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Abstract

We study the properties of water molecules at the surface of salt solutions containing hy-

drophobic anions like triflate (CF3SO3
−), ethanesulfonate (C2H5SO3

−), and butanesulfonate

(C4H9SO3
−) using vibrational sum-frequency generation (VSFG) spectroscopy. The VSFG

spectra reveal a surprisingly strong isotope effect in the intra- and intermolecular mixing of the

water molecules contained in the hydration shells of the hydrophobic anions. The O–H stretch

vibrations of H2O molecules in the hydration shell are strongly mixed whereas the O–D stretch

vibrations of hydrating D2O molecules are decoupled. This isotope effect is not observed for

other ions like perchlorate (ClO4
−), and can be explained from the enhanced tetrahedral struc-

ture organization of the hydration shells of the hydrophobic ions.

Introduction

The addition of inorganic salts leads to an increase of the surface tension of water, which implies

that the ions avoid the surface. However, this notion only concerns the average concentration of
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cations and anions, it does not imply that the concentrations of cations and anions would show a

gradual decrease towards the interface. Molecular dynamics simulations showed that the concen-

trations of halogenic anions show large irregularities close to the interface.1,2 According to these

simulations, weakly hydrated anions like Br− and I− show an excess concentration at the water-air

interface, whereas strongly interacting ions like F− ion are excluded from this interface. These pre-

dictions were confirmed in several experiments, including studies using surface second harmonic

generation (SHG), vibrational surface sum-frequency generation (VSFG) spectroscopy, soft X-ray

photoelectron spectroscopy, and even atmospheric chemical reactions.3–8

The technique of VSFG has also been used to study the surface propensity of more complex

inorganic ions like ammonium (NH4
+), nitrate(NO3

−), sulfate (SO4
−), thiocyanate (SCN−) and

perchlorate ClO4
−.9–11 In all these studies the surface propensity was found to depend strongly on

the strength of the interaction between the ion and water. Ions that show a weak interaction with

water like perchlorate have the highest surface propensity. The surface propensity of inorganic

ions thus closely follows the Hofmeister series.

The surface propensity of ions can be strongly enhanced by introducing hydrophobic groups to

the ions.12 Ions containing large hydrophobic groups, like stearate and palmitate, have such a high

surface propensity that they lower the surface tension of liquid water, meaning that these ions are

surfactants. In this work, we study the vibrational response of the water molecules contained in the

hydration shells of the hydrophobic anions triflate (CF3SO3
−), ethanesulfonate (C2H5SO3

−) and

butanesulfonate (C4H9SO3
−) using conventional vibrational sum frequency generation (VSFG)

spectroscopy and phase sensitive vibrational sum frequency generation (PS-VSFG) spectroscopy.

The measurements reveal a surprisingly strong isotope effect in the intra- and intermolecular in-

teraction of the hydroxyl stretch vibrations of the water molecules in the hydrations shells of these

ions.
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Experiment

In vibrational sum-frequency generation (VSFG) spectroscopy a visible and a broadband infrared

pulse are combined at the surface to generate light at the sum-frequency. The sum-frequency gen-

eration process will be enhanced in case the infrared light is resonant with a molecular vibration.

VSFG spectroscopy is highly surface specific thanks to the fact that the technique is symmetry

forbidden in media that show inversion symmetry (within the dipole approximation). The intensity

of the VSFG signal is proportional to:

ISFG(ω3) ∝ |χ(2)(ω3 = ω2 +ω1)|2Ivis(ω2)IIR(ω1), (1)

with ω3 the frequency of the sum-frequency light, ω2 the frequency of the visible light, ω1 the

frequency of the infrared light, and χ(2)(ω3 = ω2 +ω1) the resonantly enhanced second-order

susceptibility. We generate infrared and visible pulses with a regenerative Ti:Sapphire amplifier

system (see supporting information). The generated narrow-band 800 nm and broad-band infrared

pulses are sent onto the sample surface in temporal and spatial overlap, and produce light at the sum

frequency. We used infrared and visible pulse energies of 10 and 15 µJ, respectively. The generated

sum-frequency light is sent into a monochromator and detected with an Electron-Multiplied Charge

Coupled Device (EMCCD, Andor Technologies). All spectra are recorded with s-polarised SFG,

s-polarised 800 nm, and p-polarised infrared light (with respect to the plane of incidence).13 The

SFG spectra of the solutions in H2O are obtained by integrating the signal for 10 minutes, and the

SFG spectra of the solutions in D2O are obtained by integrating the signal for 4 minutes.

