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ABSTRACT: Air/aqueous interfaces provide a unique
environment for many chemical, environmental, and biological
processes. To gain insight, molecular-level understanding of
the interfacial water organization and ion distributions at these
interfaces is required. Here, the air/aqueous interface of
NaClO4 salt solutions was investigated by means of conven-
tional and heterodyne-detected vibrational sum frequency
generation (HD-VSFG) spectroscopy. It is found that
perchlorate (ClO4

−) ions exist in the interfacial region and
prefer to reside on average above their counterions. This
finding is inferred from the average orientation of the OH
transition dipole moment of interfacial water molecules
governed by the direction of the net electric field arising from the interfacial ion distributions. At the air/aqueous interface
of NaClO4 salt solutions, the net dipole moments of hydrogen-bonded water molecules are oriented preferentially toward the
vapor phase. Contrary to some other salts (e.g., sulfates), the presence of ClO4

− may cause a full reversal in the direction of the
interfacial electric field at a higher concentration (≥1.7 M). Another interpretation for the positive Im χ(2) spectra of NaClO4 salt
solutions could be an increase in the population of water species contributing positively to the net OH transition dipole moment.
Regardless of the mechanism, this effect becomes even more pronounced with increasing salt concentration.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

The surface propensity and distribution of inorganic ions at
the air/aqueous interface and their impact on interfacial

water organization have been topics of long-standing interest
due to their importance in a wide range of natural and
technological processes. For example, various ions play critical
roles in the kinetics and mechanisms of heterogeneous
chemical reactions at the air/aqueous interface of atmospheric
aerosols.1−3 The currently adopted molecular view of ion
adsorption proposed by molecular dynamics (MD) simulation
results suggests that small, nonpolarizable ions like F− and/or
multiply charged ions (e.g., SO4

2−) are excluded from the air/
aqueous interface, while large polarizable halide ions (e.g., Br−

and I−) have a strong surface propensity.4−8 This prediction has
since been supported by numerous experimental studies using
various surface-sensitive techniques such as ambient pressure X-
ray photoelectron spectroscopy (AP-XPS), second harmonic
generation (SHG), and vibrational sum frequency generation
(VSFG) spectroscopy.9−14 Even though the factors and/or
driving forces behind ion adsorption are debated, further
computational and experimental work on other anions (e.g.,
SO4

2−, NO3
−, I−) has suggested that the surface propensity of

anions correlates inversely with the order of the anion
Hofmeister series, CO3

2− > SO4
2− > F− > Cl− > Br− ≈

NO3
− > I− > ClO4

− > SCN−.6,15−17

Considering that chaotropic ions such as Br−, I−, and SCN−

are known to be enriched at the air/aqueous interface, the

surface propensity of perchlorate (ClO4
−) ions seems some-

what predictable. In fact, the surface enhancement of ClO4
−

ions has been postulated as early as 1957 based on the negative
surface potential values measured from aqueous NaClO4
solutions.18 Despite the fact that ClO4

− ion-induced changes
in the conformation of surfactant monolayers and their
influence on the vicinal water organization were well-
established,19 molecular-level information about ClO4

− ion
surface propensity and its impact on the water hydrogen-
bonding network at the bare air/salt solution interface was still
lacking. It is only recently that the surface enhancement of
ClO4

− ions has been predicted by MD simulations20 and a
surface−bulk partitioning model,21 as well as demonstrated
experimentally using electrospray/mass spectrometry22 and AP-
XPS.20 Moreover, it was shown that the presence of ClO4

− ions
affects the evaporation mechanism and kinetics at the air/
aqueous interface of concentrated NaClO4 solutions.

23

Aside from its fundamental interest in physical chemistry,
ClO4

− has also drawn much attention as an emerging
environmental pollutant of drinking water and food.24−27

Because of its low surface charge density, it has a reduced
affinity for metal cations, a characteristic that makes it highly
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soluble. As such, ClO4
− ions tend not to sorb appreciably to

minerals and remain exceedingly mobile, thus leading to
widespread contamination of natural aqueous systems.28 The
environmental occurrence of ClO4

− ions can be related to
either anthropogenic or natural sources such as nitrate mineral
deposits and aerosols. It has been suggested that natural
perchlorate species could be formed by heterogeneous
reactions on chloride-containing aerosols by electric discharge
or by exposition to high ozone concentrations.29,30 In order to
understand these phenomena, it would therefore be helpful to
have molecular insight into the interfacial behavior of ClO4

−

ions at the air/aqueous interface.
Despite the fact that the surface propensity of ClO4

