roughened decane/aqueous interface. Here, we make 
the connection that the way in which decane solvates 
the ODA tails feeds-back onto the surface to enable 
what appears as stronger H–bonding in the aqueous 
phase, as evidenced by the spectra in Figure 3a–c. 
Given that the oil/aqueous interface is more 
structurally heterogeneous, it would stand to reason 
that ODA is being tugged in two directions – between 
the two phases – as governed by the instantaneous 

Figure 4: These differences in H-bonding strength map to ion adsorption, as described in the text. SFG spectra in the CH 
region (a), show that from the ratio of CH2/CH3 signals, that the oil/aqueous interface is more disordered and, on the 
molecular scale, rougher than the air/aqueous interface. These interfaces are sketched in b) and c) for air and decane 
nonpolar phases, respectively.
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solvent environment and ionic localization. This leads 
to some head groups being more exposed to water 
and others buried deeper into the nonpolar phase. 
This apparent corrugation across the interface 
evolves as competitive ion concentrations increase, 
such that the pull from the aqueous phase eventually 
wins out over comparatively weaker hydrophobic 
interactions. As such, this interfacial heterogeneity 
results in different local H-bonding networks at a 
given interface. Based on measurements, these 
microheterogeneities are suppressed at air/aqueous 
interfaces and enhanced at decane/aqueous 
interfaces, in agreement with conclusions drawn from 
emulsions possessing large interfacial curvature.42

    To support this notion of interfacial corrugation, we 
use atomistic MD simulations to explore reaction 
coordinates and associated free energy landscapes for 
the interfacial solvation and ion coordination 
processes (details are provided in the SI). Briefly, we 

perform 10 independent replicas over 10 ns windows 
(100 ns total) at a high ion concentration (~1.9 M) to 
ensure proper sampling of exchange dynamics and 
specific ion effects. We note here that the 
concentrations studied in experiments, for instance, 
those with F–, are ~3x lower than that used in 
simulation. To confirm that comparisons can be made 
between the results, additional measurements were 
made in the CH stretching region at different 
concentrations of competitive ions (data given in 
Figure S14), that show the decane/aqueous interfaces 
are always more disordered and that competitive ions 
effectively compete for vacancies even at modest 
concentrations to increase surface heterogeneity, as 
will be contextualized below using simulations. 
Spatial snapshots of the interfacial heterogeneity are 
provided in Figure S15, which show, in agreement 
with experiment, a more heterogeneous 
decane/aqueous interface. Water density profiles 
along the interface normal (to determine the Gibbs 

Figure 5. From MD simulations of the air-water and oil-water systems with a high F– concentration, the free energy 
profiles (W(r)) for a) N-N separation distances showing three metastable coordination spheres describing 
microheterogeneity at decane/aqueous and air/aqueous interfaces. The N-water oxygen (Ow) separation b) distances 
show four metastable coordination spheres, whereas NH3

+–F– profiles shown in c) are significantly stronger than N-N and 
N-Ow interactions (a and b). The microheterogeneity is illustrated in d) with representative water and F– ions sketched 
within respective shells indicated in a); regions 1 and 2 represent the short-range correlations while region 3 describes 
intermediate-range correlations with nearest neighbor clusters. Fictitious bonds are to illustrate the nearest neighbors. 
2D free energy surfaces e) highlight the correlation between the clustering, via N-N coordination number with F– and 
water coordination numbers. Isolated ODA-F– coordination complexes (highlighted by solid circles) or isolated hydrated 
ligand (dashed-circle) species energetically accessible only at the decane/aqueous interface. 
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Dividing Surface (GDS)) are given in Figure S16.  The 
ion free energy profiles at the high concentration limit 
are given in Figure S17, which qualitatively match the 
adsorption equilibria measured by SFG. This 
agreement reinforces the MD simulations for 
elucidating ion, solvent, and ligand exchange 
mechanisms, which are averaged over in experiments. 
Finally, as will be discussed later for the air-water 
systems containing F– ions at both high and low 
concentrations, we compare computed SFG spectral 
densities of the decoupled OH stretches in water 
(mimicking the case of isotope-diluted water) using 

