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ABSTRACT: We continue our investigation of the behavior of simple ions at aqueous interfaces,
employing the combination of two surface-sensitive nonlinear spectroscopy tools, broadband deep UV
electronic sum-frequency generation and UV second harmonic generation, to characterize the
adsorption of thiocyanate to the interface of water with toluene!a prototypical hydrophobe. We !nd
that both the interfacial spectrum and the Gibbs free energy of adsorption closely match results
previously reported for the air!water interface. We observe no relative spectral shift in the higher-
energy CTTS transition of thiocyanate, implying similar solvation environments for the two interfaces.
Similarly, the Gibbs free energies of adsorption agree within error; however, we expect the respective
enthalpic and entropic contributions to di"er between the two interfaces, similar to our earlier !ndings
for the air!water versus graphene!water interfaces. Further experiments and theoretical modeling are
necessary to quantify the mechanistic di"erences.

The study of ions at interfaces has revealed a wealth of vital
information on many fundamental chemical systems and

processes,1 for example, surface catalysis,2!4 atmospheric
aerosol chemistry,5,6 and electrochemistry.7,8 Many of these
studies have focused on the air!water interface, wherein
detailed advances have been made in elucidating the
mechanism of ion adsorption9,10 and a molecular level picture
of the solvation environment at the interface.11!13 Equally
important for developing a more detailed understanding of
how small, inorganic ions behave at interfaces, the liquid!
liquid interface warrants further examination. Speci!cally, the
oil!water interface can serve as a model system to untangle
water!hydrophobe interactions in complex environments,
such as proteins in solution and biological membranes.14,15

Both theory16!18 and surface selective spectroscopies have
been used to study liquid!liquid interfaces. For example,
vibrational sum-frequency generation (VSFG) has revealed
details on surface structure by monitoring changes in the OH-
stretching region of water.19!22 The Richmond group has
published an extensive study using VSFG, of the CCl4!water
interface in the presence of various surfactants, biomolecules,
and ions. They report an increase in the overall interfacial
ordering of water molecules at the hydrophobic, CCl4!water
surface, attributed to weak hydrogen bonding interactions
between the two condensed phases.23 This weak hydrogen
bonding is an important characteristic of speci!c water!
hydrophobe interfaces, manifested in distinct surface proper-
ties (for example, the fact that the water!toluene interface has
a lower surface tension than water!alkane or water!alcohol
interfaces is attributed to hydrogen bonding interactions
between the water hydrogen and the !-system of toluene24).
The Saykally group has investigated a number of water!
hydrophobe interfaces with deep UV electronic second

harmonic generation (DUV-SHG), determining the Gibbs
free energies of adsorption (Table 1). Onorato et al.

investigated the behavior of bromide25 and thiocyanate26

anions at the dodecanol!water interface and showed that the
free-energy of adsorption was equal within experimental
uncertainty of that for the air!water interface; similarly, the
water!graphene interface was studied by McCa"rey et al.,
showing again that the respective Gibbs free-energies agreed
within error. MD simulations of this system, however, revealed
that the enthalpic and entropic contributions in the mechanism
of adsorption di"ered qualitatively from the air!water
system.10
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Table 1. Anion A!nities for Air!Water and Hydrophobe!
Water Interfaces Determined by DUV-SHG Spectroscopy

ion/interface !Gads (kJ/mol) ref

Br!/air!water "!1.4 25
Br!/dodecanol!water "!2 25
SCN!/air!water !7.5 ± 0.1 37
SCN!/dodecanol!water !6.7 ± 1.1 26
SCN!/graphene!water !8.5 ± 1.1 10
SCN!/toluene!water !7.3 ± 0.7
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In the work reported here, we employ two complementary
spectroscopy techniques, broadband deep UV electronic sum-
frequency generation (DUV-ESFG) and deep UV second
harmonic generation (DUV-SHG) to study the adsorption of
the thiocyanate anion to the toluene!water interface, probing
the charge-transfer-to-solvent (CTTS) transitions in the deep
UV as a function of ion concentration. The CTTS transitions
are highly sensitive to the local chemical environment and are
ideal for reporting on the solvation environment in the
interfacial region. Both SFG and SHG are inherently surface-
speci!c due to symmetry considerations under the electric
dipole approximation.27 We use a Langmuir adsorption model
to !t our SHG data, which permits the determination of the
Gibbs free energy of adsorption.
DUV-ESFG Spectroscopy. Broadband DUV-ESFG en-