In conventional VSFG spectroscopy the intensity of the sum-frequency light is plotted as a

function of the infrared frequency ω1. This intensity is proportional to the squared amplitude of

the complex second-order nonlinear susceptibility χ(2)(ω3 = ω2 +ω1). Information on the phase

and sign of χ(2) can be obtained by interfering the sum-frequency light coming from the sample

with sum-frequency light coming from a local oscillator. We perform such a phase-sensitive VSFG

(PS-VSFG) experiment by sending the infrared and 800 nm beams first on a gold mirror to generate
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broadband light at the sum frequency (local oscillator). Subsequently, the three beams (infrared,

800 nm and sum-frequency light) are sent together onto the salt solution to generate the sample

sum-frequency light. The sum-frequency light beam that is generated at the gold mirror is delayed

by a time ∆τ by sending this beam through a tilted fused silica plate. The sum-frequency light

generated at the gold mirror and the sum-frequency light generated at the sample co-propagate to

the spectrograph and are detected by the CCD camera. The detected intensity is given by:

IPS−VSFG(ω3) ∝ ‖Esample(ω3)‖2 +‖ELO(ω3)‖2

+E∗sample(ω3)ELO(ω3)eiω3∆τ +Esample(ω3)E∗LO(ω3)e−iω3∆τ (2)

The cross-term EsampleE∗LOe−iω3∆τ contains the electric field of the sum-frequency light originating

from the sample and is directly proportional to the complex χ(2).

The studied salts sodium triflate, sodium ethanesulfonate, sodium butanesulfonate and sodium

perchlorate are all purchased from Sigma-Aldrich and are used without further purification. The

purity of all chemicals is ≥ 98%. The salts are dissolved in H2O (>99.9%) and D2O (>99.9%)

in a series of concentrations that are indicated with molar fractions x =[salt]/([salt]+[water]). To

avoid H/D exchange between the salt solutions in D2O and water vapor, we flushed the infrared

generation and the VSFG signal generation and detection part of the setup with nitrogen gas.

We measured IR spectra of the solutions using a commercial Fourier Transform Infrared (FTIR)

spectrometer (FTS175 Biorad). In these measurements the samples are contained between two

CaF2 windows (2 mm thick) that are separated by a 3 µm Teflon spacer.

Results and discussion

Figure 1 shows VSFG spectra of sodium triflate solutions at different molar fractions. The spec-

trum of pure H2O shows a broad double band structure with maxima at 3200 and 3400 cm−1, and

an additional peak at ∼3700 cm−1. The double band has been assigned to O–H stretch vibrations

forming hydrogen bonds to other water molecules. The structure of this band has been explained
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Figure 1: Vibrational sum frequency generation (VSFG) spectra of solutions of sodium triflate
(NaCF3SO3) at different molar fractions x. (a) in H2O and (b) in D2O
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from the near-resonant intra- and intermolecular coupling of the O–H stretch vibrations, and the

coupling of the O–H stretch vibrations with the overtone of the bending mode.14 The band at

∼3700 cm−1 has been assigned to the stretch vibrations of non-hydrogen-bonded O–H groups that

are sticking out of the surface. The VSFG spectrum of pure D2O has a very similar shape. The

hydrogen-bonded O–D stretch vibrations give rise to a broad-band feature with maxima at 2360

and 2500 cm−1 and the dangling O–D groups give rise to the narrow band at ∼2700 cm−1.