the Skinner map44-46 (see SI for details) to explain the 
water orientation and H-bonding or ion-water/ion-
ion coordination at the interface, directly linking to 
the SFG experiments. It is worth mentioning that the 
surface morphology can be dynamic and influence the 
ligand-ion, ligand-solvent, and ion-solvent 
coordination near the interface. The free-energy 
landscapes describing these interactions, specifically 
the aforementioned exchange mechanisms, 
effectively (or on the average) account for potential 
surface morphological effects by averaging over 

Figure 6. 2D free-energy surfaces showcasing how the anion coordination number of a ligand headgroup, 𝐶𝑁𝐴
𝑁𝐻3 where A 

= { F–, NO3
– and ClO4

–} (a) and vice versa, 𝐶𝑁𝑁𝐻3
𝐴  (b) anti-correlate to the change in their water coordination numbers, 

𝐶𝑁𝐻2𝑂
𝑁𝐻3 and 𝐶𝑁𝐻2𝑂

𝐴  at the air/aqueous interface (see Figures S17 and S18 for the decane/water results). For F-, there is a 
stepwise anticorrelation, while it is monotonous for the larger anions.  The MFEPs are indicated by the red and blue solid 
lines in a and b for F-. The free energy values along the MFEP for anion exchange around a ligand headgroup and vice versa 
are respectively presented in c and d for the air-water (blue trace) and oil -water (golden yellow trace) interfaces. The 
labels along the MFEP axis represent (𝐶𝑁𝐴

𝑁𝐻3, 𝐶𝑁𝐻2𝑂
𝑁𝐻3) and (𝐶𝑁𝑁𝐻3

𝐴 , 𝐶𝑁𝐻2𝑂
𝐴 ) in c and d, respectively. 
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independent MD simulations (see supporting 
information).

    To describe local coordination environments 
around the –NH3

+ headgroups in the F–-rich (at a high 
concentration) systems, we plot free energy profiles 
vs. the distance between various species, W(r), in 
Figure 5. Specifically, the interaction strengths and 
structural organization between the headgroups, 
headgroups and waters, and headgroups and F- ions 
are respectively elucidated in Figures 5a-c. From 
these profiles, one can readily identify free-energy 
minima describing metastable configurations of 
headgroups, water, and ions that persist over a 
surprisingly broad range of length scales, as indicated 
by shaded and numbered regimes. These scales 
correspond to concentric coordination spheres 
around a central N atom, depicted in Figure 5d. The 
grouping of chemical species into clusters is apparent 
from both the free energy surfaces and the iso-surface 
in Figure 5d. From Figure 5a, we find that 
decane/aqueous interfaces host smaller barriers for a 
ligand to exchange between local cluster states as 
compared to the air/aqueous interface. While the 
magnitude barrier reduction is modest, the 
differences point nonpolar phase-specific exchange 
dynamics of metastable clusters resulting in a more 
structurally heterogeneous decane/aqueous 
interface. In contrast, the W(r) profiles shown in 
Figures 5b and 5c, describe the –NH3

+–water and –
NH3

+–F– distance correlations, respectively, where the 
differences between the two interfaces are found to 
be negligible. Here, the hydration structures rapidly 
interconvert due to small barriers to yield 
spectroscopically similar observables at high ionic 
strength, in agreement with the SFG data in Figure 3a-
3c. Interestingly, the barrier for removing an F– anion 
from the 1st coordination shell of an ODA headgroup 
is ~5.25 kBT, which is much larger than the barrier 
required for reorganizing interfacial water or ligands. 
This means that it is easier to exchange water or ODA 
molecules between assemblies than it is to remove a 
surface inactive F– anion and that the interfacial 
microheterogeneity arises from ion pairing 
interactions that differ between the two interfaces, in 
agreement with experiment. Taken together, these 
results show that decane/aqueous interfaces are 
intrinsically more dynamic and chemically 
heterogeneous on a microscopic level, hosing a 
variety of instantaneous arrangements with variable 
compositions that that are enabled by competitive 
nonpolar phase solvation of ODA tails. This insight 
connects back to the small differences in binding free 
energies between the decane/aqueous and 
air/aqueous interface found in SFG measurements.

