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ABSTRACT: Understanding the molecular-level structure and dynamics of
ice surfaces is crucial for deciphering several chemical, physical, and
atmospheric processes. Vibrational sum-frequency generation (SFG) spec-
troscopy is the most prominent tool for probing the molecular-level structure
of the air−ice interface as it is a surface-specific technique, but the molecular
interpretation of SFG spectra is challenging. This study utilizes a machine-
learning potential, along with dipole and polarizability models trained on ab
initio data, to calculate the SFG spectrum of the air−ice interface. At
temperatures below ice surface premelting, our simulations support the
presence of a proton-ordered arrangement at the Ice Ih surface, similar to that
seen in Ice XI. Additionally, our simulations provide insight into the
assignment of SFG peaks to specific molecular configurations where possible
and assess the contribution of subsurface layers to the overall SFG spectrum.
These insights enhance our understanding and interpretation of vibrational
studies of environmental chemistry at the ice surface.
KEYWORDS: Ice Surface, Sum Frequency Generation Spectroscopy, Machine Learning, Molecular Dynamics, Hydrogen Bonding

■ INTRODUCTION
The surface of ice provides a distinct molecular environment
that catalyzes environmentally impactful chemical reactions.1−3

Terrestrial ice formations such as snowflakes, glaciers, and ice
particles within cirrus and polar stratospheric clouds play a
crucial role in shaping the atmosphere’s chemical makeup and
heat distribution.4−6 The characteristics of ice surfaces undergo
significant changes with temperature. At temperatures below
∼170 K, ice exhibits a crystalline surface, with water molecules
frozen in position.7,8 As the temperature rises slightly, surface
molecule mobility increases while the bulk molecules remain
relatively static. Further temperature elevation to ∼200 K
enhances surface molecule mobility, leading to surface
premelting and the formation of a quasi-liquid layer.7,9,10 For
ice surfaces below the premelting threshold, surface water
molecules remain fixed over short observation periods.
However, over longer time scales, surface molecules can
migrate creating conditions conducive to reactions, albeit at a
slower rate than in the quasi-liquid layer.2,11,12 Therefore,
understanding the structure, dynamics, and local hydrogen
bonding environment of the ice surface is crucial for gaining
insights into reactions occurring in conditions below the
premelting range, as in space or stratospheric clouds.
Specifically, proton ordering on the surface of ice at

temperatures below 180 K has been suggested to affect the
adsorption of polar monomers, impacting physical and

chemical reactions in ice clouds and ice growth.13 Despite
hexagonal ice having a proton-disordered bulk, its surface may
exhibit proton ordering, but to what extent remains unknown.
There is thermodynamic evidence for an ordered striped
surface.14,15 However, ice surfaces may not be in the lowest
free energy state in naturally occurring environments. Further
theoretical studies, such as ab initio molecular dynamics (MD)
simulations, and experiments, are necessary to determine the
extent and nature of proton ordering to further determine its
influence on the properties of ice surfaces, including their
interaction with adsorbed species.
Experimentally probing the surface of ice and its proton

ordering presents difficulties due to the vastly greater number
of molecules in the bulk phase. It is essential to use a surface-
sensitive and minimally invasive technique, as the ice surface is
susceptible to melting and irreversible deformation.16 Sum-
frequency generation (SFG) spectroscopy has proven to be a
powerful technique for studying the surface of ice as this
technique is noninvasive, highly surface-specific, and selective
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to molecular functional groups.17,18 Two commonly used SFG
techniques are the homodyne and the heterodyne mode.
Homodyne SFG measures the magnitude of the second-order
nonlinear susceptibility |χ(2)|2, while heterodyne SFG can
measure both the imaginary part (Imχ(2)) and the real part
(Reχ(2)) of the second-order nonlinear susceptibility. In
homodyne SFG, |χ(2)|2 provides a measure of the overall
intensity of the SFG signal, reflecting the magnitude of the
nonlinear response of the system but without detailed phase
information. In heterodyne SFG, the Imχ(2) spectrum reveals
information about the orientation of the transition dipole
moment, which provides insights into the molecular
orientation for a given vibrational mode.19,20 Whereas
heterodyne SFG requires more careful interpretation and
experimentation it can lead to a more comprehensive
understanding of molecular orientations and interactions at
interfaces.21,22 Being able to assign SFG peaks to specific
molecular configurations of water would greatly enhance the
interpretation of vibrational spectroscopy experiments at the
air−ice interface, especially when adsorbed molecules are
present. Additionally, determining contributions from subsur-
face layers would clarify how deeply adsorbed molecules
penetrate the ice surface, further aiding in the interpretation of
experimental SFG spectra.
There are limited published experimental SFG spectra of the

air−ice interface at temperatures lower than the onset of
premelting, and those available often show discrepancies.
Notably, there is a controversy regarding the O−H stretching
mode in the 3000 ≤ ω ≤ 3400 cm−1 frequency range of
heterodyne SFG spectra. Nojima et al.23 reported large positive
feature in the Im χssp

(2) spectrum for ice Ih at 130 K. They
attribute this peak to the surface with “H-up” proton order,
implying that a majority fraction of water molecules near the
air−ice interface point their free O−H upward to the air,
suggesting that proton disorder is not preserved at the surface
of ice Ih.