ables "30 nm of spectral width in the deep ultraviolet to be
captured in a single laser shot, o"ering signi!cant improve-
ments in resolution and S/N ratios when compared to the
usual time-consuming and error-prone pointwise SHG
approach. The unnormalized, background-subtracted DUV-
ESFG spectrum of the thiocyanate anion at the interface
between 3 M NaSCN and a thin layer of toluene at 298 K is
shown in Figure 1b. The spectral window obtained in a single
laser shot ("l00 fs) can be shifted to cover a range of shorter
or longer wavelengths by changing the temporal overlap of the

two input pulses, due to the temporal chirp of the white light
continuum (WLC). The background is measured by separating
the two input pulses in time, thereby not generating any SF
photons. Figure 1a shows the SFG spectrum of GaAs, which
has no resonance at the wavelengths probed here, and is used
to normalize the raw spectrum. Weak intensity in the low-
wavelength region of the raw spectrum is a result of lower
input energies at shorter wavelengths in the WLC, the
temporal chirp of the WLC, as well as low e#ciencies of the
optics and detection system in the DUV. Normalization by
nonresonant GaAs corrects for these ine#ciencies and reveals
the |"(2)|2 interfacial power spectrum.
The normalized, DUV-ESFG spectrum of 3 M NaSCN at

the water!toluene interface is shown in Figure 2b. In the
experiments described here, the |"(2)|2 versus #SFG interfacial
power-spectrum is collected with only the generated SF
photon being resonant with the CTTS transition (referred to
as one-photon o" resonance, two-photon on resonance). The
normalized SFG intensity can be written as

I
( )

( )n

n n

n n
SFG

(2) 2 0, 0, TPA
2

0, SFG
2

0,
2!!

" #
$ $

" | | "
| |

# # $ (1)

Here, "(2) is the second-order susceptibility; $0,n is the
transition dipole matrix element; (%0,n)TPA is the two-photon

Figure 1. (a) SFG spectrum of nonresonant gallium arsenide, used for normalization. (b) Unnormalized ESFG spectrum of 3 M NaSCN at 298 K.
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absorption (TPA) polarizability tensor; #0,n is the transition
frequency (in this case the CTTS transition); #SFG is the
frequency of the generated SF photon; and "0,n is the line-
width of the CTTS transition. As can be seen from eq 1, when
#SFG is resonant with the CTTS transition, the magnitude of
"(2) will be determined by the product of the one-photon
transition moment and the TPA polarizability tensor. Mizuno
and Saykally previously published the ESFG spectrum of
thiocyanate at the air!water interface,28 which is reproduced
here in Figure 2b. In both the air!water and toluene!water
spectra, the lower energy band in the ESFG spectrum is absent
when compared to the bulk absorption spectrum of NaSCN in
water (Figure 2a), which is likely the consequence of ESFG
selection rules (i.e., a small TPA polarizability tensor). Similar
behavior has been reported for the iodide anion, wherein the
lower energy band of the CTTS transition was experimentally
measured to be TPA inactive, and DUV-ESFG measurements
showed no intensity for the transition.29

Other complicating factors could also lead to the absence of
the lower-energy CTTS transition in the interfacial spectrum.
For example, a reduced dielectric constant in the interfacial
region would promote ion pairing, particularly at the molar

concentrations used for these experiments, which are required
for su#cient S/N. Ion!ion interactions at the interface could
shift the ground or excited state energy levels, making the
lower energy CTTS band unobservable within our spectral
window. Tesei at al. showed via MD simulations that
signi!cant ion pairing and cluster formation occurs for
NaSCN and KSCN salts in bulk solution (>3 mol/kg), but
had little e"ect on their simulated surface properties.30 Our
previous experiments have shown that countercations have
negligible e"ects on the spectra and adsorption free energies of
ions at interfaces.
A central feature of the interfacial toluene!water spectrum is

the lack of a spectral shift relative to the air!water interface.
CTTS transitions are highly sensitive to the local solvation
environment and large spectral shifts have been reported for
CTTS transitions in various solvents.31,32 The overlapping
spectra observed herein imply that the solvation environment
of the anion di"ers little between the two interfaces. Bresme et
al. used MD simulations to study a water!hydrophobe
interface (water!alkane), and concluded that it is in fact a
“rigid” structure very similar to the vapor!water interface.33 In
light of these simulations, it is possible that toluene behaves in