This microheterogeneity can be seen in the 2D free 
energy landscapes correlating –NH3

+–F– and –NH3
+–

water coordination numbers with headgroup–

headgroup coordination numbers that plotted in 
Figure 5e. At the air/aqueous interface, we find that 
~3 F– ions are arranged about any given headgroup as 
to mediate interactions with the nearby ~2–4 other 
headgroups (Figures 5d and 5e) that comprise a 
nominal cluster. As the F– coordination number 
reduces to 2 and then to 1 (Figure 5e), the number of 
nearby headgroups changes in a correlated stepwise 
fashion, mediated by charge screening and increased 
–NH3

+–water coordination numbers. This general 
anti-correlation between coordination environments 
persists at the decane/aqueous interface; however, 
there are additional local minima highlighted in 
Figure 5e that demonstrate the existence of isolated 
ODA–F– pairs and fully hydrated headgroups. These 
configurations exist due to the increased structural 
disorder and microscopic heterogeneity found at 
decane/aqueous interfaces that is absent at 
air/aqueous surfaces. We note here that our findings 
of functional assemblies and isolated amphiphiles at 
oil/aqueous interfaces underlies chemical and 
biological transport mechanisms via molecular, 
micellar or water finger-based means.47-50 
Simulations point to a mixture of solvation 
environments from metastable configurations that 
are enabled by tail solvation that encourages 
exchange by offsetting energetic penalties to 
dehydrating the headgroup. Furthermore, the fact 
that the -NH3

+–water and -NH3
+–F– binding free 

energies (related to the barrier heights in Figure 5b 
and 5c) are identical at decane/aqueous and 
air/aqueous interfaces means that an enhanced 
entropic contribution to the free energies that arise 
from structural disorder driven by the tail-decane 
interactions are offset by an enthalpic   contribution 
arising from clustering and solvation in the aqueous 
phase. It should be noted while the high charge-
density hard F– anions promote headgroup–
headgroup interactions, the lower charge-density soft 
anions, NO3

– and ClO4
–, do not play the same role due 

to their weak association with the ODA headgroups 
(Section 7.2 in SI and Figure S18). 

    It is apparent that cluster metastability strongly 
correlates with the degree of water exposure.  It is 
thus critical to determine the role of water in 
mediating the events of anion exchange around a 
headgroup as well as the events of ligand exchange 
around anions. In Figure 6a, we showcase distinct 
exchange mechanisms around a –NH3

+ headgroup in 
the presence of F–, NO3

– or ClO4
– at an air/aqueous 

interface.  As mentioned previously, the most likely 
F– coordination number with a given headgroup is 
~3. In this configuration, water spontaneously 
exchanges until an activated high water coordination 
number is attained, after which one F– ion can leave 
the first coordination shell, allowing the headgroup–
F–coordination environment to relax about the ~2 F– 
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coordinate state. The same stepwise mechanism is 
followed in going to 1 F– –coordinate state. From 
these surfaces, the stepwise minimum free–energy 
path (MFEP) computed using the String method51 
plotted in Figure 6c, reveals differences in the free 
e n e r g e t i c s  b e t w e e n  t h e  a i r / a q u e o u s  a n d  
decane/aqueous interfaces. Namely, in the first step 
of F– dissociation, the activated water configuration 
faces  the  same  barr i ers  a long  the  MFEP for  
air/aqueous and decane/aqueous interfaces.  
However, a shifted and slightly lower barrier to lose 
the second F– anion along MFEP is found for the 
decane/aqueous. From the perspective of the F– 
anion, the most–likely headgroup coordination 
number is ~2 (Figures 6c and 6d) whereby going to a 
state of increased F– coordination or to a state with 
r e d u c e d  F – c o o r d i n a t i o n  a r e  e q u a l l y  a n d  
symmetrically as probable. For NO3