24 In contrast, Smit et al.16 observed small positive at
3110 cm−1 and large negative feature at 3150 cm−1 in the Im
χssp
(2) spectrum at 150 K. They attribute these features to a bulk
response through the electric quadrupole transition.16,25,26

Yamaguchi et al.27 attribute these experimental discrepancies
to differences in the experimental setup. Due to difficulties in
carrying out SFG experiments at the air−ice interface, it is
important to be cautious with the interpretation of the peak
between 3000 ≤ ω ≤ 3400 cm−1 in the O−H stretching region
of the Im χssp

(2) SFG spectrum. As for the O−H stretching mode
in the 3400 ≤ ω ≤ 4000 cm−1 frequency region, Smit et al.16

report a broad positive peak around 3530 cm−1 and another
around 3700 cm−1, corresponding to the free O−H stretching
at the water/ice surface. Currently, experimental estimates for
the low-frequency region of the heterodyne SFG spectra of the
ice surface are lacking, mainly due to measurement difficulties.
Experimental SFG data alone are insufficient for correlating
spectroscopic observations with molecular structure, making
atomistic simulations necessary for a comprehensive micro-
scopic understanding.
Several theoretical studies have characterized the SFG

spectrum of the air−ice interface, employing various system
sizes, time scales, and theoretical approaches. Smit et al.16 use
classical MD simulations to interpret only the positive feature
in the experimental Im χssp

(2) spectrum at 3530 cm−1. They
attribute the feature mainly to the asymmetric OH stretching
of four coordinated molecules at the ice surface. Ishiyama et
al.28 used QM/MM to calculate the heterodyne and homodyne

SFG spectra of the ice surface at 130 K. Their heterodyne
spectrum aligns with the experimental spectrum of Smit et al.16

in the 3000 ≤ ω ≤ 3400 cm−1 range, which they attribute to
asymmetric contributions of charge transfer from the
interstitial bilayer region. However, their spectrum lacks the
high-frequency positive peak in the 3400 ≤ ω ≤ 3600 cm−1

range and the free O−H peak, suggesting potential issues with
convergence. Wan and Galli29 used perturbation theory to
investigate the homodyne SFG spectrum. They incorporated
bulk quadrupolar contributions to their calculations and found
that these contributions produce appreciable differences in the
3000 ≤ ω ≤ 3400 cm−1 range of the O−H stretching band of
the PPP polarization spectra, supporting the findings of
experimental results.16,25,26 A comprehensive review of
previous experimental and theoretical work on the SFG
spectrum of the ice surface highlights key findings and
discrepancies.18 Despite the range of reported experimental
and theoretical SFG spectra, a unified understanding of the
SFG spectrum at the air−ice interface is still lacking.
To obtain a comprehensive understanding of the SFG

spectrum at the air−ice interface and the proton ordering on
the Ih surface, we perform a detailed characterization of the
vibrational spectrum of the ice surface using classical MD
simulations. This is accomplished by utilizing machine-learned
potentials (MLPs), dipole, and polarizability models trained on
ab initio data, enabling large-scale and long-time MD
simulations for on-the-fly SFG spectrum calculations. In
several cases, calculating SFG spectra needs nanosecond-long
MD simulations and relatively large-scale models to attain size
and time convergence. The time-scale issue is related to the
noise of the cross-correlation between the dipole and
polarizability terms and may be attenuated using the truncate
correlation function formalism,30 but the need for sufficiently
thick slab models (see Figures S1−S3) makes ab initio MD
simulations extremely computationally expensive. For this
reason, we harness the speed-up of at least 3 orders of
magnitude, relative to first-principles MD simulations, that can
be gained by using machine-learned models.31 Here, we focus
on examining subtle structural differences in the vibrational
spectrum, specifically investigating proton ordering at the ice
surface and facet orientation. Figure 1a) shows representative
top-down snapshots of the proton ordered (striped phase14)
arrangement of the free O−H bonds seen at the surface of Ice
XI, as well as a representative proton configuration of the free
O−H bonds at the surface of Ice Ih. Figure 1b) shows side
snapshots of the surface structures of the three low-index facets
sampled. This work helps determine whether the surface of ice
below 180 K exhibits a proton-ordered arrangement. Addi-
tionally, we address the assignment of SFG peaks to specific
molecular configurations where possible and evaluate the
contribution of subsurface layers to the overall SFG spectrum.
By investigating these aspects, we provide a deeper under-
standing of the molecular-level interactions and structural
dynamics at the ice surface, thereby shedding light on the
complex mechanisms governing ice surface chemistry.

