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8 Resonant intermolecular
coupling at the surfaces of
liquid water and ice

We study the strength of hydrogen-bond interactions and effects of resonant
intermolecular coupling at the surfaces of liquid water and ice using phase-
resolved sum-frequency generation spectroscopy. The effect of intermolecular
resonant vibrational coupling is determined by isotope substitution, i.e. by
comparing the response of the OH stretching vibrations of H2O with that of
the OH stretch vibration of dilute HDO in D2O. The HDO:D2O spectra are
not affected by resonant intermolecular vibration coupling. For liquid water,
the surface spectra of H2O and HDO:D2O are surprisingly similar, in contrast
to the bulk infrared absorption spectra of H2O and HDO:D2O that strongly
differ. This indicates that the OH stretch vibrations are far less delocalized
at the surface of liquid H2O than in the bulk. For ice, the surface spectra of
H2O and HDO:D2O strongly differ, and this difference is comparable to the
difference observed between the bulk infrared absorption spectra of H2O and
HDO:D2O ice. This indicates that the surface OH stretch vibrations of H2O ice
are strongly delocalized, in contrast to H2O liquid water. The delocalization of
the OH stretch vibrations at the surface of H2O ice is likely caused by the highly
ordered crystal structure of ice that persists at the ice surface. Comparison of
the SFG spectra of HDO with bulk infrared spectra of HDO reveals that the
hydrogen-bond strengths at the surface and the bulk are quite similar, both for
liquid water and for ice.

8.1 Introduction

Water is a remarkable substance owing to the presence of a strong spatial net-
work of hydrogen bonds. This network is truncated at the surface, which gives
rise to unique properties like water’s high surface tension. These properties in
turn govern a broad variety of biological and environmental processes. [13, 142,193]

The understanding of the physical properties of the surface structure of water
and ice at the molecular level is thus of broad scientific interest. Unfortunately,
the detailed study of the surface properties of water and ice is complicated
because the surface region is very thin compared to the bulk and not many
techniques are sufficiently surface-specific. [194]
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Intermolecular coupling at the surfaces of water and ice 8.2

Over the last three decades, sum-frequency generation (SFG) spectroscopy
has emerged as an extremely useful tool to study the molecular structure of
water surfaces. [68, 75,194] SFG is a second-order (χ(2)) optical process that is
forbidden in centrosymmetric media like bulk water, but allowed at its surface.
As detailed in Chapter 3, the method involves the frequency mixing of an IR
and a VIS laser pulse, yielding a signal at the sum frequency. The SFG response
is strongly enhanced when the IR frequency matches a vibrational resonance,
making it a selective probe for surface vibrations. For the OH stretching vi-
brations of water, the frequency is strongly influenced by the strength of the
hydrogen bonds. As a result, the Imχ(2) spectrum is a sensitive probe of the
molecular structure of the water surface.

The spectrum of water is not only affected by the strength of the hydrogen-
bond interactions, but also by resonant intermolecular interactions, often re-
sulting from dipole–dipole (Föster) coupling. In neat H2O the stretching vi-
bration of an OH group couples both with the other OH group of the same
molecule (intramolecular coupling) and to other OH oscillators in the vicinity
(intermolecular coupling). As a result, the vibrational modes are delocalized
over many OH oscillators, which has a profound effect on the spectrum and
impedes a direct connection between the hydrogen-bond strength and the reso-
nance frequency. [101,195] Resonant intermolecular interactions can even change
the apparent orientation of molecular groups. [73]

In this chapter we examine the effect of resonant intermolecular interactions
at the surface of liquid water and ice by studying different isotopic mixtures of
H2O and D2O using phase-resolved SFG spectroscopy. For isotopically dilute
HDO in D2O, OH oscillators are effectively uncoupled from the surrounding
OD oscillators and other local modes, owing to the large frequency mismatches.
As a result, the Imχ(2) spectrum of HDO:D2O can be interpreted in terms of
isolated well-localized OH stretch oscillators.

