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Vibrational coupling between interfacial water molecules is important for energy dissipation after on-
water chemistry, yet intensely debated. Here, we quantify the interfacial vibrational coupling strength
through the linewidth of surface-specific vibrational spectra of the water’s O─H (O─D) stretch region for
neat H2O=D2O and their isotopic mixtures. The local-field-effect-corrected experimental SFG spectra
reveal that the vibrational coupling between hydrogen-bonded interfacial water O─H groups is comparable
to that in bulk water, despite the effective density reduction at the interface.
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Water surfaces are omnipresent and essential for various
interfacial phenomena such as evaporation [1–3] and on-
water surface chemical reactions [4,5]. The characteristic
hydrogen-bond (H-bond) structure at the interface gives
rise to several peculiar properties of liquid water surfaces.
The interface constitutes a confined environment for
molecules to generate incomplete solvation, accelerating
specific chemical reactions compared to the bulk [4,5].
Such (photo-)chemical reactions on the water surface
release excess energy at the surface, which is generally
dissipated efficiently into the bulk. Inversely, the process of
evaporation requires the instantaneous pooling of excess
energy to enable the release of individual water molecules
into the vapor phase [1]. One of the energy transfer
pathways involves an efficient exchange of vibrational
energy quanta between O─H groups—both within one
water molecule (intramolecular) and between water mol-
ecules [intermolecular, see Figs. 1(a) and 1(b)]. Couplings
between the transition dipole moments enable such an
energy transfer [6,7]. In pure H2O, energy transfer between
the O─H stretch vibrations is highly effective, taking place
on <200 fs timescales [6–9].
This strong vibrational coupling is also reflected in the

linear, infrared absorption spectrum of bulk liquid water
[10,11]: the coupling between different O─H groups is
sufficiently strong that it leads to a substantial broadening
of the O─H stretch response. Indeed, this broadening

disappears when the coupling between the O─H stretch
vibrations is switched off by isotopically diluting O─H
groups in D2O (i.e., when investigating the O─H stretch
vibration of HOD in D2O) [10]. In particular, the appear-
ance of a 3000–3300 cm−1 shoulder has been assigned to a
vibrational quantum being delocalized over ∼10 water
molecules through intermolecular vibrational coupling
[11,12]. In contrast, intramolecular vibrational coupling
is known to play a minor role in the lineshape and width of
the O─H stretch band of bulk water [10,11,13].
While the effect of coupling on the vibrational spectral

response in bulk is uncontested, this is not true for the
surface, and different conclusions have been drawn on the
extent of vibrational coupling between interfacial water
molecules. As a second-order nonlinear optical (χð2Þ)
technique, heterodyne-detected sum-frequency generation
(HD-SFG) spectroscopy has been used to selectively probe
the response of the few topmost water layers at the air-water
interface [14–17]. The SFG spectrum of water’s O─H
stretch mode shows a positive 3700 cm−1 and a negative
3400 cm−1 feature [18,19]. The 3700 cm−1 peak arises
from the free O─H stretch mode of the topmost water
molecules with one H-bond donor. These free O─H groups
are largely uncoupled from the bulk and require structural
rearrangement to transfer vibrational energy to the bulk, by
H bonding with subsurface water molecules [17,20]. The
3400 cm−1 peak is attributed to the H-bonded O─H group
of interfacial water molecules [19]. It has been debated to
what extent the negative band arises not only from the
intrinsic vibrational feature of H-bonded O─H groups but
also from the intra- and intermolecular vibrational coupling
of the O─H stretch mode [15,16,21–23].
Attempts to quantify the vibrational couplings of inter-

facial water molecules have been made using isotopic
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dilution of water in (time-resolved) SFG measure-
ments [14–16,20,22–27] and SFG spectra simulations
[14,21,22,28,29]. The resulting conclusions on the vibra-
tional coupling of water at the air-water interface differ
substantially between the different studies. For example,
previous simulations show a drastic change in the negative
band in the Imχð2Þyyz spectra upon isotopic dilution [21,28],
where the xy and xz planes form the surface and the
incident plane of the beams, respectively. In contrast,
experiments [22,26] have indicated that the change of