■ RESULTS AND DISCUSSION

Ice XI vs Ice Ih
Figure 2 displays the theoretically calculated SFG spectra with
ssp polarization in the high- (right panels) and low-frequency
(left panels) regions of the vibrational spectra of the basal facet
of both Ice XI and Ice Ih. The low-frequency spectra (left
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panels) feature peaks between 1600 and 1800 cm−1

corresponding to the molecular bending modes, pronounced
broader bands between 400 and 1100 cm−1 corresponding to
librations, and weaker peaks below 400 cm−1 corresponding to
hydrogen-bond stretching modes of the same nature as
hindered translations in liquid water.33 In the high-frequency

region (right panels), the range of 2800−3450 cm−1

corresponds to the strongly hydrogen-bonded O−H stretching
region, the range of 3450−3700 cm−1 corresponds to the
weakly hydrogen-bonded O−H stretching region and the peak
at around 3850 cm−1 corresponds to the free O−H peak
present at the surface of ice.34 The third column of Figure 2
displays various experimentally measured SFG spectra of the
high-frequency region for comparison. As we are not aware of
published experimental SFG spectra probing the low-frequency
region for ice surfaces, we can compare only the high-
frequency region to experiments. To simplify the comparison,
we scaled the frequency of the classical MD spectra by a factor
of 0.96. to align with the experimental free OH peak frequency
and account for the redshift produced by nuclear quantum
effects.16 We note that, even when accounting for the band
shift due to nuclear quantum effects, the peaks in both spectra
are shifted toward higher frequency compared to experiments.
This could be attributed to known shortcomings of the SCAN
functional, which is known to overpredict hydrogen bond
strength in liquid water35 and is found to underpredict
hydrogen bond strength in ice. This is reflected by the shift to
higher frequencies in the bulk ice IR and Raman spectra
compared to the experiment in Figure S1. Additionally, the
shift in the |χ(2)|2 SFG spectra with respect to experiments
could be contributed by the absence of nonresonant
contributions in our calculations, which can cause shifts in
the Reχ(2) spectrum.36 Aside from this shift, we find that the
overall shape of both of our Imχ(2) and |χ(2)|2 SFG spectra are

Figure 1. A) Top-down snapshots of the proton arrangement of the
free O−H bond at the surface of Ice XI (striped phase) and Ice Ih
(one example of a proton-ordered configuration). B) Side snapshots
of the structure of top layers from the surface of the three low-index
facets sampled for Ice XI (basal, primary prismatic, and secondary
prismatic).

Figure 2. Homodyne (bottom panels) and heterodyne (top panels) SFG spectra for antiferroelectric Ice XI and Ice Ih for the low-frequency (left)
and high-frequency regions (middle) and corresponding experimental spectra of the basal surface of Ih (right).

7,16,23,32 Ice XI spectra are averaged
over four runs, Ice Ih spectra are averaged over nine configurations, and each simulation ran for 4 ns. Shaded regions represent the standard
deviations over the different runs. Simulations are performed at a temperature of 211 K, which is 100 K below the melting point of the DNNP
model, thus corresponding to ∼175 K.
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in good agreement with the experimental spectra from Smit et
al. (blue line in Figure 2).16 Notably, this includes the presence
of the free O−H peak, the relatively sharp positive peak in the
weakly hydrogen-bonded O−H stretching region, and the
broad negative peak in the strongly hydrogen-bonded O−H
stretching region of the Imχ(2) spectra. We note that our broad
negative peak is not as sharp and intense as in Smit et al., but
instead matches well with the broad and shallow negative peak
of Nojima et al.23 Additionally, there is good agreement with
experimental data of Smit et al.16 and Wei et al.7 (blue and
green curves) in the positive peak within the weakly hydrogen-
bonded O−H stretching region, as well as the relatively small
positive free O−H peak in the |χ(2)|2 spectra.
Contrary to the measurements in refs 16, 23, 24. (blue and

orange spectra), our calculated heterodyne spectrum does not
show a positive peak in the 2800−3450 cm−1. In the
corresponding region of our spectra, we observe a negative-
amplitude absorptive feature in the Imχ(2) spectrum and a
corresponding dispersive feature in the Reχ(2) spectrum
(Figure S6) in good agreement with previous calculations.29,37