The addition of sodium triflate leads to an additional band in the VSFG spectrum at∼3600/2640

cm−1 for solutions in H2O/D2O. The amplitude of this band increases with increasing mole frac-

tion of sodium triflate. We assign this band to a hydroxyl group forming a hydrogen bond to the

sulfonate group of the CF3SO3
− anion. This hydrogen bond is weak, which explains the rela-

tively high frequency of the hydroxyl stretch vibration. The additional band at ∼3600/2640 cm−1

is already observed at mole fractions of 0.0002, corresponding to a bulk concentration of 10 mM,

which implies that the triflate anion shows a high surface propensity, which is a direct consequence

of its hydrophobic nature. The addition of sodium triflate also changes the shape and amplitude

of the double band structure associated with the O–H/O–D groups forming hydrogen bonds to

H2O/D2O molecules. Interestingly, these changes depend on whether the salt is dissolved in H2O

or D2O. In the case of H2O the addition of sodium triflate leads to a blue shift of the double band

and an increase in amplitude, whereas for D2O the addition of sodium triflate leads to a minor

change of the frequency position of the double band and an even stronger increase in amplitude.

In Figure 2 we present VSFG spectra of solutions of sodium butanesulfonate (NaC4H9SO3)

in H2O and D2O. The butanesulfonate anion has the same sulfonate anionic group as triflate and

only differs from the triflate anion in the character of the hydrophobic group. The addition of

sodium butanesulfonate leads to very similar changes of the VSFG spectrum as the addition of

sodium triflate ( Figure 1). As in the case of sodium triflate, these changes occur already at low

molar fractions of sodium butylsulfonate, which shows that butanesulfonate anions have a high

surface propensity. The high surface propensity of butanesulfonate anions is also demonstrated by

the clear observation of CH2 and CHs stretch vibrational bands in the VSFG spectrum at low bulk
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Figure 2: Vibrational sum frequency generation (VSFG) spectra of solutions of sodium butane-
sulfonate (NaC4H9SO3) at different molar fractions x. (a) for solutions in H2O and (b) in D2O
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concentrations (see supporting information). The spectral changes in the frequency region of the

O–H/O–D groups forming hydrogen bonds to H2O/D2O show again a strong isotope effect. Similar

effects are observed for solutions of sodium ethanesulfonate (NaC2H5SO3) (see Supplementary

Information).

We performed PS-VSFG experiments to study the effect of hydrophobic anions on the O–H

and O–D stretch vibrations in more detail. In Figure 3 we present the measured Im(χ(2)) as a

function of frequency for sodium triflate solutions of different concentration in H2O and D2O. For

comparison we also present Im(χ(2)) of the water-air interfaces of pure H2O and D2O. The sign

of the imaginary part of the second-order susceptibility Im(χ(2)) directly reflects the orientation of

the transition dipole moments of the interfacial O–D/O–H vibrations.15–18 A positive imaginary

χ(2) corresponds to O–H/O–D groups pointing towards air. For pure H2O/D2O Im(χ(2)) has a

small positive value at hydroxyl stretch vibrational frequencies <3100/2300 cm−1. These hydroxyl

stretch vibrations correspond to strongly hydrogen-bonded O–H/O–D groups. The main part of

Im(χ(2)) between 3100 and 3600 cm−1 for H2O and between 2300 and 2600 cm−1 for D2O, has

a negative sign, indicative of a net orientation towards the water phase. Finally, Im(χ(2)) of the

dangling O–H/O–D groups is positive, in line with the fact that these groups are sticking out of the

H2O/D2O surface.

The addition of sodium triflate leads to a large change in the amplitude and sign of Im(χ(2)).

The dominant negative part of pure H2O/D2O completely disappears and gives way to a strong

positive Im(χ(2)). This change in sign of Im(χ(2)) reflects a change in the net orientation of the

hydroxyl groups. This change in net orientation can be explained from the difference in surface

propensity between the negative triflate anions and the positive sodium cations. The hydrophobic

triflate anions have a strong tendency to accumulate at the water-air interface, whereas the sodium

cations remain further away from this interface. This separation of positive and negative charge

near the water-air interface yields a strong local electric field that orients the O–H/O–D groups

towards the interface, thus resulting in a positive Im(χ(2)). The mole fraction of sodium triflate

at which Im(χ(2)) becomes positive at all frequencies is approximately x=0.0005 (≈25 mM), both
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Figure 3: Imaginary part of the second-order susceptibility χ(2) of sodium triflate (NaCF3SO3) so-
lutions at different molar fractions x. (a) in H2O and (b) in D2O. The imaginary χ(2) is determined
with PS-VSFG spectroscopy.