8.2 Experimental methods and analysis

Water samples of various isotopic mixtures are prepared by mixing ultrapure
water H2O (with a resistivity of 18.2 MΩ cm at 25 ○C) with D2O (>99.9 %D,
Cambridge Isotope). The liquid water samples are measured in a teflon cup.
The growth and handling of single crystal ice are detailed in Chapter 6. For the
growth of H2O : 3D2O ice, the maintaining temperatures of the water bath and
the seed crystal are increased by 2.7 K to account for the higher melting point
with respect to H2O.

The experimental configuration of the phase-resolved SFG laser setup is
described in Chapter 6. The spectra are collected in an ssp-configuration of
the polarizations (SF,VIS,IR) and normalized to a reference spectrum obtained
from z-cut quartz. The Fresnel factors [48] are calculated using literature values
for the optical constants of water, [192,196] ice, [16] and quartz. [159] The dielec-
tric constant of liquid HDO:D2O is approximated by taking the average of the
dielectric constants of H2O and D2O, weighted by their relative concentrations.
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8.3 Intermolecular coupling at the surfaces of water and ice

In the calculation of the dielectric constant of HDO:D2O ice, the dielectric con-
stant of D2O ice is calculated by frequency shifting the optical constants of H2O
ice by a factor of 1/1.35. This simplification is justified because D2O has no
strong vibrational resonances above 2900 cm−1. We verify the validity of the
approximation for the liquid phase, for which literature values of the optical
constants are available. [192,196] The effective refractive index of the interfacial
layers has been calculated using a slab model. [44] We take the effective χ(2)

value of quartz to be 3 ⋅ 10−20m2 V−1 for our experimental configuration, based
on a bulk response of 8 ⋅ 10−13m V−1. [162]

In phase-resolved SFG it is essential that the sample and reference are mea-
sured at the same height, as a difference in height will lead to a phase offset in
the recorded χ(2) spectrum. The height of the reference and sample is set to
a precision of 10 μm, as determined by the height of the sum-frequency signal
on the CCD camera. Evaporation of the liquid water sample during the typical
acquisition time of 300 s is a potential threat to an accurate determination of
the phase. [172] We account for this by setting the initial height of the sample
slightly higher, i.e. by half the height loss due to evaporation. This procedure
leads to an overall phase uncertainty of the acquired χ(2) of ∼10○. At low iso-
topic concentrations, the Imχ(2) value is very sensitive to the correct reference
phase, due to a large non-resonant background contribution (described below).
Therefore, we phase-shift the spectra within the phase accuracy to an average
Imχ(2) of zero between 2850–3000 cm−1 conforming previous work. [53, 73,197]

The mean applied phase shift is 6○. After phasing, 10–20 spectra are averaged
for each isotopic dilution.

8.3 Results and discussion

The Imχ(2) of the liquid water–air interface at different isotopic concentrations
is presented in Fig. 8.1. The signal scales with the number of chromophores
and decreases consequently with increasing isotopic dilution. The spectra show
a main negative band with a peak at ∼3425 cm−1 and a positive band near
3700 cm−1. We observe an isosbestic point at ∼3570 cm−1 near the zero-crossing.
The spectrum also shows a feature at ∼3620 cm−1 that strongly decreases with
isotopic dilution. This feature has been assigned to water molecules with 2
donor and 1 acceptor hydrogen bonds. [73, 172] The OH groups of such molecules
are oriented away from the surface, and intramolecular coupling gives rise to
an antisymmetric mode which contributes positively to the Imχ(2) response in
an ssp-polarization configuration. Intramolecular coupling also effects the fre-
quency of the free OH mode: The position of the free OH mode shifts from∼3702 cm−1 in pure H2O to ∼3692 cm−1 for diluted HDO. In a previous study
by Stiopkin et al. [73] a similar shift of ∼17 cm−1 has been observed for the free
OD mode. The observed shift of ∼10 cm−1 for the free OH mode exactly agrees
with their predictions and is smaller than for the free OD mode because the nat-
ural frequency is a factor of ∼√2 larger for the free OH mode. [73] In addition,
the intramolecular coupling is somewhat weaker in H2O than in D2O. [73, 167]
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Intermolecular coupling at the surfaces of water and ice 8.3
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Figure 8.1: Imaginary part of the second-order susceptibility of
the water–air interface at 295 K with various isotopic concentrations.
The indicated H2O :nD2O ratios quickly exchange to a mixture of
H2O :HDO :D2O ≈ 1 : 2n :n2. [198] The maximum of the negative band and the
position of the free OH mode of H2O are indicated by dashed lines.