While our calculations may contribute to the discussion over
the features observed experimentally in the 2800−3200 cm−1

O−H stretching region, it cannot provide a definitive answer:
this peak could be sensitive to small phase shifts in the
experimental setup,38 it may originate from a bulk quadrupolar
contribution that our simulations cannot capture,26,29 or it may
arise from asymmetric contributions from the interstitial
bilayer region.16 The impact of quadrupolar contributions in
MD simulations has been previously discussed but a method to
compute such contributions from correlation functions in MD
is still lacking.39 However, based on the findings of Wan and
Galli,29 we do not expect bulk quadrupolar contributions to
make a difference for the SFG spectra with SSP polarization
reported in this work.
The homodyne and heterodyne SFG spectra exhibit

significant differences in peak positions and line shapes
between proton-ordered ice XI and proton-disordered ice Ih
especially in the weakly hydrogen-bonded region and at low
frequencies. The low-frequency spectrum of the basal plane of
Ice XI is more structured than that of Ice Ih. In particular, the

Figure 3. Heterodyne SFG, homodyne SFG, IR, and Raman spectra of the four bilayers from the surface for Antiferroelectric Ice XI and Ice Ih. Ice
XI spectra were averaged over four configurations, Ice Ih spectra were averaged over nine configurations, and each simulation ran for 2 ns. Shaded
regions represent the standard deviations over the configurations.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00957
JACS Au 2025, 5, 1173−1183

1176

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00957/suppl_file/au4c00957_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00957?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00957?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00957?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00957?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


heterodyne spectrum for the bending mode of Ice XI has a
positive (dispersive) and a negative (absorptive) peak at
distinct frequencies but only an absorptive feature for the
proton-disordered surface of Ice Ih. As for other water
interfaces, this marked difference in the bending peak may
be exploited to identify the ordering of the air−ice inter-
face.40,41 The 600−1000 cm−1 region of the SFG spectrum of
Ice XI presents sharper features than that of Ice Ih. Specifically,
the Imχ(2) spectrum exhibits two sharp positive peaks at 793
and 1019 cm−1 and one sharp negative at 700 cm−1 for Ice XI,
while Ice Ih has one broad positive peak at 941 cm−1 and one
broad negative peak at 711 cm−1. The homodyne spectrum has
a broad peak at 807 cm−1 for Ice Ih and one sharp peak and
one lower intensity peak at 737 and 967 cm−1 for Ice XI.
Previous VSFG work of the air−water interface found at 834
cm−1 there is a broad peak in the |χ(2)|2 spectrum which
corresponds to the libration of water at the air−water
interface.42 They found that the librational frequency of
interfacial water is significantly higher than in bulk liquid water
at the same temperature.42 This observation suggests that
water’s rotational potential stiffens on moving from the bulk
liquid to the air-water interface. We find that the broad Ice Ih
peak in this region is blue-shifted by 130 cm−1 with respect to
Ice XI, suggesting that the potential of mean force of the
proton disordered interface is stiffer than that of the Ice XI
interface. While there are no previous VSFG measurements of
water or ice at frequencies below 600 cm−1, previous
simulations of THz spectroscopy found that in bulk water
there is a prominent peak at 200 cm−1 that corresponds to
hindered translations dominated by first-shell dynamics.43 In
our calculations, below 600 cm−1 the Imχ(2) spectrum for both
Ice XI and Ice Ih has a sharp negative peak at 258 and 255
cm−1 respectively, and the |χ(2)|2 spectrum has a sharp peak at
276 and 267 cm−1 respectively. This indicates that the
hydrogen-bond stretching modes have almost equivalent
strength, between the proton orderings at the interface, but
with a lower likelihood at the Ice Ih surface given the lower
intensity.
Our simulations demonstrate that SFG can differentiate

between proton-ordered and proton-disordered surfaces in
both the low and high-frequency regions of the vibrational
spectrum, for both Imχ(2) and |χ(2)|2. Moreover, the proton-
ordered |χ(2)|2 SFG spectrum in the O−H stretching region
aligns well with experimentally measured |χ(2)|2 spectra of the
air−ice interface at 150 K.16,44,45 It shows a small positive free
O−H peak at 3850 cm−1 along with a sharper more intense
peak from 3450−3700 cm−1 with a small tail from 2800−3450
cm−1. In contrast, the |χ(2)|2 spectrum for Ice Ih has a rounded,
less intense peak at 3450−3700 cm−1, with a smaller intensity
difference between it and the free O−H peak compared to Ice
XI. This assertion is also supported by the Imχ(2) spectra. The
slightly larger intensity of the peak in the 3450−3700 cm−1

region compared the free O−H peak for the Ice XI Imχ(2)
spectrum is reflected in Smit’s experimentally determined
Imχ(2) spectrum, unlike the equivalent peak intensities seen in
our Ice Ih spectrum. This finding supports previous
work14,15,29,46 suggesting that, at temperatures below the
onset of disorder, the surface of ice has a proton-ordered
arrangement similar to that of Ice XI.
Depth of SFG Signal