for H2O and for D2O. This similarity in concentration indicates that the triflate anions show a

similar surface propensity in H2O and D2O. Hence, there appears to be no isotope effect in the

surface propensity of triflate. Nevertheless, at higher triflate concentrations the frequency position

and amplitude of Im(χ(2)) strongly differs for H2O and D2O. For H2O Im(χ(2)) is much more

strongly blue shifted than for D2O, whereas for D2O the amplitude of the positive Im(χ(2)) is more

enhanced than for H2O. These observations agree with the results of the intensity VSFG spectra of

Figure 1.

Figure 1, Figure 2 and Figure 3 clearly show that the addition of triflate and butanesulfonate

has a quite different effect on the VSFG spectrum for solutions in H2O than for solutions in D2O.

This strong isotope effect can be explained from the difference in strength of the intramolecular
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and intermolecular (Förster) dipole-dipole interactions of the hydroxyl vibrations of H2O and D2O.

For pure H2O and pure D2O the near-resonant intramolecular and intermolecular interactions lead

to a strong mixing of the local hydroxyl vibrations and a delocalization of the hydroxyl stretch

vibrations. As a result, the first excited state of the O–H/O–D vibration is a delocalized exciton

state that comprises several local O–H/O–D excitations.19–21
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Figure 4: Vibrational sum frequency generation (VSFG) spectra of solutions of sodium perchlorate
(NaClO4) at different molar fractions x.(a) in H2O and (b) in D2O.

For solutions of triflate, ethanesulfonate and butanesulfonate in H2O, the intra- and intermolec-

ular couplings lead to the formation of delocalized vibratonial exciton states that include both O–H

groups forming hydrogen bonds to H2O molecules and O–H groups that form weak hydrogen

bonds to the sulfonate group. These exciton states will be blue shifted in comparison to the exciton
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states of pure H2O. The absence of such a blue shift for solutions of these hydrophobic anions in

D2O indicates that the O–D stretch vibrations are far less mixed than the O–H stretch vibrations.

The amount of mixing of O–H/O–D vibrations depends both on the interaction energy and

the difference in site energy. Substantial mixing occurs when the interaction energy exceeds the

differences in site energies. Going from H2O to D2O the intra- and intermolecular interaction en-

ergies and the differences in site energies will decrease. The intramolecular and intermolecular

interaction energies are both proportional to the product of the transition dipole moments of the

coupled hydroxyl stretch vibrations. The transition dipole moment of the O–H stretch vibration

is ∼
√

2 larger than that of the O–D stretch vibration, and thus the interaction energy will be ∼2

times larger for H2O than for D2O. The smaller interaction energy of D2O corresponds to a lower

rate of near-resonant energy transfer between local O–D stretch vibrations. Indeed this rate was

measured to be >2 times smaller for D2O than for H2O.19–21 Going from H2O to D2O the differ-

ences in site energies, i.e. the differences in local hydroxyl vibrational frequencies, are expected

to decrease by a factor ∼
√

2. The isotope effect of the site energy differences is thus smaller than

the isotope effect of the intra- and intermolecular interactions. This difference in isotope effect

explains why the water-bound and anion-bound hydroxyl vibrations are well mixed in solutions of

triflate, ethanesulfonate and butanesulfonate in H2O and poorly mixed in solutions of these anions

in D2O.

