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ABSTRACT: We study the signatures of the OH stretch vibrations at the basal surface of
ice using heterodyne-detected sum-frequency generation and molecular dynamics
simulations. At 150 K, we observe seven distinct modes in the sum-frequency response,
five of which have an analogue in the bulk, and two pure surface-specific modes at higher
frequencies (~3530 and ~3700 cm™"). The band at ~3530 cm™" has not been reported
previously. Using molecular dynamics simulations, we find that the ~3530 cm™" band
contains contributions from OH stretch vibrations of both fully coordinated interfacial
water molecules and water molecules with two donor and one acceptor hydrogen bond.

Ice plays a key geophysical role. Glaciers shape the Earth’s
surface, and ice particles in the atmosphere play a crucial role
in lightning and the depletion of the ozone layer.' ™ Ice has at
least 16 distinct crystalline phases,” but the only thermody-
namical stable phase that naturally occurs on the Earth’s surface
is hexagonal ice (ice I;).° For ice I, the oxygen atoms lie on a
wurtzite lattice and the hydrogens are located in-between the
oxygen atoms following the Bernal—Fowler ice rules.” These
rules state that each oxygen is covalently bonded to two
hydrogen atoms and forms two hydrogen bonds with two
neighboring hydrogen atoms and that the surrounding water
molecules are oriented in such a way that only one hydrogen
atom lays between each pair of oxygen atoms. At the surface,
the crystal structure is terminated, leaving the outermost water
molecules with an incomplete hydrogen bond configuration.

At low temperatures, the surface of ice is highly ordered; the
basal plane of ice Ij, has full-bilayer termination, and the outer
molecules have either a free OH group or an oxygen atom with
a free lone electron pair.*”'" At somewhat elevated temper-
atures (reported to be 180—200 K'"'?), surface disorder sets in,
finally resulting in premelting of the surface.”””"> This
premelted layer has been reported to be important for
processes such as glacier motion, frost heave, and chemical
reactions taking place at the surface of ice particles in the
atmosphere.””

It is highly challenging to acquire detailed molecular-scale
insights into the properties of the surface of ice. In most
practical situations, the surface region is very thin compared to
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the bulk, which implies that a technique with high surface-
specificity is needed to obtain unambiguous information on the
surface. Furthermore, the technique should be minimally
invasive because the ice surface can be easily melted and
irreversibly deformed.'*'°

Sum-frequency generation (SFG) spectroscopy is a suitable
technique for studying the surface of ice as it is noninvasive,
highly surface-specific, and selective to molecular groups.
Because SFG is an even-order (¥'¥) nonlinear optical process,
SEG is bulk-forbidden for water and ice under the electric
dipole approximation.'”'® As the frequency of the OH stretch
vibrations is stron%ly correlated with the strength of the
hydrogen bonds,'”* the SEG spectrum of vibrations of water
molecules at the ice surface can provide insight into the
molecular configuration of the surface. The surface properties
of ice have thus been studied with conventional intensity SFG
spectroscopy, ' '”*'7*> and the results have been compared
with molecular dynamics (MD) simulations.' 2%~

In this Letter, we report on a study of the ice surface with
heterodyne-detected SFG (HD-SFG). In this technique, the
sum-frequency signal is interfered with a local oscillator field,
thus enabling a direct determination of the amplitude and phase
of the generated sum-frequency electric field. The SFG electric
field can be directly related to the amplitude and phase of the
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second-order susceptibility ' (in conventional intensity SFG,
ly@I? is measured). As a result, HD-SEG provides not only the
response spectrum of the molecular vibrations at the surface
but also their orientation. Here, we specifically make use of the
fact that HD-SFG allows access to the imaginary part of 7%, to
which different modes simply contribute additively. This allows
a straightforward analysis of the surface vibrational response in
terms of different modes. In combination with MD simulations,
we thus investigate the properties of the basal surface of ice
between 150 and 245 K through its different vibrational modes.

The basal surface of ice I, is schematically depicted in Figure
1. The water molecules can be classified into different
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Figure 1. Fragment of the basal surface of ice I in its perfect form.
The bilayers are formed by water molecules in a chair configuration.
The upper part of the first bilayer consists of water molecules with a
free OH group (DAA) and of water molecules with a lone pair
(DDA). All other water molecules are fully coordinated (DDAA). The
bilayers are interconnected by stitching bonds.

categories following the number of hydrogen bonds that a
water molecule donates (D) or accepts (A); for instance, DAA
molecules are water molecules of which one of the OH groups
donates a hydrogen bond and of which the oxygen atom
accepts two hydrogen bonds. For a perfectly structured basal
face, the topmost water layer consists of 50% DAA and 50%
DDA water molecules.”