While some experimental techniques can be used to perform
depth-resolved vibrational spectroscopy,47,48 the depth of the

contribution to SFG has not been determined for the air−ice
interface. Figure 3 represents the bilayer-resolved analysis of
the Imχ(2), |χ(2)|2 SFG, IR, and isotropic Raman spectra for
both Ice XI and Ice Ih surfaces. The bilayer-by-bilayer
anisotropic Raman spectra are reported in Figure S4 and S5
for the top four bilayers from the surface. The results indicate
that the top bilayer dominates the SFG spectra for both ice
phases. Notably, the second bilayer also contributes to the
spectra, with this effect being more pronounced in Ice XI than
in Ice Ih. In contrast, the third and fourth bilayers have
negligible contributions to the Imχ(2) and |χ(2)|2 spectra. The
second bilayer contributes due to the absence of centrosym-
metry in the region between the bilayers, resulting from its
interactions with the first layer, as discussed in Figure S7. This
is in agreement with the QM/MM calculations from Ishiyama
et al.28 Comparing SFG to the IR and Raman spectra for both
ice structures, we can see that there is a strong bulk IR
response at 3250 cm−1 and a strong bulk anisotropic Raman
response at 3200 cm−1 from bilayers 2−4, that corresponds to
the small contributions to the SFG spectra. The positive peak
observed experimentally in the SFG within the 2800−3200
cm−1 region aligns with the bulk IR and Raman response of ice
seen here, in favor of the suggestion that the response could be
a bulk contribution that is not captured by our simulated SFG.
Additionally, the differences seen in bilayer 1 from 3450−3700
cm−1 of the SFG between Ice XI and Ice Ih are also seen when
comparing the IR and anisotropic Raman spectra between the
two structures. Specifically, the Ice XI spectra have two peaks
in this region with a slight increase in the intensity of the
shoulder compared to Ice Ih at 3600 cm−1.
Figure 3 also includes the bilayer analysis of the low-

frequency region of the various vibrational spectra. For both
Ice Ih and Ice XI, the Imχ(2) spectra mainly have contributions
from the first bilayer but also have significant contributions
from the second bilayer, specifically in the positive peak at
around 200 cm−1 and positive peak(s) in the 700−1000 cm−1

region. While for the |χ(2)|2 spectra, Ice Ih only has significant
contributions from the first bilayer, Ice XI has significant
contributions from the second bilayer in the peak at ∼700
cm−1. For both Ice XI and Ice Ih, the peak from the first bilayer
at ∼260 cm−1 and ∼700 cm−1 in the Imχ(2) and |χ(2)|2 spectra
align with the surface responses from both the IR and
anisotropic Raman spectra. However, the positive Imχ(2) peak
at ∼900 cm−1 in both spectra aligns with bulk IR contributions,
indicating this librational mode is primarily a bulk IR activated
mode. For the |χ(2)|2 and IR spectra, it is clear that for both
proton orderings, the interfacial response at 260 cm−1 is blue-
shifted with respect to bulk indicating stronger hydrogen bond
stretching modes at the interface, while the response in the
700−1000 cm−1 region is red-shifted with respect to the bulk
indicating a less stiff potential of mean force at the interface.
This analysis suggests that the SFG spectra of crystalline ice
surfaces, regardless of whether these surfaces are proton-
ordered or disordered, are primarily influenced by the top two
bilayers. This result aids in the interpretation of experiments by
indicating that vibrational spectroscopy of the ice surface, even
at higher temperatures, primarily reflects the characteristics of
these surface layers, thereby providing a clearer understanding
of molecular interactions and surface properties.
Molecular Peak Assignments

Molecular simulations enable the calculations of the con-
tributions of specific water molecules with given orientations to
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the overall vibrational spectrum. The basal plane of hexagonal
ice features four possible orientations of water molecules with
eight unique hydrogen-bond orientations (Figure 4). In Ice Ih,

the hydrogen-bonding orientations of the molecules vary,
whereas Ice XI has an ordered bonding pattern. To compare to
heterodyne SFG spectra, we use the orientation-weighted
vibrational density of states (ow-VDOS),49 which captures the
phasing of interfacial oscillators regardless of their SFG activity.
These spectra provide orientational information to the
vibrational spectra that are relevant to assigning features in
Imχ(2).50,51 Figure 4 shows the ow-VDOS for the O−H
stretching region of the vibrational spectrum for Ice XI and Ice
Ih for the 8 unique O−H bond orientations at the surface of
the ice slabs. The Ice XI ow-VDOS spectrum shows how the
eight O−H bond types split into strong and weak hydrogen
bonds, reflected in the shift of some spectra to higher
frequencies and some shift toward lower frequencies, as seen
previously.52 This shift into lower and higher frequencies is