Figure 2. (a) Bulk absorption spectrum of NaSCN in H2O. (b) DUV-ESFG interfacial spectra of 3 M NaSCN at the air!water (black) and
toluene!water (red) interface in ppp polarization. The spectrum of toluene!water is o"set for viewing purposes but overlaps completely with the
air!water spectrum. NaSCN data from the air!water interface is reproduced with permission from Mizuno et al.28
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a similar manner, that is, toluene does not penetrate deep
enough into the water phase to signi!cantly change the
hydration environment of the thiocyanate ion and it retains a
similar solvation structure as for the air!water interface. Since
thiocynate is asymmetric and has a large dipole moment, it
readily adopts a preferred orientation at the air!water
boundary. Viswanath and Moschmann have shown that for
solutions of KSCN, the anion is oriented "45 deg to the
surface normal with the S terminus being nearer the
interface.34 MD simulations con!rmed this preferred orienta-
tion for thiocyanate in the topmost layer of the interface, and
also showed that anions located slightly deeper had an average
tilt perpendicular to the surface normal.30 While the present
experiments do not report on the absolute orientation of the
thiocyanate ion, the ratio of intensity in di"erent polarization
schemes would indicate if there is a change in orientation
between the air!water and toluene!water interfaces. We
observe approximately equal ratios of ppp/ssp intensity for
both interfaces, which imply that the orientation of thiocyanate
remains the same.
DUV-ESHG Spectroscopy and the Langmuir Adsorp-

tion Model. The use of a modi!ed Langmuir adsorption
model for determination of thermodynamic properties from
SHG has been described previously,35!37 and only a brief
description is given below. A more complete description is also
given in the SI. The SH response of the system can be
decomposed into the following contributions:

I ISHG water
(2)

toluene
(2)

SCN
(2) 2 2! ! != | + + | $# (2)

Here I2# and I#2 represent the intensity of the SH and
fundamental photons, respectively, and "water

(2) , "toluene(2) , "SCN!
(2) are

the second-order susceptibilities of the water, toluene, and
thiocyanate anion, respectively. Each susceptibility contains
both a real and imaginary component; the SH frequency is

chosen to be resonant with the CTTS transition of
thiocyanate, and we parametrize eq 2 as

I
I

A N B iC( )2
2 s

2" | + + |$

$ (3)

The system response from water and toluene is weak, so they
are grouped together in the nonresonant term A; Ns represents
the number of surface-active thiocyanate anions, and B and C
are the real (nonresonant) and imaginary (resonant)
susceptibilities of thiocyanate, respectively.
The number of surface active anions (Ns) is determined

from a kinetic description of surface exchange with a !xed
number of available surface sites. Finally, we expand Ns and
relate it to the bulk anion concentration (XSCN

!) and Gibbs
free energy of adsorption (!G):
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Figure 3 shows the normalized SHG intensity versus bulk
concentration of thiocyanate at the air!water (red) and
toluene!water(black) interfaces, measured at a SH wavelength
of 193 nm.
The extinction coe#cient of NaSCN at this wavelength is

"104 M!1 cm!1, which provides strong resonant enhancement.
The SHG data are normalized such that the response of the
neat toluene!water interface is unity. We !t the SHG data to
the simpli!ed Langmuir adsorption model36 (eq 4), which
relates the normalized SH signal to the bulk concentration of
thiocyanate, and yields the Gibbs free energy of adsorption.
The Gibbs free energy of adsorption for thiocyanate at the

air!water and toluene!water interfaces were found to be !7.5

Figure 3. Normalized SHG intensities of NaSCN at the air!water (red circles) and toluene!water (black squares) interfaces. The red and black
lines are the Langmuir isotherm !ts yielding Gibbs free energies of !7.5 ± 0.7 kJ/mol in red (air!water) and !7.3 ± 0.7 kJ/mol in black (toluene!
water). The uncertainty in intensity at each concentration is one standard deviation.
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± 0.7 kJ/mol and !7.3 ± 0.7 kJ/mol, respectively, with the
uncertainty being one standard deviation. The normalized SH
responses for both interfaces are equal within error at lower
bulk thiocyanate concentrations (0.1!1 M), and begin to
deviate (the SH signal for the toluene!water interface is
lower) at higher bulk concentrations (1.5!2.5 M). To achieve
a reasonable !t for the toluene!water data, we constrained the
parameters B and C to be equal to their values for the air!
water !t. This has the e"ect of assuming an equal number of
surface sites, and the same e"ective hyperpolarizability for
thiocyanate, at these two interfaces.
Previous studies of anions at the air!water interface have

described a generalized mechanism of adsorption, wherein a
thiocyanate anion re-partitions solvent density from its
coordination sphere and the interface back into the bulk
environment. These transferred water molecules form stronger
hydrogen bonds with bulk water, which provides an enthalpic
driving force to move the ion to the interface. Entropically, the
presence of the ion at the interface dampens surface capillary
wave $uctuations, which impedes ion adsorption.9

