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Characterization of Vibrational Resonances of Water-Vapor Interfaces
by Phase-Sensitive Sum-Frequency Spectroscopy
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Phase-sensitive sum-frequency spectroscopy provides correct characterization of vibrational reso-
nances of water-vapor interfaces and allows better identification of interfacial water species contributing
to different parts of the spectra. Iodine ions emerging at an interface create a surface field that tends to
reorient the more loosely bonded water molecules below the topmost layer.
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Understanding how water interfaces play key roles in
many relevant physical, chemical, and biological processes
requires knowledge of water interfacial structures at the
molecular level [1]. Orientations and bonding arrangement
of water molecules at an interface affect the interface
properties and hence the interfacial processes. Vapor-water
interfaces, in particular, have attracted much recent interest
not only because they are important in environmental
science, but also because they serve as standard references
for water interfaces. Surface-specific sum-frequency vibra-
tional spectroscopy (SFVS) has been applied extensively to
the interfaces. Early results show the appearance of a
dangling OH stretch mode and the appearance of liquid-
like and ice-like features in the spectrum, indicating that
the water surface is a disordered hydrogen (H)-bonding
network terminated by broken bonds on H and O of top-
most water molecules [2,3]. More recently, studies have
focused on which water species at the interfaces contribute
to which part of the spectrum, and how ions may emerge at
the surface to alter the interfacial structure and change the
spectrum [3—11].

The SF vibrational spectra of water interfaces reported
so far are all intensity spectra proportional to | X(Sz)(wsp =

wyis + wr)|? with ,\/m being the surface nonlinear suscep-
tibility [12]. Because the interfacial water molecules ex-
perience wide variation of H-bonding geometries and
strengths, the spectra appear as continuous, highly inho-
mogeneously broadened bands [13]. Analysis to decom-
pose a spectrum into a set of discrete resonances is
generally not unique, and has led to a great deal of con-
fusion in the literature [3—11]. It is clear that in order to

characterize the resonances, one needs to know Im X( )i
analogy to Ime in linear spectroscopy, or more completely,

both Re X(z) and Im X(z)
possible to deduce Im X(Z) from |y

For a band of resonances, it is not

@12 We must obtain

Im X(z) directly from measurement. We report here the first

vibrational spectra of Im X(z) for water-vapor interfaces of
pure water and Nal solution acquired by a phase-
sensitive(PS)-SFVS technique. They are clearly different
(2)|2

from those obtained from analyses of |y |* with assump-
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tion of discrete resonances. The results facilitate our iden-
tification of various interfacial water species contributing
to the different parts of the spectra.

The PS-SFVS technique was described elsewhere
[14,15]. Briefly, we interfered the SF signal from the
water-vapor interface with that from a reference crystal
over the spectral range of interest and then deduced from

the measurement both the amplitude and the phase of ,\/(2)

and hence Re,\/(z) @)
(2) (2)|2

and Imyg’. The spectra of Re X(z)
Imyy’, and | xg’|* of a pure water-vapor interface (pH ~
5.7) in the OH stretch range are displayed in Fig. 1. We
focus here on Im /\’s) because it is most informative. As
seen in the figure, Im X S roughly consists of three bands, a
positive peak at ~3700 cm~!, a negative band from
~3200 to 3600 cm™!, and a positive band below
3200 cm™!. They correspond to features in the | /\/(Z)I2
spectrum prev1ously labeled as dangling OH, liquid-like,
and ice-like peaks, respectively [16]. Our Im ng) spectrum
differs significantly from those deduced from fitting of the
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FIG. 1. Spectra of | X(z)lz, Im )((52), and Re X(SZ) for neat water-
vapor interface in the OH stretch range obtained with the phase-
sensitive sum-frequency vibrational spectroscopy (PS-SFVS).
The curves are for eye guiding.
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| X(S2)|z spectrum with discrete resonances [6—11,17] and
MD simulations [18-20]. A series of recent papers, for
example, concluded from fitting that both ice-like and
liquid-like bands are opposite in sign with respect to the
dangling OH peak, in disagreement with our result. As