also reflected in the reported bilayer by bilayer analysis of the
Raman and IR spectra for the two structures as can be seen in
Figure 3. As reported in Table S1, these shifts are correlated
with the differences in the hydrogen bond lengths of each O−
H bond type.
While the overall intensity of peaks in SFG spectra may vary

due to electronic effects, the ow-VDOS allows us to identify
which types of bonds contribute to the different features of the
OH stretching band. The peak at the highest frequency of
3850 cm−1 comes exclusively from (i, 1), which is the free O−
H stretch. Then in the weakly hydrogen-bonded region of
3450−3700 cm−1 there are O−H stretching responses from
four O−H bonds that fall into this region ((ii, 2), (iii, 1), (iii,
2), (iv, 2)). This region corresponds to the overall positive
peak seen in the Imχ(2) spectra, suggesting that there are
stronger SFG intensities of the (ii, 2) and (iv, 2) O−H
stretching responses compared to (iii, 1), (iii, 2). The O−H
stretching responses from three O−H bonds falls into the
2800−3450 cm−1 strongly hydrogen-bonded region ((i, 2), (ii,
1), (iv, 1)). Here the ow-VDOS indicates the presence of a
peak for (iv, 1) at 3400 cm−1 (similar to bulk water) and for (i,
2) at 3200 cm−1 (similar to bulk ice). The O−H bond (iv, 1)
points down toward the 2nd bilayer, and significantly
contributes toward the negative absorptive peak at 3400
cm−1 in the overall SFG spectrum of the ice surface. The
overall negative peak in the 2800−3450 cm−1 region in our
Imχ(2) spectra indicates the strong intensities of the O−H
stretching responses of (i, 2) and (iv, 1) compared to (ii, 1).
Figure S8 reports the low frequency region (0−1800 cm−1) of
the VDOS (non orientation-weighted). Similar to the high-
frequency vibrational spectra, when comparing Ice XI to Ice Ih,
the peak positions align closely, although the peaks for Ice Ih
are broader. From these spectra, it can be seen that the free
O−H bond response (i, 1) dominates the region from 0−400
cm−1, while the rest of the O−H contributions all have
responses in the 600−1000 cm−1 region.
In the ow-VDOS for Ice Ih, the relative frequency shifts of

the peaks correspond to those of the Ice XI structure.
However, each peak exhibits a broader shape and generally
lower intensities, which is expected due to the disordered
arrangement of protons. Notably, this results in a broader,
lower intensity peak in Ice Ih for (i, 2), which is shifted toward
lower frequencies (indicative of stronger hydrogen bonds).
Simultaneously, the (iv, 1) peak is shifted to higher frequencies
(indicative of weaker hydrogen bonds), exhibiting a broader
shape and higher intensity. This effect is reflected in the overall
higher intensity of the Ice XI, especially in the strongly
hydrogen-bonded region seen in Figure 2. The relative peak
assignments as well as the depth analysis for both proton-
ordered and proton-disordered surfaces offer valuable insights
for future experimental and theoretical studies of adsorbed
species on ice surfaces. This information can aid in the
determination of whether these species preferentially interact
with specific molecular orientations or molecules at certain
depths from the surface, based on the peaks most altered in the
SFG spectrum.53

Other Facet Orientations

Crystal orientation provides valuable insights into the structure
and bonding of ice surfaces. However, there are only a few
experimental reports of the SFG spectrum for the three low-
index facets of Ice XI and Ice Ih (basal, primary prismatic, and
secondary prismatic). Bisson et al.32 examined Imχ(2) for the

Figure 4. Orientation-weighted VDOS of individual O−H bonds of
the four different water molecule orientations at the surface of Ice XI
and Ice Ih. Shown are the four types of water molecule orientations
(top) the orientation-weighted VDOS assignment of of Ice XI (top)
and Ice Ih (bottom). Shaded regions represent the standard deviation
over blocks of 30 ps over the total 300 ps.
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secondary prismatic and basal facets at 100 K, identifying
subtle differences, ascribed to different bonding motifs,
emerging in the ssp