the Imχð2Þyyz spectra upon the isotope dilution is substantially
less pronounced than that of the infrared (IR) and Raman
spectra of bulk water. As such, the impact of the vibrational
coupling on the SFG spectra of the O─H stretch mode of
water, and thereby the efficacy of vibrational energy
transfer at the surface, is still underdebated.
To address this question, we perform HD-SFG measure-

ments using the ssp polarization combination at the air
(neat) water and air (isotopically) diluted water interfaces in
the O─H stretch and O─D stretch regions, where, ssp
denotes the s-, s-, and p-polarized SFG, visible, and IR

beams. While the measured raw [Imðχð2Þeff Þssp] spectra for
neat and isotopically diluted water are fairly similar, the

molecular responses embodied by the Imχð2Þyyz spectra are

very different. The Imχð2Þyyz spectra are obtained from the

ðχð2Þeff Þssp spectra by correcting for local field effects on the
Fresnel factors [19]. The experimentally deduced O─H
stretch Imχð2Þyyz spectra at the air/HOD in D2O interface
agree with the simulated data, ensuring the robustness of
the current analysis. Our results resolve the controversy
on the strength of vibrational coupling of surface water
[14–16,21,22,26,28].
First, we measured the HD-SFG spectra of the vibra-

tional O─H stretch mode from the interfaces of air-neat
H2O and air=H2O─D2O mixture with an H∶D ratio of 1∶4.
The measured ðχð2Þeff Þssp spectra are displayed in Figs. 1(c)
and 1(d) for the neat H2O and H∶D ¼ 1∶4 water samples,

respectively. The Imðχð2Þeff Þssp amplitude of the neat H2O
sample is ∼5 times larger than that of the H∶D ¼ 1∶4
isotopically diluted water sample. Figure 1(e) compares the

Im ðχð2Þeff Þssp spectra of neat and isotopically diluted water. A
cursory inspection of the data indicates rather limited
vibrational coupling at the interface, given the similarity
between the two spectra. A more detailed comparison
indicates five main changes in the spectral features. (i) The
free O─H peak is redshifted by 8 cm−1 upon isotopic
dilution, consistent with Refs. [24,26]. This redshift is due

FIG. 1. (a),(b) The schematic of intramolecular and intermolecular vibrational couplings in the (a) neat H2O and (b) isotopically
diluted water solution. The intramolecular and intermolecular vibrational couplings represent the coupling between the transition dipole

moments of each O─H group. (c),(d) Experimentally measured ðχð2Þeff Þssp spectra of vibrational O─H stretch mode at (c) the air-neat H2O
interface and (d) the air=H∶D ¼ 1∶4 isotopically diluted water interface. Solid and dashed lines represent the imaginary and real parts of

spectra, respectively. (e) Imðχð2Þeff Þssp and (f) Imχð2Þyyz spectra. All spectra were normalized to the negative peak maxima.
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to the missing energy splitting of the free O─H group and
H-bonded O─H group in the same water molecule [24].
(ii) The 3600 cm−1 shoulder peak vanishes upon isotopic
dilution, because the antisymmetric stretch peak of
H-bonded H2O molecules is absent in the HOD molecule
[15,21,24]. (iii) The negative band below 3350 cm−1 is
slightly reduced in amplitude upon isotopic dilution.
(iv) A slight but non-negligible positive band in the
3000–3200 cm−1 region is observed for the isotopically
diluted H2O sample, but it is absent in the neat H2O sample.
(v) A 3250 cm−1 shoulder is observed for neat H2O, but is
absent for isotopically diluted H2O, which is attributed to
the Fermi resonance present only for pure H2O [23,30].

To retrieve the truewater response χð2Þyyz from themeasured

ðχð2Þeff Þssp spectra, we have to correct for the local field effects
using the Fresnel factors LaaðωiÞ:

χð2Þyyz ¼ ðχð2Þeff Þssp=
�
LyyðωÞLyyðω1ÞLzzðω2Þ sin β2

�
; ð1Þ

where ω, ω1, and ω2 denote the frequencies of the SFG,
visible, and IR beams, respectively [19]. LaaðωiÞ is the aa
component of the Fresnel factor at frequency ωi, and β2
denotes the incident angle of the IR beam in respect to
surface normal. Lzzðω2Þ contains the frequency-dependent
interfacial dielectric profile term [ε0ðωÞ] [31], approximated
here using the Lorentz model. We demonstrated that the
Lorentz model (ε0 ¼ ε, i.e., approximating the interfacial
dielectric function by that of bulk water ε) provides an
excellent approximation of the interfacial dielectric function

for O─H stretch ðχð2Þeff Þssp spectra of water [30,32] (See
Supplemental Material III [33] for dielectric spectra for
H∶D ¼ 1∶4 isotopically diluted water, which includes