We expect that the mechanism of adsorption to the
toluene!water interface has salient di"erences than just
described, as was found in our study of the air!water versus
graphene!water interfaces. The dielectric constants of air and
toluene are of the same order (1 vs 2.38),38 and the classical
electrostatic arguments of image charge repulsion should a"ect
these two interfaces similarly. However, polarizable force !eld
simulations suggest that the enthalpic driving force for ion
adsorption is greater at the oil!water interface because of the
added dispersive interactions between the ion and the
condensed oil phase.39 Our study of the graphene!water
interface showed that capillary wave $uctuations were almost
completely suppressed by the presence of graphene,10 and
theory suggests that the attractive interaction between water
and any hydrophobic surface should pin density $uctuations
near the surface.40 The toluene layer will likely change capillary
wave $uctuations compared to air!water, although the
inherent $exibility of the liquid, as compared to the more
rigid structure of graphene, implies a di"erent behavior.
Indeed, it has been shown that surface $uctuations are
important in determining the energetics of ion transfer across
liquid!liquid interfaces.18 Additionally, it is worth noting that
the behavior of capillary wave $uctuations and the subsequent
consequences to the ion adsorption process is still debated,41

as is the structural di"erence in solvation environment upon
moving an ion from the bulk to the interface.42 Theoretical
study of this prototypical oil!water interface would further
elucidate these controversies. Furthermore, there are aspects of
solvation at the interface that are complicated by the presence
of the condensed phase of toluene, for example, solvent
exclusion,43 electric !eld e"ects,44,45 and ion pairing, which
also require further analysis to understand completely.
The strikingly similar behavior observed here for the air!

water and toluene!water interfaces may, in fact, be a universal
feature of hydrophobe!water interactions. Willard and
Chandler used MD simulations to study the density pro!les
and height $uctuations of water next to hydrophobic/
hydrophilic substrates, and reported that a hydrophobe!
water interface has very similar properties to the air!water
interface, whereas a hydrophile!water interface does not.40

Similar !ndings have been reported for alkane!water
interfaces.33 The study of ions at hydrophobe!water interfaces
by SHG seems to agree with this analysis. Table 1 reports the

Gibbs-free energy of adsorption for thiocyanate and bromide
anions at various water!hydrophobe interfaces measured by
SHG spectroscopy. In all cases, the results obtained for the
adsorption free energy agree within error with those for the
air!water interface.
A possible explanation for this could be rooted in interfacial

gas enrichment (IGE) at hydrophobic surfaces. In 2018,
Schlesinger and Sivan showed with high resolution AFM that
aqueous solutions in contact with a solid hydrophobic surface
(graphite) have a 2!5 nm layer of condensed gas, composed
mainly of nitrogen, sandwiched between the two media.46 This
behavior has been observed for various dissolved gases47 and
been veri!ed with di"erent experimental techniques.48,49 While
this phenomenon has not yet been reported at liquid!liquid
interfaces to the best of our knowledge, it is not unreasonable
to assume that surface sensitive spectroscopies, such as we
employ in this study and in our previous study of the
graphene!water interface, may be in$uenced by a water-
condensed gas interface if the aqueous solution is not properly
degassed. That this layer of condensed gas, which is 300 times
denser than air,46 would mimic the results of the air!water
interface is interesting on its own account. Such dense gas
layers could have profound general e"ects in water!hydro-
phobe interfaces, including those in biology.
In conclusion, by combining two nonlinear spectroscopy

tools, DUV-ESFG and DUV-SHG, we have shown that the
adsorption behavior of NaSCN at the air!water and toluene!
water interfaces is remarkably similar. Speci!cally, we report no
relative shift in the interfacial spectra for these two interfaces
and that the Gibbs-free energies of SCN! adsorptions agree
within error. Whether or not the molecular-level details of the
two adsorption mechanisms are actually the same remains to
be answered; however, we do expect there to be interesting
molecular-level di"erences between the two. Nevertheless, the
results presented here do imply surprisingly universal behavior
for water interactions at hydrophobic interfaces.
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