The positive amplitude of the free OH mode in the Imχ(2) spectrum reflects
its orientation outward from the bulk. The negative imaginary band below
3570 cm−1 correspond to hydrogen-bonded OH groups with a net orientation
toward the bulk. The peak position is ∼3425 cm−1 and does not change with
isotopic concentration (within experimental uncertainty). The spectra with iso-
topic dilutions of H2O : 3D2O and H2O : 4D2O have similar spectral shapes,
indicating that the spectrum with an isotopic dilution of H2O : 3D2O (corre-
sponding to H2O :HDO :D2O ≈ 1 : 6 : 9) can be regarded to represent the spectra
of OH vibrations of HDO molecules that are not coupled to other nearby OH
oscillators.

A comparison between the sum-frequency spectra of liquid H2O and
HDO:D2O is shown in Fig. 8.2a. The spectral shapes of the main hydrogen-
bonded bands are surprisingly similar. For HDO the band is somewhat narrower
(by ∼20 %) at the low frequency wing of the band. This difference is likely
the result of the complete switching off of the resonant intermolecular coupling
upon isotopic dilution of the OH oscillators. [199]

Previously, the hydrogen-bonded region of the Imχ(2) spectrum of the liq-
uid water–air interface has been reported to contain a positive band at low
frequency. [199,200] The presence of this band likely results from a small offset
in the determined phase, [53, 197,201] which leads to a transfer from the real part
of χ(2) to its imaginary part. Because Reχ(2) contains a non-resonant back-
ground contribution. [163] A phase offset significantly distorts the spectral shape
of Imχ(2), especially in the low frequency region where Imχ(2) is small com-
pared to Reχ(2). The χ(2) spectrum of HDO:D2O contains a relatively large
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8.3 Intermolecular coupling at the surfaces of water and ice
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Figure 8.2: (a) Imaginary part of the second-order susceptibility of H2O and
H2O : 3D2O at 295K. (b) Linear absorption spectra of H2O and a mixture of
4 % HDO in D2O at 295K.

non-resonant background contribution in comparison to the χ(2) spectrum of
pure H2O. As a result, a phase offset leads to a much stronger spectral distortion
for HDO:D2O than for pure H2O. Hence, the difference between the present and
previous observations for the Imχ(2) spectrum of HDO:D2O, can be explained
from a phase offset in the previous data. [199,200] The present Imχ(2) spectrum
of the liquid H2O–air interface is very similar to the recently reported spectra
of Yamaguchi, [197] Nihonyanagi et al., [53] and Sun et al. [161]

Figure 8.2b shows (bulk) infrared absorption spectra of H2O and isotopically
diluted water (HDO:D2O). The H2O absorption spectrum is strongly affected
by intermolecular coupling. [101] The intermolecular coupling leads to a signifi-
cant broadening of the H2O spectrum by 65 % with respect to the HDO:D2O
absorption spectrum. The broadening in the bulk spectrum is much larger than
in the sum-frequency spectrum. This indicates that the amount of vibrational
delocalization is much smaller at the surface of liquid H2O than in the bulk
of the liquid. This observation agrees with the results of molecular dynamics
simulations performed by Auer and Skinner. [101,202] These simulations show
the vibrational eigenstates to be delocalized over up to 12 OH groups in the
bulk and only few OH groups close to the surface boundary. [101,202]

For HDO:D2O, the maximum of the Imχ(2) spectrum is blueshifted by only∼20 cm−1 with respect to the maximum of the bulk infrared spectrum. The sur-
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Intermolecular coupling at the surfaces of water and ice 8.3

face and bulk spectra of HDO:D2O also show a quite similar width and spectral
shape. These observations show that the hydrogen bonds at the surface are
comparable in strength to the hydrogen bonds in the bulk, which supports the
observation by other work of a remarkably fast onset of a bulk-phase hydrogen-
bond structure when entering the surface of water. [73, 114,203]