mentioned earlier, fitting a highly inhomogeneously broad-

ened | ng) |2 spectrum with discrete resonances is generally
not appropriate. MD simulations are also limited by com-
promises used in the calculations. The spectra calculated
by Morita and Haynes agreed qualitatively with ours above
3200 cm™!, but there are difficulties for theory to relate
interfacial water species with spectral features [21]. Our
direct measurement of the Im X?) spectrum now permits
more reliable spectral assignment to water species and

structure at the water-vapor interface.

In interpreting the Im ,\/(Sz) spectrum, we consider the
surface structure of water as a heavily distorted H-bonding
network of the hexagonal ice surface [Fig. 2(a)]. Interfacial
molecules are H-bonded to neighbors with a continuous
variation of (or dynamically varying) geometries and
strengths. D and A label donor and acceptor H-bonds,
respectively, through which a water molecule connects to
neighbors. A donor bond, directly affecting the electron
distribution around H, causes the OH stretch frequencies to
shift much more than an acceptor bond [22]. The topmost
surface layer is mainly occupied by DAA and DDA mole-
cules [3]. DAA has a dangling OH pointing towards the
vapor side, and DDA has its oxygen facing the vapor. The
surface-specific SF vibrational spectrum originates essen-
tially from DAA and DDA molecules of the topmost layer
and DDAA molecules of the adjacent layers; the subse-
quent layers have little contribution because the surface
structure rapidly relaxes to that of the bulk. With these
considerations, we can relate the spectral features to the
water interfacial structure consistently.

The positive sharp band above 3600 cm ™! in the Im ng)
spectrum can be attributed to OH stretches of the DAA
molecules. The free and donor-bonded OHs of DAA are
coupled in general to yield symmetric (s-) and antisym-
metric (a-) stretch modes. However, if the donor bond is
sufficiently strong, the two modes are essentially de-
coupled with their transition dipole moments along the
two OH bonds, respectively. (For numerical estimates,
see description in Ref. [23].) It is then clear that the
original a-stretch has the dipole moment along the dan-
gling free OH and is responsible for the positive peak at
~3700 cm™!. The original s-stretch has the dipole mo-
ment along the donor-bonded OH pointing toward the
liquid bulk and contributes to the negative band below
3600 cm™! in the Im X(Sz) spectrum. There appears a weak
but broad positive hump around the sharp peak in the
Im X(Sz) spectrum, which possibly comes from DAA mole-
cules with a weak donor bond. In this case, coupling
between the two OHs is no longer negligible, and the
s-mode could appear above 3600 cm™! and its transition

FIG. 2 (color). Cartoons describing the structures of water-
vapor interfaces of (a) neat water and (b) Nal solution. The
interfacial water structure is modeled after a distorted hexagonal
ice. The top layer of the topmost layer (oxygen marked red) is
occupied by DAA and DDA molecules, and the second layer
(oxygen marked yellow) is occupied by DDAA molecules. Some
DDAA molecules connecting to the molecules in the top layer
with two donor bonds have an overall ice-like tetrahedral bond-
ing structure. They contribute to the ice-like part of the vibra-
tional spectrum. Other DDAA molecules are less symmetrically
bonded to neighbors and contribute to the spectrum in the higher
frequency region. The third and fourth layers (marked orange
and red, respectively) have molecules with increasing random-
ness in position and orientation, closely resembling that of liquid
water. In (b), an iodine ion straddled by water molecules at the
lower side is shown to appear near the surface. It disrupts mainly
the nearby water bonding structure beneath the topmost mono-
layer and reorients the more loosely bonded subphase molecules
by the field it has created.

dipole moment pointing toward the vapor side. The corre-
sponding a-mode would appear slightly above 3720 cm ™.
This assignment is supported by the observation that both
the sharp peak and the broad base disappear when the
dangling OH is terminated, as in the case of water-quartz
interface [14].