From the above it is clear that the amount of mixing of water-bound and anion-bound hydroxyl

vibrations is a subtle effect that depends on the distribution of the local site energies of the hydroxyl

vibrations. To study this effect in more detail we measured VSFG spectra of solutions of other

salts in H2O and D2O. In Figure 4 we show VSFG spectra of solutions of sodium perchlorate in

H2O and D2O. The addition of sodium perchlorate is also seen to lead to an additional band in

the spectrum at a relatively high frequency, as was the case for the triflate, ethanesulfonate and

butanesulfonate solutions (Figure 1 and Figure 2). Following the work of the group of Allen we

assign this band at 3560 cm−1/2570 cm−1 to O–H/O–D groups forming hydrogen bonds to the

perchlorate (ClO4
−) anions.9 These hydrogen bonds are weak and probably directed towards the
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Figure 5: Infrared absorption spectra of solutions of sodium triflate (NaCF3SO3) in H2O (a), in
D2O (b).

middle of the O-O ridges of the tetrahedral perchlorate anion.22 The changes of the VSFG spectrum

induced by perchlorate are quite similar for H2O and D2O. For both solvents the VSFG spectrum

of the broad double band shows a blue shift and a decrease in amplitude. Hence, the isotope effect

on the shape of the VSFG spectrum of perchlorate solutions is small, in strong contrast to the

VSFG spectra of solutions of triflate ( Figure 1), ethanesulfonate (supporting information), and

butanesulfonate ( Figure 2).

The results of Figure 4b show that for solutions of sodium perchlorate in D2O the stretch

vibrations of O–D groups donating hydrogen bond to D2O are quite well mixed with the stretch

vibrations of O–D groups donating hydrogen to ClO4
−. This finding implies that for ClO4

− the

intra- and intermolecular interaction energy is sufficiently large to overcome the differences in

local frequencies of the O–D stretch vibrations. As the transition dipole moments are not very dif-
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ferent, it thus appears that for ClO4
− the stretch vibration of the O–D group donating a hydrogen

bond to the anion is closer in frequency to the stretch vibrations of other nearby O–D groups than

for triflate, ethanesulfonate and butanesulfonate. This can be due to two effects. The first effect

is that the frequency of O–D group donating a hydrogen bond to the anion is somewhat less blue

shifted for perchlorate than for the studied hydrophobic anions. A second effect is that the stretch

frequencies of other nearby O–D groups that form hydrogen bonds to D2O would be lower in the

case of the studied hydrophobic anions than in the case of perchlorate. It has been found that water

molecules hydrating hydrophobic groups have an enhanced tetrahedral hydrogen-bonded structure

which implies that their vibrational spectrum will be redshifted and narrower compared to that of

water molecules in bulk liquid water.23 Hence the O–H/O–D groups that donate a hydrogen bond

to an H2O/D2O molecule in the hydrophobic hydration shell of triflate, ethanesulfonate and bu-

tanesulfonate can have frequencies that are quite strongly redshifted with respect to the O–H/O–D

groups that donate a hydrogen bond to the sulfonate group of these hydrophobic anions. In the

case of D2O, this large frequency difference in combination with the weaker interaction energy,

precludes the mixing of the O–D stretch vibrations in the hydration shell of the hydrophobic an-

ion. For H2O, the interaction energy still suffices to mix the O–H stretch vibrations of the H2O

molecules hydrating the hydrophobic part with the O–H stretch vibrations of the hydroxyl groups

donating a weak hydrogen bond to the sulfonate group.

We also measured bulk IR absorption spectra of solutions of sodium triflate and sodium per-

chlorate in H2O and D2O to investigate whether the differences in vibrational response are specific

for the water surface. The results are shown in Figure 5. It is seen that the IR spectra show

very similar trends as the VSFG spectra. The addition of sodium triflate leads to a stronger blue

shift of the band at 3400/2500 cm−1 for solutions in H2O than for solutions in D2O. This shows

again that the stretch vibrations of the anion-bound and water-bound hydroxyl groups are more

strongly mixed for solutions in H2O than for solutions in D2O. The poor mixing of anion-bound

and D2O-bound O–D vibration in the hydration shells of triflate thus persists in the bulk.