In contrast to the observations for the Imχ(2) spectrum, the intensity spec-
tra (∣χ(2)∣2) of the liquid water–air interface of H2O and HDO:D2O differ sub-
stantially. [204–207] In Fig. 8.3 we show the experimentally obtained Imχ(2)

(top panel), Reχ(2) (middle panel), and the constructed ∣χ(2)∣2 (bottom panel),
both of liquid H2O and HDO:D2O. It is clearly seen that the intensity spectra
of H2O and HDO:D2O strongly differ. From the Imχ(2) spectra it is clear that
this difference is not caused by resonant intermolecular coupling effects on the
spectrum of the OH stretch vibrations of H2O. The origin of this difference
can in fact be found in the Reχ(2) spectra. These spectra show that χ(2) also
possesses a quite strong non-resonant contribution as a frequency-independent
contribution with a negative sign to Reχ(2). [163] The non-resonant background
is relatively larger for isotopically diluted water than for neat water. As a re-
sult, the non-resonant contribution has a much stronger effect on the intensity
spectrum for HDO:D2O than for H2O, leading to a strong difference between
these spectra. For instance, due to the non-resonant contribution, the peak po-
sition of the free OH mode is far more strongly shifted in the intensity spectrum
of HDO:D2O than in the intensity spectrum of H2O. We can correct the spec-
tra for the non-resonant contribution by subtracting a frequency-independent
contribution from the experimentally obtained Reχ(2). In the middle panel of
Fig. 8.3 we show the experimentally obtained Reχ(2) (dashed lines) and the
corrected Reχ(2) (solid lines). Using the corrected (resonant-only) Reχ(2) we
can construct corrected intensity spectra for HDO:D2O and H2O. These spectra
are shown as the solid lines in the lower panel of Fig. 8.3. Correction for the
non-resonant background yields intensity spectra for H2O and HDO:D2O that
are strikingly similar, again indicative of the weak effect of resonant intermolec-
ular coupling on the OH stretch vibrations at the surface of liquid water. It is
thus clearly seen that the shape of the intensity spectra of isotopically diluted
water is strongly influenced by the non-resonant background. Furthermore, the
peak at 3200 cm−1 in the H2O spectrum, which has been previously assigned
to ice-like water, [194,208] is suppressed in the intensity spectra if these spectra
are corrected for the non-resonant background.

The current observations show that the SFG response of the OH stretch
vibrations at the liquid water-air interface is quite similar for HDO:D2O and
H2O, which indicates that at the water surface the effects of intermolecular cou-
pling are small, and that the OH vibrations of H2O are only weakly delocalized.
This result does not necessarily hold for charged aqueous interfaces, as in these
studies the depth over which water molecules contribute to the sum-frequency
signal can be substantially larger. [170,209] It has indeed been observed that
the Imχ(2) responses of pure and isotopically diluted water can show profound
differences in case the liquid-water surface is charged. [207,210,211] Apparently,
if liquid water is probed over a larger depth, the intermolecular coupling and
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8.3 Intermolecular coupling at the surfaces of water and ice
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Figure 8.3: Effect of the non-resonant background on the spectral shape of
∣χ(2)∣2 for H2O and H2O : 3D2O at 295 K. The resonant χ(2) response (solid
lines) is obtained by subtracting a real background constant from the experi-
mentally obtained χ(2) (dash-dotted lines).
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Intermolecular coupling at the surfaces of water and ice 8.3
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Figure 8.4: (a) Imaginary part of the second-order susceptibility of the basal
face of H2O ice and H2O : 3D2O ice at 245K. (b) Linear absorption spectra of
H2O ice and a mixture of 4 % HDO in D2O ice at 245K.

delocalization of the OH vibrations does play an important role for the shape
of the observed Imχ(2) spectrum of H2O.