− ions has
been explored, their interfacial distribution and that of their
counter cations, as well as their influence on the interfacial
water hydrogen-bonding network, in particular, the net dipole
orientation of water molecules, still remain largely unknown. In
this Letter, we employed both conventional and heterodyne-
detected vibrational sum frequency generation (HD-VSFG)
spectroscopy to gain some further insight into these questions.
In contrast to conventional VSFG spectroscopy that measures
the squared absolute value of the second-order nonlinear
susceptibility (χ(2)), HD-VSFG spectroscopy, by being based
on the interference of the sample SFG response with that of a
phase reference, can provide both the real (Re) and imaginary
(Im) parts of χ(2). The sign of Im χ(2) relates directly not to the
orientation of interfacial water molecules but rather to that of
the average OH transition dipole moment;10,31−34 even though
these two parameters are related, the exact molecular details of
their connection are currently not well-established. The
experimental setup for conventional VSFG and HD-VSFG
spectroscopy has been described elsewhere.35−38

Figure 1a shows conventional VSFG spectra of the interfacial
region of neat water and NaClO4 aqueous salt solution
measured in the OH stretching region (3000−3800 cm−1)
under the ssp (for sum frequency (s), visible (s), and IR (p)
beams, respectively) polarization combination. The interfacial
region refers hereafter to the region that lacks inversion
symmetry, hence SFG-active. In the case of neat water, only the
topmost layers (∼1−3) are believed to be responsible for the
observed SFG signal, while the adjacent sublayers make little
contribution;10,39 however, the presence of ions generates an
interfacial electric field by forming an ionic double layer that
extends the region of noncentrosymmetry. Water organization
is directly influenced by the direction and relative strength of
the ion-induced electric field in the interfacial region. The
perturbation of the interfacial water organization involves both
reorientation and restructuring of the water hydrogen-bond
network, which, in turn, leads to an increase in the interfacial
depth, that is, to a greater number of water molecules probed
due to their SFG activity. The neat water VSFG (|χeff

(2)|2)
spectrum reveals a broad region spanning from 3000 to 3600
cm−1 representing water molecules with a broad continuum of
hydrogen bond lengths and a narrow band at 3700 cm−1

assigned to the distinct dangling OH bond of water molecules
located in the topmost layer. In the lower-frequency part of the
broad region, it is accepted that hydrogen bonds are relatively
strong, and as one moves to higher frequency, the hydrogen-
bonding strength weakens significantly. Additional assignments
to this broad continuum remain controversial.40−44

The conventional VSFG spectrum of a 1.0 M NaClO4
aqueous salt solution shows an uneven decrease in SFG signal
intensity relative to that of neat water across the entire broad

OH stretching region from 3000 to 3600 cm−1, particularly
below ∼3300 cm−1 (Figure 1a). However, no appreciable
difference is observed for the dangling OH peak. To the
authors’ knowledge, no conventional VSFG spectrum of
NaClO4 or any other perchlorate salt solution has been
previously reported. The intensity decrease of the broad OH
stretching region suggests that the overall population of
hydrogen-bonded water species that contribute to the SFG
signal may be diminished. Additionally, it provides some
evidence that the presence of the ClO4

− anions in the interfacial
region causes a definite perturbation of the water hydrogen-
bonding network. In fact, these changes observed in the
conventional VSFG spectrum of the NaClO4 salt solution
surface seem to correlate well with those from the
corresponding bulk IR and Raman spectra (see the Supporting
Information). Previous ATR-IR and Raman studies have shown
that the addition of ClO4

− anions to water leads to (1) a
decrease in the absorbance and Raman intensity of lower-
frequency bands (∼3230 and ∼3370 cm−1) and, concomitantly,
(2) the emergence of a new band at higher frequency (∼3600
cm−1).45−50 The former bands have been assigned to water
molecules fully hydrogen-bonded to their nearest neighbors,
whereas the latter has been associated with water molecules
weakly hydrogen-bonded to the ClO4

− anions.45−50 The
changes in these spectral features with salt concentration are
believed to be due to the fact that the tetrahedral ClO4

− anion
acts as one of the most effective chaotropic ions by forming
weak hydrogen bonds with adjacent water molecules, thereby
perturbing the water hydrogen-bonding network. As in the
bulk, it is conceivable that ClO4

− anions affect the network
between hydrogen-bonded interfacial water molecules (whether
weakly or strongly coordinated) in a similar manner. Moreover,

Figure 1. (a) Conventional VSFG |χeff
(2)|2 spectra of the air/aqueous

interfaces of neat water and 1.0 M NaClO4 salt solution across the
entire OH-stretching region (3000−3800 cm−1). (b) HD-VSFG Im
χ(2) spectra of air/aqueous interfaces of 1.0 and 1.7 M NaClO4 salt
solutions. The neat water spectrum is shown as a reference. (Inset) Im
χ(2) difference spectra (Im χ(2) salt spectrum minus Im χ(2) neat water
spectrum) of the same salt solutions found in (b).
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as with the IR and Raman spectra, a weak band (shoulder)
appears upon closer inspection of our VSFG spectrum at
∼3620 cm−1, suggesting that some of the water molecules
weakly bonded to ClO4