Refs. [31,34–37]). The obtained Im χð2Þyyz spectra are dis-
played in Fig. 1(f). The trends of (i), (ii), (v) are unchanged in

the Im χð2Þyyz spectra, while trend (iii) is amplified and trend
(iv) no longer exists: after removal of Fresnel factor,
the vibrational coupling feature in 3100–3400 cm−1 is
enhanced, and the 3000–3200 cm−1 positive band vanishes.
The very broad negative feature for pure H2O is con-

sistent with the previous simulations [21,28], but at odds
with several experimental reports [22,26]. This discrepancy
can be traced to the interfacial dielectric profile used in the
Fresnel factor correction. Unlike our previous studies using
the Lorentz model (ε0 ¼ ε) [30,32], Refs. [22,26] used the
slab model [ε0 ¼ ½εðεþ 5Þ=ð4εþ 2Þ�], which provides

similar line shapes of Imχð2Þyyz and Imðχð2Þeff Þssp spectra

[38]; because the Imðχð2Þeff Þssp spectra of the neat and
isotopically diluted H2O are similar, the processed

Imχð2Þyyz spectra are similar with the slab model, leading
to the conclusion that the impact of the vibrational coupling
is weak compared with bulk water [22,26]. Trend (iv) on
the top of the constant phase shift of the spectra [38,39] has

been debated [16,40], and is attributed to icelike water [15]
as well as to nuclear quantum effects [41]. However, our
data clearly show that 3000–3200 cm−1 positive band

feature observed in the Imðχð2Þeff Þssp spectra (see detailed
discussion in the Supplemental Material [33]) vanishes in

the Imχð2Þyyz spectra; the positive feature results from the
Fresnel factor, not from properties of interfacial water
[42,43].
Now we turn our focus to SFG spectra of the vibrational

O─D stretch mode for the neat D2O and H2O─D2O
mixture solution with H∶D ratio of 3∶1. The measured

ðχð2Þeff Þssp spectra are displayed in Figs. 2(a) and 2(b), while

Figs. 2(c) and 2(d) display the comparison of the ðχð2Þeff Þssp
and Imχð2Þyyz spectra of the neat and isotopically diluted D2O
samples. Trends (ii)–(v) are similarly observed in the O─D
stretch region, while the free O─D peak is redshifted by
16 cm−1 upon isotopic dilution [24,44]. Similar to the
O─H stretch mode, the Fresnel factor correction leaves
trends (i), (ii), and (v) unaffected, while trends (iii) and
(iv) change through the Fresnel factor correction; the
difference of the negative 2450 cm−1 band between the
neat and isotopically diluted D2O is enhanced, and
the weak positive band in the 2250–2350 cm−1 region
vanishes after removal of Fresnel factor.
A question arising here is how the Fresnel factor

correction affects the spectral shape of the Imχð2Þyyz spectra.

FIG. 2. (a),(b) Experimentally measured ðχð2Þeff Þssp spectra of the
O─D stretch mode at (a) the air-neat D2O interface and (b) the
air=H∶D ¼ 3∶1 isotopically diluted water interface. Solid and
dashed lines represent the imaginary and real parts of the spectra,

respectively. (c),(d) Comparison of (c) Imðχð2Þeff Þssp and (d) Imχð2Þyyz

spectra. All spectra were normalized to the negative peak
maxima.
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To address this question, we decomposed the Imðχð2Þeff Þssp
spectra into the three terms;

Imðχð2Þeff Þssp ¼ sin β2
�
ImLyyzReχ

ð2Þ;NR
yyz þ ImLyyzReχ

ð2Þ;R
yyz

þ ReLyyzImχð2Þ;Ryyz
�
; ð2Þ

where LyyðωÞLyyðω1ÞLzzðω2Þ is abbreviated as Lyyz and

χð2Þ;NR
yyz (χð2Þ;Ryyz ) denotes the nonresonant (resonant) part of

χð2Þyyz. Because χ
ð2Þ;NR
yyz is real at the neutral interface [45,46],

we set χð2Þ;NR
yyz ¼ −4 × 10−22 m2 V−1.