Solutions of triflate, ethanesulfonate and butanesulfonate do not only show a strong isotope
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effect in the frequency position of the bands but also in the amplitude. The addition of these anions

to D2O leads to a rather strong increase in amplitude of the main band of the VSFG spectrum,

whereas for H2O the amplitude of this band hardly changes. This isotope effect can also be ex-

plained from the difference in mixing of the anion- and water-bound hydroxyl vibrations for H2O

and D2O. The addition of triflate, ethanesulfonate and butanesulfonate or butanesulfonate to H2O

and D2O affects the amplitude in different ways. In the first place, the static electric field Est result-

ing from the accumulation of anions at the surface increases the orientation of O–H/O–D groups

towards the interface, thus enhancing the VSFG signal. This orientation effect is clearly seen in the

increase of Im(χ(2)) shown in Figure 3. The static electric field Est can further change Im(χ(2))

through a field-induced χ(2) (=Est χ
(3) contribution.24,25 This effect involves the polarization of

the electron cloud and is expected to be small compared to the change in amplitude and sign of

Im(χ(2)) associated with the change in net orientation of the water molecules induced by Est . Sec-

ond, the accumulation of hydrophobic anions ions at the interface will lead to a decrease of the

density of H2O/D2O molecules which decreases the VSFG signal. These two effects will be simi-

lar for H2O and D2O. For H2O a third effect is formed by the mixing of the O–H groups forming

hydrogen bonds to H2O with O–H groups bonded to the anion. This mixing leads to the forma-

tion of new delocalized states with a large frequency spread and a weaker average hydrogen-bond

strength which decreases the associated VSFG signal. This latter effect will be small for D2O as

the O–D groups forming hydrogen bonds to D2O poorly mix with O–D groups forming hydrogen

bonds to the anion. As a result, the average hydrogen bond strength and thus the cross-section

of the O–D vibrations in the main VSFG band remains large. Hence, for D2O the main band of

the VSFG spectrum increases in amplitude because of the orienting electric field created by the

anions at the interface, whereas for H2O the main band hardly changes in amplitude because the

orientation effect is counteracted by the deteriorating effects of mixing on the cross-section.
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Conclusions

We studied the vibrational response of water molecules at the surface of solutions containing hy-

drophobic anions using vibrational surface sum-frequency generation (VSFG) spectroscopy. The

addition of ions like triflate (CF3SO3
−), ethanesulfonate (C2H5SO3

−), butanesulfonate (C4H9SO3
−)

is observed to lead to the rise of a high-frequency resonance at ∼3600/2640 cm−1 that is assigned

to the stretch vibration of an O–H/O–D group forming a weak hydrogen bond to the anion. This

additional band is already observed at a low mole fraction of x=0.0002 (corresponding to a con-

centration of 10 mM), which shows that these ions have a very high surface propensity.

The addition of triflate, ethanesulfonate, and butanesulfonate strongly affects the frequency

position and amplitude of the main band of the VSFG spectrum of H2O/D2O. For solutions in

H2O, the addition of these hydrophobic anions is observed to lead to a strong blueshift of the

main band of the VSFG spectrum and little change in amplitude, whereas for solutions in D2O

the addition of these anions hardly changes the frequency position of the main band but leads to a

strong increase in amplitude.

This strong isotope effect can be explained from the difference in intra- and intermolecular

coupling of O–H and O–D vibrations in the hydration shells of the hydrophobic anions. The

intra- and intermolecular coupling of water hydroxyl vibrations scales with the product of the

transition dipole moments of the coupled stretch vibrations, which means that this interaction is

∼2 times larger in H2O than in D2O. As a result, O–H groups forming hydrogen bonds to H2O

show significant mixing with O–H groups forming weak hydrogen bonds to the sulfonate group

of triflate, ethanesulfonate or butanesulfonate, whereas for the O–D groups in D2O this mixing is

poor. This isotope effect is not observed for other ions like perchlorate, which can be explained

from the enhanced tetrahedral structure of water hydrating hydrophobic groups. As a result of the

enhanced structure, the stretch vibrations of the hydroxyl groups hydrating the hydrophobic part of

the ion have low and well-defined vibrational frequencies, which in the case of D2O precludes their

mixing with the high-frequency stretch vibrations of the hydroxyl group hydrating the sulfonate

group of the ion. For H2O, the interaction energy still suffices to mix the O–H stretch vibrations of
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the H2O molecules hydrating the hydrophobic part with the O–H stretch vibrations of the hydroxyl

groups donating a weak hydrogen bond to the sulfonate group.
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