The negative band between 3200 and 3600 cm ™! in the

Im ,\/(Sz) spectrum resembles the absorption band of bulk
liquid water, although different in signs. As in bulk water,
it comes mainly from OH of asymmetrically H-bonded
water molecules of varying strengths and geometries.
They must be the donor-bonded OH of DAA and DDA
molecules in the topmost layer at the interface and the
asymmetrically donor-bonded DDAA in the adjacent
layers [2,3]. The first two clearly have their stretch dipole
moments pointing toward liquid. The asymmetrically
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donor-bonded DDAA molecules beneath the topmost layer
also have an average stretch dipole moment point toward
the liquid. This can be seen as follows. If all subsurface
DDAA molecules were asymmetrically bonded with equal
probability in configurations having dipoles pointing up
and down, the net polar orientation would be zero.
However, the interfacial DDAA molecules that straddle
the oxygen atoms of DAA and DDA in the topmost layer,
with both donor bonds pointing toward vapor, are partly
symmetrically bonded (contributing to the ice-like band as
will be discussed later) and partly asymmetrically donor-
bonded. Only the asymmetrically donor-bonded DDAA
molecules contribute to the liquid-like band. Their total
upward dipole moment is now overwhelmed by the total
downward dipole moment of the other asymmetrically
bonded DDAA molecules at the interface, resulting in an
overall negative contribution to the liquid-like band. The
wide variation of the H-bonding strength in the above-
mentioned water species leads to the wide range of OH
stretch frequencies, and hence the broad liquid-like band. It
is known that annealing of amorphous ice reduces the IR
absorption in the 3300-3600 cm ™! region and increases in
the 3000-3200 cm ! region [24]. This supports the assign-
ment that the liquid-like band comes from OHs not orderly
bonded to neighbors. As we shall discuss later, study of the
water-vapor interface of a Nal solution allows us to further
identify DAA and DDA as major contributors to the
higher-frequency part and DDAA to the lower-frequency
part of the liquid-like band.

Finally, the positive band below 3200 cm™ " is the ice-
like band. It comes from DDAA molecules with ice-like
symmetric tetrahedral bonding to neighbors. The main
contribution is from those DDAA molecules that straddle
DDA and DAA molecules in the topmost layer with sym-
metric donor bonds. The s-stretch modes of these mole-
cules have their stretch dipole moment point towards the
vapor side and hence contribute positively to the band. The
corresponding a-stretch has a dipole moment incline to-
wards the surface and contributes much less. Because of
the rapidly decreasing order of H-bonding in the transition
layers toward the bulk, there are considerably fewer DDAA
molecules in other symmetric bonding geometry, such as
those with only one H donor-bonded to DAA or DDA, and
their contributions are much less important. The ice-like
and liquid-like bands overlap around 3200 cm ™!, resulting
in the crossover from positive to negative around
3200 cm ™! in the Imy? spectrum.

Recently, the question whether solvated ions come to the
water-vapor interface and alter the water interfacial struc-
ture and properties has attracted much attention. Contrary
to earlier prediction, MD simulations suggested that large
negative ions could appear at the interface [25]. Indeed,
SFVS studies showed a significant enhancement of the

liquid-like band and the appearance of a broad shoulder
)|2

1

above the 3700 cm ™! peak in the |ng spectrum when
0.036x Nal was added into bulk water [6,11]. By fitting the

spectrum, one group attributed the changes to I~ ions
disrupting the interfacial H-bonding network and creating
more asymmetrically H-bonded molecules as well as in-
creasing the effective interfacial layer thickness [6].
Another group concluded that there was no significant
changes in the mode strengths of H-bonded OH, and the
change of the spectrum was due to blueshift and narrowing
of the mode at ~3400 cm ™! [11]. The contradicting inter-
pretations result from different fittings of | X(SZ) |2, which can
be avoided if the Im X(Sz) spectrum is directly measured.