− anions are SFG-active.
Despite a correlation between the spectral changes observed

in the broad OH stretching region of the conventional VSFG
spectrum and that from the IR and Raman spectra, the
contribution of possible interference effects (e.g., interference
with the nonresonant background, convolution effects between
the real and imaginary parts of the nonlinear susceptibility, etc.)
to these changes cannot be completely excluded.51 For
example, the signal enhancement observed at ∼3300 cm−1 in
the conventional VSFG spectrum of CaCl2 salt solutions

37 has
been shown to come from convolution effects between the Re
χ(2) and Im χ(2) parts. Hence, to rule out the presence of such
effects in the case of NaClO4 salt solutions, it is advantageous
to utilize HD-VSFG spectroscopy.
As mentioned above, the HD-VSFG (Im χ(2)) spectrum

directly provides the sign and thus the net transition dipole
moment orientation of SFG-active OH vibrational stretching
modes, and the magnitude of the positive or negative intensities
reveal the extent of the O → H dipole orientation, that is,
directed either toward or away from the surface, respectively.
Note that the interpretation of Im χ(2) spectra given herein is
based on the relative spectral difference between neat water and
the aqueous salt solutions. The Im χ(2) spectrum of neat water
in the OH stretching region shown in Figure 1b is similar to
those reported previously by others.10,31 The positive sign of
the Im χ(2) spectrum of neat water in the 3000−3200 cm−1

region suggests that the OH stretching net transition dipole
moment is oriented toward the surface; however, the
assignments for this region continue to be discussed.10,41,42,44

In contrast, the interpretation of the negative band in the Im
χ(2) spectrum from 3200 to 3600 cm−1 is not contested.
Although the orientational distribution is likely to be broad, the
OH stretches in this frequency range have a net transition
dipole moment directed on average toward the isotropic bulk
solution.
The Im χ(2) spectra of the air/aqueous interface of NaClO4

salt solutions at different concentrations are shown in Figure
1b. To date, there has been no published accounts of an Im χ(2)

spectrum from the bare air/aqueous interface of perchlorate salt
solutions. Relative to neat water, significant spectral changes, in
the form of an enhanced positive signal intensity in the lower-
frequency region and a reduced negative intensity for the
higher-frequency region, can be seen for both NaClO4
solutions. Furthermore, at the higher salt concentration, the
intensity of the Im χ(2) spectrum undergoes a sign reversal in
the spectral region from 3200 to 3600 cm−1. The presence of
hydronium (H3O

+) in the NaClO4 solutions should only play a
minor role in the overall change observed in their Im χ(2)

spectra because of the negligible pH variation relative to neat
water (neat water: 5.6; 1.7 M NaClO4: 5.9). The change of the
Im χ(2) spectra of the NaClO4 solution can be more clearly seen
by taking the Im χ(2) difference spectra with respect to neat
water (inset of Figure 1b). The positive increase in the spectra
of NaClO4 salt solutions observed here can be physically
rationalized by having a positive electric field generated
between ClO4

− anions residing on average predominantly
above Na+ cations, closer to the surface. In other words, ClO4

−

ions exhibit a stronger surface preference than Na+ ions. This
molecular picture is consistent with recent MD simulations
using a polarizable force field that predicted the formation of an

ionic double layer with a maximal ClO4
− ion density near the

air/aqueous interface.20 A decrease in ClO4
−/Na+ and ClO4

−/
O ratios with increasing depth as obtained by AP-XPS on 1 M
NaClO4 solution further supported the surface enhancement of
ClO4

− ions; however, the presence of a double-layer structure
could not be decisively confirmed.20

To explain these results of Figure 1b, various physical
scenarios can be invoked. One possible explanation would be
that because different water species contribute either negatively
or positively to this region of the Im χ(2) spectrum, it is quite
likely that NaClO4 addition to water reduces the population of
water species contributing negatively, or vice versa, thus
allowing the spectrum to become more positive. For instance,
the observed net change in the water OH transition dipole
moment with increasing salt concentration may result from the
increasing population of water molecules weakly bonded to
interfacial ClO4

− anions. These water molecules could have
their O−H groups directed on average toward the vapor phase
for more surface-active ClO4

− ions. The OH group
contribution then could determine the sign of the Im χ(2)

spectrum. Yet, because of the symmetry of the ClO4
− ion, the

SFG selection rules would dictate that such water molecules
would only make a minor contribution to the overall SFG
signal. This seems to be supported by the weak band detected
at ∼3620 cm−1 in the conventional VSFG spectrum. Obviously,
as shown by the conventional VSFG spectrum, it is likely that
many other water species could be affected by the presence of
ClO4