– and ClO4
–, the 

stepwise mechanism of anion exchange or ligand 
exchange are not apparent; instead, a continuum of 
coordination states is observed, which is due to 
weaker anion association to ODA. For these anions, 
t h e r m a l  e n e r g y –d r i v e n  f l u c t u a t i o n s  i n  t h e  
coordination environment are enough to rapidly 
drive exchange events between coordination 

microstates, leading to a continua of coordination 
n u m b e r s .   

To connect back to the experimental observations, 
particularly on the ionic concentration effects on the 
interfacial solvent interaction strengths and 
structures, we elaborate how the F–-water and -NH3

+-
water interaction strengths can orient water in terms 
of the computed SFG spectral densities for the OH 
stretches as given in Figure 7. The free energy profiles 
suggest that the F– ions are always strongly solvated, 
showing minimal dependence on their concentrations, 
while the -NH3

+ groups demonstrate enhanced 
solvation at the lower F– concentration due to a 
reduced likelihood of interactions between -NH3

+ and 
F–. In Table S5, we present the populations of different 
F– coordination numbers around -NH3

+, indicating 
that at the low F– concentration, the population of the 
state where 3 F– ions coordinate with a single -NH3

+ 
group significantly decreases, while the populations 
for 0, 1, and 2 F– coordination states increase. Notably, 
the number of F–-free -NH3

+ groups doubles at the low 
F– concentration. This shift has a dramatic impact on 
the orientation of interfacial water molecules, as 
evidenced by the spectral densities, S(ω) (Figure 7b). 
For the low F– concentration, S(ω) has a more-than-

Figure 7. The effect of F– concentration on the solvent structures and interaction strengths around the -NH3
+ group and 

F– ions at the air-water interface, reflected in the free-energy profiles of the N-OW and F-OW distances (a) and computed 
1D spectra density (S(ω)) (b) and 2D spectral densities (S(z, ω)) (c) for the decoupled OH stretches (mimicking the OH 
stretch of HOD in D2O). The 2D spectral densities are decomposed into the contributions from the groups of solvent 
waters bound to different charges groups/ions and the rest, shown for both low (d) and high (e) concentrations of F– ions. 
The z = 0 represents the GDS and the cartoon illustrates the charged group/ion-specific solvation structures and 
alignments, leading to positive (OH pointing up) and negative signals (OH pointing down).
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twice deep negative peak at ~3500 cm⁻¹ when 
compared to the high F– concentration. These peaks 
represent waters with OH pointing away (downwards) 
from the interface. The positive peak around 3100 
cm⁻¹, representing waters with OH pointing towards 
(upwards) the interface, is also observed to be slightly 
higher for the low concentration. These trends are 
readily observed in SFG spectra given in Figure 3. 

To provide a detailed picture of which specific 
water molecules along the interface normal give rise 
to these peaks, we present S(z, ω) in Figure 7c, which 
again is decomposed into the contributions from 
waters bound separately or jointly to the -NH3⁺ 
groups and the ions and the remaining waters 
(Figures 7d and 7e). For low F⁻ concentration, as 
anticipated, the only -NH3⁺-bound downward-
oriented waters contribute to the negative peak. 
Waters trapped between -NH3⁺ and F⁻ ions contribute 
mostly to the negative peak and a little to the positive 
peak. The solely F⁻-bound waters contribute nearly 
equally to both the positive and negative peaks. This 
means an F⁻-bound water molecule has one OH 
pointing upward and strongly H-bonded to F⁻, while 
its other OH points downward and is H-bonded to 
other water molecules. For the high F⁻ concentration, 
we find the same, along with contributions from 
waters trapped between Na⁺ and F⁻ and solely Na⁺-
bound to the positive and negative peaks, respectively. 
The significant difference between the low and high 
concentration cases lies in the contribution from the 
remaining waters (not bound to ions or the ligand 
headgroups). In the case of the former, water 
molecules are oriented downwards deep into the bulk 
region (negative signal spreads down to >5 nm from 
the GDS), which is not the case for the latter. We 
attribute this to the aforementioned reduced ligand-
ion coordination at the low F⁻ concentration that 
allows -NH3⁺ groups to polarize bulk water. It is also 
interesting to see that a sub-ensemble of waters that 
are not ion-bound can also be strongly H-bonded to 
each other and contribute to the low-frequency 
positive peak. We note here that while there is a 
quantitative difference between the experimental SFG 
and computed SFG spectral density, due to the neglect 
of couplings between the OH stretches in the latter, 
qualitatively both agree and complement each other 
in the findings of ionic concentration effects on the 
interfacial solvation structures and their 
spectroscopic characteristics.