We also investigated the role of resonant intermolecular coupling for the sur-
face of ice. In Fig. 8.4a we show the Imχ(2) spectrum of the basal faces of H2O
and H2O : 3D2O ice crystals at 245 K. Above 3500 cm−1, the Imχ(2) spectrum is
positive and contains two features: a resonance at ∼3700 cm−1 corresponding to
non-hydrogen-bonded free OH groups sticking out of the ice surface, and a band
at ∼3570 cm−1. We assign the latter band to an antisymmetric OH mode involv-
ing surface water molecules with two OH groups pointing away from the surface
and a dangling electron pair, equivalent to the mode observed at ∼3620 cm−1

in the liquid H2O spectrum. [73] The redshift of ∼50 cm−1 can be well explained
from the stronger hydrogen bonds of ice compared to liquid water. The position
of the free OH is ∼8 cm−1 higher for H2O ice than for HDO:D2O ice, caused by
the presence of near-resonant intramolecular coupling for H2O, similar to what
is observed for the surface of liquid water. The observed frequency shift for
ice is slightly smaller than the ∼10 cm−1 shift observed for liquid water, which
can be well explained from the larger frequency difference between the free OH
oscillator and the other OH group located on the same H2O molecule of H2O
ice compared to H2O water. [73]
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8.4 Intermolecular coupling at the surfaces of water and ice

The spectral shapes for H2O and HDO:D2O ice are very different below
3500 cm−1. The negative imaginary band of the H2O spectrum can be described
by two bands, of which the strongest is located at 3230 cm−1. The other, less
strong negative imaginary band is located at ∼3440 cm−1. The HDO spectrum
below 3500 cm−1 consists of a single negative imaginary band at ∼3310 cm−1.
The marked difference between the Imχ(2) spectra of H2O and HDO:D2O ice
indicates that the OH vibrations at the surface of ice are strongly delocalized,
which clearly deviates from the results obtained for liquid water for which we
observed the Imχ(2) spectra of H2O and HDO to be quite similar.

In Fig. 8.4b we present (bulk) infrared absorption spectra of H2O and isotopi-
cally diluted ice at 245 K. The HDO spectrum has a single mode at ∼3300 cm−1.
This mode is much narrower and has a lower frequency for ice than for liq-
uid HDO:D2O, reflecting the narrower distribution of hydrogen bonds in ice
and their increased strength. For HDO:D2O ice, the bulk resonance frequency
is close to the maximum of the sum-frequency spectrum, redshifted by only∼10 cm−1. Hence, the strength of the hydrogen bonds at the ice surface is
similar to the bulk ice value, as was the case for liquid water.

The infrared absorption spectra of HDO:D2O and H2O ice strongly differ,
which can be explained from the effect of intermolecular coupling and resulting
delocalization of the OH oscillators in pure H2O. [165,167] The difference observed
in the linear infrared absorption spectrum is comparable to the difference ob-
served in the Imχ(2) spectrum. The observation of a similar difference between
HDO and H2O for the surface Imχ(2) spectra indicates that the OH vibrations
of H2O ice are approximately equally strongly delocalized at the surface of H2O
ice at 245 K as in the bulk. This observation is supported by previous theoretical
work by Ishiyama et al. [174,175] Their molecular dynamics simulations indicate
that the persistence of the tetrahedral structure at the ice surface augments the
delocalization of the surface OH vibrations. [174]

8.4 Conclusions

In summary, we studied the strength of the hydrogen-bond interactions and
the effects of resonant intermolecular interaction at the surfaces of liquid water
and ice using phase-resolved SFG experiments. We observe the Imχ(2) spectra
of isotopically diluted (HDO:D2O) and pure water to be rather similar, which
indicates that the OH vibrations are only weakly delocalized at the liquid-water
surface. In contrast, the bulk absorption spectrum of pure H2O is much broader
than for HDO:D2O. This indicates that the OH stretch vibrations are strongly
delocalized in the bulk. For ice at 245 K, the Imχ(2) spectrum of H2O strongly
differs from that of HDO:D2O. A comparable difference is found in the linear
absorption spectra of H2O and HDO:D2O, which indicates that the OH stretch
vibrations of H2O ice are strongly delocalized both in the bulk and at the surface
of ice at 245 K. This is likely caused by the persistence of the bulk tetrahedral
structure of ice towards the surface at temperatures well below the melting
point.
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