Figure 3 displays the spectra of | X(S2)|2, Re X(Sz), and
Im X(sz), for the vapor/liquid interface of a 0.036x Nal
solution. For comparison, we also sketch in Fig. 3 the
corresponding spectra for the neat water-vapor interface.
Our | ng)lz spectrum (before removing the Fresnel coeffi-
cients) for the Nal solution shows good agreement with
others. The Im )((52) spectrum is more informative.
Compared with the case of neat water, the obvious changes
are expansion of the positive ice-like band to 3350 cm™!,
shrinkage of the negative liquid-like band, and appearance
of a broad positive shoulder on the high-frequency side of
the dangling OH peak. There are no significant changes
below 3100 cm™! and between 3450 and 3720 cm™!. In
Fig. 3, we also show the Im )((52) spectrum for a 0.019x Nal
solution. It exhibits the same behavior except for the ex-
tension of the positive ice-like band to only 3300 cm™!.
Our spectra qualitatively resemble those predicted by re-
cent MD simulations [20].

The I~ ions at the water-vapor interface may disturb the
interfacial H-bonding structure as well as create a surface
field that reorients part of the interfacial water molecules
toward the vapor side. Since only a small number of I~

ions would be present in the topmost layer [26,27], their
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FIG. 3. Spectra of | )((Sz)|2, Im X(Sz), and Re ,\/(Sz) for water-vapor
interface of a 0.036x Nal solution in the OH stretch range. For
comparison, the eye-guiding spectra for the neat water-vapor
interface from Fig. 1 are displayed. Solid squares in Im )((SZ) are
data points at discrete frequencies on the Im spectrum for the
water-vapor interface of a 0.019x Nal solution.
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disturbance on the bonding structure of molecules in the
topmost layer is small, and the major effect of the /™ ions
at the interface is on the more loosely asymmetrically
bonded DDAA molecules connected to the topmost layer.
Such DDAA molecules are more easily reoriented by the
ion-created surface field to have their dipoles pointing
more towards the vapor side. The lack of significant
changes in the spectral feature from 3420 to 3710 cm™!
and the ice-like feature below 3100 cm™! therefore sug-
gests that the former come from donor-bonded OH of DAA
and DDA molecules in the topmost layer and the latter
from DDAA molecules with stronger symmetric donor
bonds straddling DAA and DDA in the topmost layer.
The observed spectral change in the 3200-3400 cm™!
region indicates that it is OH stretches of the asymmetri-
cally bonded DDAA molecules that contribute signifi-
cantly to this spectral region, and the field-induced
reorientation of such molecules makes Im ,\/(52) more posi-
tive in this region. The interfacial /= ions also induce a
positive shoulder above 3720 cm™!. It likely comes from
water molecules straddling the interfacial ions, mostly
from the bottom side of the ions due to paucity of water
molecules on the vapor side. Weaker bonding to /™ ions,
and perhaps also their weaker acceptor bonding to other
water molecules due to geometric distortion, blueshift their
OH stretch frequencies. A cartoon for the interfacial water
structure with the presence of /™ is shown in Fig. 2(b).
The work here shows that the spectrum of Im )((52) ob-
tained with PS-SFVS can provide a much clearer picture of
water-vapor interfacial structure. While the overall broad
spectrum comes from inhomogeneous broadening of OH
stretches with continuous variation of H-bonding geometry
and strength, molecular species contributing to different
spectral ranges can be reasonably identified. Hydrated ions
appearing at the interface may not disturb significantly the
molecular bonding structure in the topmost surface layer,
but the surface field they create could partially reorient
molecules in the subphase. These could be general rules for
water-vapor interfaces of salt, acid, and base solutions, and
will be tested in future studies. Likewise, spectroscopic

measurements of Im Xg) are expected to yield better struc-
tural information on other water interfaces.
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