The unexpected affinity of F– for the surface is 
realized through ion pairing interactions and 
subsequent aggregation into metastable clusters that 
exchange ligand and water molecules vs. losing F– ions 
that would otherwise destabilize clusters.  The 
exchange and interactions between these metastable 
clusters rely on interactions with a nonpolar phase to 
break free, lowering the exchange barriers, resulting 

in scenarios where isolated headgroups or individual 
ion-pairs (and associated H-bonding networks) can 
be identified from the ensemble.  This cluster ‘escape 
route’ does not exist at the air/aqueous interface, 
limiting the microheterogeneity of the interface and 
results in different time-averaged H-bonding spectra. 
In this regard, the discovery of a short–to–
intermediate range ordering that is encoded by the 
surface microheterogeneity, a critical feature of 
liquids that form networks and functional aggregates 
in the context of balancing hydrophilic and 
hydrophobic interactions, provides a path forward in 
designing self-assembled interfaces with unique 
transport and chemical properties. 

CONCLUSION

    We show that competitive solvation of interfacial 
amphiphiles with a supposedly non-interacting 
nonpolar phase can lead to striking differences in 
equilibrium adsorption free energies and apparent H-
bonding strengths. Classically, these would be 
understood in the framework of the Hofmeister series 
and Laws of Matching Water affinities; however, we 
show that a remarkable microheterogeneity emerges 
at oil/aqueous interfaces allows for a distribution of 
instantaneous local chemical environments and 
metastable clusters. Many of these transient 
environments are inaccessible to the amphiphiles 
without solvation in the neighboring non-polar phase. 
This insight feeds back into equilibrium and static 
pictures of the interface, where a homogeneous 
interface and H-bonding network is assumed; instead, 
we show that the solvating oil phase can facilitate the 
escape of isolated molecular species leading to 
surface roughness and molecular scale heterogeneity 
that plays a significant role in altering the rules for 
assembly and function, as evidenced by differences in 
the free energy of adsorption for hard, surface 
inactive anions. This insight into the balance and 
competition of hydrophilic and hydrophobic 
interactions is at the heart of phase separation in 
liquids, nanomaterials and bio-interfaces. This new 
insight obtained from surface specific spectroscopy 
and molecular dynamics simulations provides a path 
to shape and measure these instantaneous 
configurations to build local chemical environments 
capable of selective chemistry that is otherwise 
inaccessible to simple model systems. 

EXPERIMENTAL SECTION
Reagents

NaSCN (99.99%), NaF (99.99%), NaCl (99.9%), NaBr 
(99.9%), NaNO3 (99%), NaI (99.5%), and NaClO4 

(99.9%) were purchased from Sigma Aldrich. decane 
(99%) and chloroform (99%) was purchased from 
Thermo Fisher Scientific. Octadecylamine (ODA, 97%) 
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was purchased from Alfa–Aesar. Sodium hydroxide 
(NaOH) was purchased from Alfa–Aesar (98%) and 
hydrogen chloride (HCl) from Fisher Chemical (36.5 
to 38.0%). All chemicals were used without further 
purification.