The contributions from the individual terms in Eq. (2) are
displayed in Figs. 3(a) and 3(b) for neat and isotopi-
cally diluted H2O, respectively. The third term of

ReLyyzImχð2Þ;Ryyz sin β2 resembles the Imχð2Þ;Ryyz line shapes
for both neat and isotopically diluted H2O. The first term in

Eq. (2), ImLyyzReχ
ð2Þ;NR
yyz sin β2, lifts up the spectra, gen-

erating the positive 3000–3200 cm−1 feature in the iso-
topically diluted H2O data (trend (iv)). The second term,

ImLyyzReχ
ð2Þ;R
yyz sin β2, shows a positive-negative feature for

the neat H2O, which reduces the negative 3100–3400 cm−1

contribution in the Imðχð2Þ;Reff Þssp spectra for neat H2O (trend
(iii)). In contrast, it is negligible for isotopically diluted
H2O, because the non-resonant contribution is not present
in this term and thus the amplitude of this term differs ∼25
times between the neat H2O and H∶D ¼ 1∶4 solution,
unlike the other terms, which differ ∼5 times.
After obtaining the Imχð2Þyyz spectra, we discuss the

vibrational coupling between the interfacial and bulk water

responses by comparing the Imχð2Þyyz spectra with theffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
spectra, where αIR and IRaman are the bulk

infrared and Raman signals, respectively [21,26] (See
Supplemental Material I.C. and I.D [33] for Raman and
IR experiments, which include Refs. [47,48]). We used the

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
spectra, because SFG is composed of the IR

transition and Raman transition [21,26]. Recent studies of
the silica-water interfaces have shown the close resem-
blance between the

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
feature and the bulklike

Imχð3Þ feature, which results from the diffuse layer in the
electric double layer model [49,50], ensuring that theffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
spectra are the good reference for the bulk

signal (see Supplemental Material VIII [33] for the com-
parison between bulk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
spectrum and χð3Þ spec-

trum, which includes Refs. [51,52]). The data are shown in
Fig. 4(a). The full width at half maximum (FWHM) of the

negative Imχð2Þyyz band reduces by ∼31% upon isotopic
dilution (from 290 cm−1 of neat H2O to 200 cm−1 of
H∶D ¼ 1∶4 samples), and the bulk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
spectra

reduces by ∼32% (from 410 to 280 cm−1), indicating a
comparable inter- or intramolecular coupling effect
between the bulk water and the interfacial water.
However, the peak itself is substantially narrower in the

interfacial Imχð2Þyyz spectra than the bulk
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
spectra.

The reduced amplitude in the <3300 cm−1 region in the

Imχð2Þyyz spectra compared with the bulk can be attributed to
the fact that strongly H-bonded O─H groups tend to orient
along the surface [53,54], which are SFG-invisible.
Furthermore, we computed the negative peak area in the

Imχð2Þyyz spectra and compared them with the peak area in theffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
spectra. The reduction of the peak area in the

Imχð2Þyyz spectra upon isotopically diluting the water is 25%,
in good agreement with 24% reduction in the bulkffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p
spectra.

Above, we discussed the spectral shape and coupling
effect based on the Imχð2Þyyz spectra of neat and isotopically

diluted water. However, even the Imðχð2ÞyyzÞ spectrum of the
H∶D ¼ 1∶4 isotopically diluted water contains a small but

FIG. 3. (a),(b) Decomposition of the Imðχð2Þeff Þssp spectra of
(a) the air-neat H2O interface and (b) the air=H∶D ¼ 1∶4
isotopically diluted water interface based on Eq. (2). The black

lines represent the measured Imðχð2Þeff Þssp spectra. The spectra in
panel b were rescaled by a factor of 5. The detailed spectra of Lyyz

are shown in the Supplemental Material [33].