(2) 2| | and ppp
(2) 2| | spectra. Sanchez et al.45

reported the |χ(2)|2 spectrum experimentally for the basal and
secondary prismatic facets at temperatures of 235 K and above,
noting that the spectrum of the secondary prismatic facet
appeared more rounded compared to the basal plane.
Figure 5 presents our theoretical Imχ(2) and |χ(2)|2 spectra of

the proton-ordered Ice XI surface in two polarizations. The
basal facet has 3-fold rotational symmetry while the prism faces
have only 2-fold rotational symmetry, necessitating spectra in
different polarization combinations.32 For all four reported
spectra (Im χxxz

(2), Im χyyz
(2), xxz

(2) 2| | , yyz
(2) 2| | ), we find that SFG can

distinguish among the three low-index facets. As seen in Figure
2, the Imχ(2) and |χ(2)|2 spectra for both polarizations are
distinguishable in the high-frequency region of the O−H
stretching spectrum. For the overall O−H stretching region,
the primary prismatic facet exhibits four significant absorptive
peaks, compared to three for the basal facet. Notably, in the
low-frequency region of the O−H stretching spectrum, the
negative peak in the primary prismatic spectra splits into two
distinct peaks. Figure S12 shows the VDOS assignment of the
individual O−H bond types, from these assignments we can
see the Y contributions tend toward lower frequency (stronger
hydrogen bonds) while the X contributions tend toward higher
frequency (weaker hydrogen bonds). The secondary prismatic
facet has two absorptive peaks Im χxxz

(2) and three for for Im χyyz
(2).

Specifically the secondary prismatic’s Im χxxz
(2) as well as the

yyz
(2) 2| | resembles the Im χssp

(2) and ssp
(2) 2| | of the basal facet of Ice

Ih. The origin of these similarities can be seen in Figure S9 and
S10, where even after 1 ps the surface of the secondary
prismatic facet reconstructs and becomes overall disordered,

thus resembling the spectra of Ice Ih. The rounding of the
secondary prismatic |χ(2)|2’s peak from 3450−3700 cm−1 region
with respect to the sharp and intense peak in the basal facet has
also been previously seen experimentally.45

■ CONCLUSIONS
Our findings reveal that SFG is a sensitive probe capable of
detecting subtle changes in the local hydrogen bonding
environment, effectively differentiating between proton-
ordered and disordered surfaces and their facet orientations.
This work serves as the first reported SFG spectrum of the
librational modes region of the air−ice interface, with
appreciable differences between proton orderings in this
region. Our calculations support the evidence of proton
order at the surface of Ice Ih at temperatures below the onset of
premelting but above the transition temperature from Ice XI to
Ice Ih. The surface bilayer is identified as the primary
contributor to the SFG spectrum, with minor contributions
from the second bilayer beneath the surface. Using the ow-
VDOS spectrum, we pinpoint the individual O−H bond
stretching contributions to the resulting SFG peaks. Finally, a
comparison of the basal, primary prismatic, and secondary
prismatic facets reveals that SFG spectroscopy can be used to
probe the subtle structural differences between the facets.
Overall, our comprehensive analysis of the vibrational
spectrum of the air−ice interface provides an understanding
of the sensitivity of SFG to small differences in molecular
structure of the air−ice interface, that will aid in the
interpretation of future vibrational studies of environmental
chemistry at the ice surface. This study not only advances our
fundamental knowledge of ice surfaces but also has broader
implications for interpreting experiments of atmospheric
chemistry, where ice plays a pivotal role.

Figure 5. Homodyne (top) and heterodyne (bottom) SFG spectra for three low-index facets of antiferroelectric Ice XI. Each Ice XI facet averaged
over four runs and each simulation ran for 4 ns. Shaded regions represent the standard deviations over the configurations.
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■ COMPUTATIONAL METHODS
We used an MLP to accelerate first-principles simulations. We
employed a previously trained and validated deep neural network
potential (DNNP)54 that reproduces accurately structural, and
vibrational55 properties of water and ice, which we then augmented
with long-range electrostatic interactions.56 We ran classical MD
simulations of an 864 molecule slab of antiferroelectric Ice XI and Ice
Ih systems (basal, primary prismatic, and secondary prismatic), each
with 12 bilayers, at 211 K (100 degrees below the respective melting
temperature of the MLP used).57 Side snapshots of the slabs for Ice
XI and Ice Ih can be seen in Figure S2. Each ice slab was generated
using GenIce,58 which ensures the generation of completely
randomized hydrogen-disordered networks obeying the ice rules for
Ih and ensures zero net polarization for both the Ice Ih and Ice XI
slabs. Convergence of the vibrational spectra on system size (number
of bilayers) was checked (Figure S3). Both systems had periodic
boundary conditions (PBC) along the X and Y dimensions, with 70 Å
of vacuum region in the Z direction. The equations of motion were
integrated with the velocity Verlet algorithm with a time step of 0.5 fs
and the temperature was controlled by stochastic velocity rescaling59

with a relaxation time of 1 ps. All simulations were performed using
the DEEPMD-KIT60,61 plugin with the LAMMPS package.62 Each
system was equilibrated for 100 ps followed by respective production
runs of 2−4 ns for SFG spectra, IR, and Raman spectra and 300 ps for
vibrational density of states.