− anions.20 Unfortunately, current spectroscopic methods
do not provide such information.
Another physical scenario that could be put forward to

explain the Im χ(2) sign reversal involves the generation of a net
positive electric field induced by the distribution of ClO4

− ions
and their Na+ counterions in the interfacial region, that is, by
the formation of an ionic double layer within the interface. The
ion-induced interfacial electric field, in turn, would cause the
reorganization of the interfacial water molecules, which now
have their net transition dipole moment more oriented toward
the surface. As shown in Figure 1b, the direction and magnitude
of the ion-induced electric field at the air/aqueous interface of
NaClO4 salt solutions display a marked concentration depend-
ency. This effect has an impact on the net dipole orientation of
interfacial water molecules, mainly those that are weakly
hydrogen-bonded (3200−3550 cm−1 spectral region). The net
influence of concentration on the direction and magnitude of
the induced electric field is illustrated schematically in Figure 2.
At the neat water surface, the electric field is slightly negative
due to the net, but weak, orientation of water dipoles pointing
toward the aqueous isotropic bulk (seen in the Im χ(2)

spectrum from 3200 to 3600 cm−1).10,31 At low salt
concentrations, the distribution of ClO4

− ions and their Na+

counterions may generate an additional electric field that
counteracts and slightly reduces the magnitude of the overall
electric field exerted on water molecules. The net orientation of
this field remains however unchanged as the Im χ(2) spectra of
NaClO4 salts in the 3200−3550 cm−1 region are still showing a
negative intensity. In a slightly more concentrated regime, the
magnitude of the ClO4

−-induced electric field eventually gives
rise to a strong enough electrical field capable of completely
inverting the net dipole orientation of interfacial water
molecules, thus resulting in purely positive Im χ(2) spectra.
The presence of a net positive electric field at the surface of
NaClO4 and other perchlorate salt solutions is supported by
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experimentally measured negative surface potentials (recalling
that E = −∇V).18,52,53
Such a complete reversal of the average orientation of the net

transition dipole moment of weakly hydrogen-bonded inter-
facial water molecules observed here for ClO4

− has so far not
been reported for other chaotropic ions including the surface-
enhanced I− ions.10,36,37,54 It is noteworthy that although
SCN−, ClO4

−, and I− ions are all monovalent anions, the overall
line shape of their conventional VSFG spectra and their
variation with concentration increase differ significantly.11,55 In
comparison to ClO4

−, which displays a decreasing intensity
across the entire OH stretching region, SCN− and I− ions show
concurrent decrease and increase at ∼3200 and ∼3450 cm−1,
respectively, indicative of a very different disordering effect on
the interfacial water network. A shape anisotropy effect between
these anions (i.e., tetrahedral (ClO4

−) versus spherical (I−)
versus linear (SCN−)) may be largely responsible for this
difference. Interestingly, an enhanced negative interfacial
electric field inferred from the Im χ(2) spectrum of the large
polarizable sulfate (SO4

2−) has also been previously
reported.37,54 However, the direction of the induced electric
field for SO4

2− and ClO4
− (Figure 2) and the surface propensity

of these two tetrahedral-structured oxyanions in the interfacial
region are very different. This suggests that, in addition to the
shape/geometry effect, the charge effect of the ions plays a key
role in determining the ion distribution and water organization
at air/aqueous salt solution interfaces.
In summary, from the HD-VSFG results obtained here, it is

clear that ClO4
− ions are present at the air/aqueous interface of

NaClO4 salt solutions and that, as a result, the interfacial water
structure is significantly reorganized. ClO4

− ions reside
preferentially on average above their Na+ counterions. This
was inferred from the positive direction of the net OH
transition dipole moment of interfacial water molecules on
average more toward the surface. An increase in salt
concentration leads to the complete sign reversal of the Im
χ(2) spectrum. Possible scenarios explaining this effect include
the increase in population of water species contributing
positively to the Im χ(2) spectrum or the generation of a net
positive electric field induced by the creation of an ionic double
layer in the interfacial region. Although the true molecular
origins of this concentration dependency remain at present
somewhat speculative, previous surface potential and XPS

measurements tend to support the latter interpretation. To our
knowledge, this is the first investigation of water organization at
the air/aqueous interface of a NaClO4 salt solution using
conventional VSFG and HD-VSFG spectroscopy. Nevertheless,
further theoretical and experimental efforts are needed to fully
decipher the effects of concentration and cation identity on the
distribution of ClO4

− ions and its accompanying counter
cations.
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