Solution preparation 

    ODA was dissolved in chloroform (1.5 mM) for 
air/aqueous experiments. ODA was dissolved in 
decane (1 mM) for decane/aqueous interface 
experiments. Stock solutions of metal salts (2 M for 
NaSCN, NaBr, NaNO3, NaI, NaClO4, 1 M for NaCl, 0.8 M 
for NaF) were prepared with ultrapure water from a 
Millipore water system and subsequently diluted to 
stated concentrations. The pH was adjusted with HCl 
(0.01 M, 0.1 M) and NaOH (0.01 M, 0.1 M) solutions.

Vibrational sum frequency generation spectroscopy 
(SFG) 

    For all interfaces, an aqueous phase containing 
different concentrations of electrolytes is contained in 
a Teflon dish. Air/aqueous interfaces are built by 
spreading 20 μL of ODA–chloroform solution (1.5 mM) 
on the top of aqueous solution. As the chloroform 
evaporates, a well–packed interfacial monolayer is 
formed and characterized by surface tension (Figure 
S1). Decane/aqueous interface are made by adding 40 
µL of ODA–decane solution to the aqueous phase then 
allowing for the oil to spread out to homogeneously 
cover the surface. Based on previous ellipsometry 
measurements, the thickness of the oil phase is on the 
order of 100s of nm, thin enough to avoid substantial 
light attenuation.12, 19 Vibrational sum frequency 
generation spectroscopy (SFG) using a custom–built 
system is detailed elsewhere.21, 52-53 Briefly, 
broadband mid–infrared pulses (centered around 
2050 cm−1 for SCN– measurements, 2900 cm–1 for CH 
measurements, and 3400 cm−1 for H2O measurements) 
and narrow–band near–infrared pulses (centered 
near 803 nm, with a 1 nm bandwidth at full width half 
maximum) are spatially and temporally overlapped at 
the sample interface at a 60° angle with respect to the 
upper surface normal. The radiated SFG signal is 
collected in a reflection geometry, polarization 
resolved, spectrally dispersed, and detected using a 
CCD camera (Newton, Andor). Static measurements 
are made after 30 minutes of equilibration. In all cases, 
the raw SFG intensity spectra are background 
subtracted and scaled to the nonresonant response of 
a gold film. 

    A Voigt profile describes the convolution of a 
Lorentzian and a Gaussian line shape and is used to fit 
the SFG signal from SCN– chromophores:54

𝐼SFG ∝ |χ(2)
NR𝑒𝑖ϕ + ∑ 𝐴𝑞

𝑤(
𝜔𝑞 ― 𝜔𝐼𝑅 + 𝑖Γ𝐿,𝑞

2Γ𝐺,𝑞
)

2𝜋Γ𝐺,𝑞 |2

         (Eq. 1)                                             

where χ(2)
𝑁𝑅 is the nonresonant response, ωIR is the 

frequency of the incident IR light, ωq and Aq are the 
resonant transition frequency and amplitude, 
respectively.  Γ𝐿,𝑞 and Γ𝐺,𝑞 are the linewidth of the qth–
mode for Lorentzian and Gaussian components, 
respectively. To simplify fitting, we set Lorentzian and 
Gaussian linewidths to be equal. 𝑤(𝑧) is a Faddeeva 
function.55 The phase angle, φ,56 mixes in 
contributions from polarized bulk water via the χ(3)–
effect14, 53 that is included in χ(2)

𝑁𝑅.41, 53 SFG spectra are 
fit to Eq. 1 to extract parameters describing the 
surface population of SCN– as discussed in the text. As 
for the SFG spectra in the CH region, a coherent sum 
of Lorentzians is fit resonant peaks to extract the 
structure of ODA at the interfaces.16, 52 Relevant fitting 
parameters are summarized in Table S3 and S4. 
Details of the spectral processing used to correct OH 
spectra are provided in the SI. 

ASSOCIATED CONTENT 
A supporting information document is provided that 
contains surface tension measurements, supporting 
SFG experiments and analyses, infrared spectra, and 
simulation details with additional analyses. 
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