Training of Long Range Machine-Learned Interatomic
Potential and Dipole/Polarizability Model
An MLP for the air−ice interface was constructed using the long-
ranged version of the Deep Potential method.63 The machine-learning
model is a 3-layer deep feedforward neural network (DNN) with 120
neurons per layer. The inputs to the DNN consist of the chemical
environment within a 6 Å cutoff from each atom, smoothly decaying
from 3 Å. The data used to train this model were collected by
reinforcement learning, in which water, hexagonal ice, cubic ice, and
their interfaces with air were explored at ambient pressure and
temperatures ranging from 300 to 400 K using MLP-MD. Within this
method, the MLP data set was augmented at each iteration with
atomic configurations exceeding a force error threshold of 0.1 eV/Å
re-evaluated with DFT. The force error metric used in reinforcement
learning is the maximum deviation in atomic forces predicted by 3
independently trained MLP models. The atomic configurations in the
MLP data set also composed the data set of two separate DNN
models predicting the dipole and the static polarizability of water.
These two models were independently optimized and their
construction followed previously reported methods using DNN
architectures similar to the Deep Potential model.55,64

Numerical Modeling of SFG Spectra
Here, under the electric dipole approximation, the vibrationally
resonant component of the second-order susceptibility χpqr

(2) is
calculated as31,65,66

n i
k T

dt R t( )
( )

e ( )pqr
R

IR
BE

IR

IR

b

i t
pqr

(2),

0

(2)IR=
(1)

R t A t M( ) ( ) (0)pqr pq r
(2) = (2)

where nBE(ω) = 1 − e(−βℏω_IR) is the Bose−Einstein (BE) factor,67

Apq(t) is the pq component of the polarizability of the system at time
t, Mr(0) is the Cartesian component r of the total polarization at time
0, ⟨···⟩ is the thermal average, kb is Boltzmann’s constant, T is the
respective temperature of the simulation, and ω represents the
frequency of the IR pulse, as the SFG signal is enhanced when ωIR is
resonant with an interfacial molecular vibration. The polarization and
polarizability of the system are the sum of the molecular dipole
moments (μ) and molecular polarizabilities (α) respectively:

A t M t( ) (0) ( ) (0)pq r
i

i pq
j

j r, ,=
(3)

We had to take special care in calculating χ(2) for the slab geometry
because contributions from opposite interfaces can interfere
destructively, resulting in a vanishing response. Assuming the slab
thickness is sufficient to include a bulk region in the middle and a
molecular decomposition of M is available, we invert the sign of the
molecular dipoles below the center of mass of the slab to prevent this
cancellation.31 To correct for the nonzero baseline in the Reχ(2)
spectrum (as can be seen in Figure S6), we have shifted the baseline
to zero of the Reχ(2) spectrum before calculating the |χ(2)|2 spectrum.
Numerical Modeling of IR and Raman Spectra
Within linear response theory, the IR spectrum can be calculated from
the Fourier transform of the dipole autocorrelation function:68,69

R n
k cT

dt t( ) ( )
4
3

e (0) ( )IR
B

i t

i j
i j

2 2

0 , (4)

where c is the speed of light, and n is the refractive index. It is
convenient to decompose the polarizability tensor into an isotropic
part α̅ = 1/3Trα and an anisotropic (depolarized) part β = α − Iα̅.
Again, within linear response theory, the isotropic and depolarized
Raman spectra can be calculated from the Fourier transform of the
autocorrelation functions:55

R dt t( ) e (0) ( )iso
i t

i j
i j

0 , (5)

R dt Tr t( ) e
2

15
(0) ( )i janiso

i t

i j, (6)

Orientation-Weighted Vibrational Density of States
(ow-VDOS)
To provide orientational information to the vibrational spectra,
relevant to assigning features one can use the ow-VDOS:

R dt v
t t

t

v r

r
( ) e (0)

( ) ( )

( )ow VDOS i j
i t

z i j
i j i j

i j
,( , )

0
,( , )

( , ) ( , )

( , )

·
| | (7)

where (i, j) represents the molecule orientation type index i (i-iv) with
O−H bond j (1−2), vz,(i,j)(0) is the z component of the velocity
vector for (i, j) at time 0, v(i,j)(t) is the velocity vector at time t, and
r(i,j)(t) is the position vector for (i, j) at time t.
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