FIG. 4. (a) The comparison of normalized Imχð2Þyyz spectra (solid
lines) at the interface of the air-neat H2O and air=H∶D ¼ 1∶4
isotopically diluted water and corresponding bulk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αIRIRaman

p

spectra (dashed lines). (b) The inferred Imχð2Þyyz;HOD spectra
obtained from the H∶D ¼ 1∶2 and 1∶4 solutions. We also plot

the simulated Imχð2Þyyz spectrum at air-water interface for HOD in
D2O (see Supplemental Material [33]). All spectra were normal-
ized to the negative peak maxima.
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non-negligible impact of the vibrational coupling. While
we cannot remove the intermolecular coupling entirely, we
can remove the contribution from the remnant intramo-
lecular coupling (see Supplemental Material [33]) [15].

Figure 4(b) displays the inferred air/HOD in D2O Imχð2Þyyz

spectra together with the corresponding spectrum simulated
with the POLI2VS model of water [21,55]. The agreement

of the experimentally inferred Imχð2Þyyz;HOD spectra from
H∶D ¼ 1∶2 and 1∶4 solutions (see Supplemental Material

[33]) ensures that the Imχð2Þyyz;HOD spectrum is well con-
verged to the infinite diluted HOD in D2O case. Except for
the 3600 cm−1 shoulder peak region, the simulated and
experimental data agree. This 3600 cm−1 signature is
overestimated in the simulation due to the missing nuclear
quantum effects [30,42]. The overall agreement of the
spectral feature demonstrates the robustness of the simu-
lation data and ensures the validity of the analysis per-
formed here.
We confirmed that the surface and bulk have comparably

strong vibrational coupling between the O─H groups of
water. A remaining question is whether the line shape
broadening of the O─H stretch spectra arises from the
intermolecular vibrational coupling or intramolecular vibra-
tional coupling. After establishing the agreement between
the simulation and experiment, we quantified the strength of
the intramolecular and intermolecular vibrational coupling
by simulating the H2O spectra without intermole-
cular coupling [20]. The data are shown in Fig. 5(a).
Apparently, the line shape broadening is governed not by
the intramolecular coupling but by the intermolecular
coupling of the O─H stretch modes [20], consistent with
the situation in bulk water [11]. Thus, the comparable
vibrational coupling of bulk and interfacial water is attrib-
utable to the fact that the intermolecular vibrational coupling
occurs between the interfacial water molecules in the SFG

active layer with its ∼5 Å thickness. The hydrogen-bonded
water molecules nearest to the interface, where the effective
water density is somewhat reduced, are partially SFG
inactive [56].
A previous two-dimensional HD-SFG study [57] indi-

cated that the interfacial O─H groups consist of vibration-
ally coupled O─H groups and vibrationally uncoupled
O─H groups which are the other half of the free O─H
group. This Letter further shows that the spectral diffusion
of the vibrationally coupled O─H group is bulklike. Our
simulation analysis (see Supplemental Material IX [33] for
the definition of different types of water molecules, which
includes Ref. [58]) shows that the vibrationally uncoupled
O─H group does not change the FWHM, while the
vibrationally coupled O─H group has a bulklike vibrational
coupling (see Fig. 5(b) and Supplemental Material [33].).
Therefore, the observation of the FWHM in the spectral
decomposition analysis is consistent with the two-
dimensional HD-SFG study [57]. Overall, the vibrationally
coupled O─H groups dominate the SFG signature in the
low frequency side [24,57], altering the FWHM upon the
isotopic dilution.
In summary, we carried out the HD-SFG measurement at

the ssp polarization combination at the air-neat H2O (D2O)
and air=H∶D ¼ 1∶4 ðH∶D ¼ 3∶1Þ isotopically diluted
water interfaces. With the Lorentz model for the Fresnel
factor correction, we confirmed a significant impact of the

vibrational coupling on the Imχð2Þyyz spectra. Through
decomposing the spectra, we found that the impact of
the vibrational coupling is largely suppressed due to the

Fresnel factor in the Imðχð2Þeff Þssp spectra, solving the
controversial discussion on the impact of the vibrational
coupling of the interfacial water. Our analysis clarified that
the vibrational coupling of water is comparable for bulk and

interfacial water. The presented Imχð2Þyyz data for HOD in
D2O is the simplest and easiest target for the theoretical
modeling [15], which can be done with the frequency
mapping technique [59], surface-specific velocity-velocity
time correlation approach [43,60], as well as the general
time correlation approach [61,62].

All data required to evaluate the conclusions in the Letter
are available in the main text or in [33].
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