The growth and handling of single-crystal ice and the
experimental setup are described in the Supporting Informa-
tion. In Figure 2a, we present the real and imaginary parts of
the ¥ of the basal face of ice at 150 K. The imaginary part of
)((2) contains direct information on the vibrational resonances.
The real part of ¥ complements the imaginary part and also
contains a small negative nonresonant background contribu-
tion.

Below 3500 cm™, five resonances are clearly distinguishable
in the Im y? response. From low to high frequency, the first
resonance shows up as a dispersive-like feature at 3110 cm™*
(discussed in more detail below); the additional four appear at
3150, 3228, 3350, and 3420 cm™" (as indicated by the vertical
dashed lines). The Raman and infrared absorption spectra of
bulk ice presented in Figure 2b,c show similarities with the P
spectrum of Figure 2a. Note that the 7® associated with a
vibrational resonance is proportional to the product of its
Raman transition polarizability and its infrared transition dipole
moment. Together, the Raman and infrared bulk spectra
reproduce the five main resonances,”’ which we label from low
to high frequency by I-V. Bands I, III, IV, and V are visible in
the Raman spectrum, and bands II and III are observable in the
infrared spectrum. All of these bands have been assigned to
delocalized OH vibrations**~** and can thus not be assigned to
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Figure 2. Experimental comparison between the SFG spectrum and
the bulk Raman and infrared absorption spectra at 150 K. (a) Real and
imaginary parts of the second-order susceptibility element )(,(62 of the
basal surface of ice. (b) Unpolarized Raman spectrum of polycrystal-
line ice. (c) Infrared absorption spectrum of polycrystalline ice.

particular water molecules with specific hydrogen bond
configurations. According to the simulation results of Li and
Skinner,*® bands II and V result from strong intermolecular
coupling between OH stretch vibrations on neighboring water
molecules for which no other hydrogen atom is located in-
between the coupled OH groups. Bands III and IV result from
the weaker intermolecular coupling between OH stretch
vibrations for which there is one other hydrogen atom located
in-between the two OH groups. The infrared spectrum
contains an additional shoulder in-between the frequency
positions of bands IV and V. According to the simulation
results of Li and Skinner,* this shoulder has the same origin as
band IV in the Raman spectrum.

Bands II, III, IV, and V all appear as peaks with negative
amplitudes in the Im ¥ spectrum. In contrast, band I does not
coincide with a maximum or minimum in the Im y spectrum
but rather with a strong peak in the Re y'? spectrum. The
strong Raman band I has been assigned to a collective in-phase
OH stretch vibration,”>**** and SFG experiments using the
polarization null-angle method'””® have shown that band I
(with a frequency of 3098 cm™" at 113 K) contains a significant
quadrupole contribution. As a result, mode I has been assigned
to water molecules forming bilayer-stitching hydrogen bonds,
which thus constitute neighboring oppositely aligned dipoles.”
The significant quadrupole bulk response””**** leads to a 90°
phase shift of this mode in the y® response with respect to a
pure surface mode.**™** As a result, band I leads to a maximum
negative amplitude at 3100 cm™" in the real part of 7 and a
dispersive line shape for Imy® around 3100 cm™. The
quadrupolar character of the signal of band I implies that the
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generated SFG light can originate from both the bulk and the
interface. It has been theoretically shown that a bulk
quadrupolar contribution can be distinguished from an
interfacial contribution by varying the optical geometry of the
experiment.”” This will be the subject of future study.

In Figure 3, we present HD-SFG spectra of the basal ice
surface at different temperatures in the range of 150—245 K.

Im x? 10" m?2 v

Re y@ 102" m? v

@2 (10! m* V2

3600

3200
IR frequency [cm™]

3400 3800

Figure 3. xxz-Component of the experimental second-order
susceptibility ¥ of the basal ice—air interface at different temper-
atures. The top panel shows the imaginary component (Im ), the
central panel the real component (Re y?), and the bottom panel the
squared amplitude (P,

From the measured real and imaginary 7?, we construct [y)|?
spectra. The spectral features of the ) spectrum become less
pronounced at higher temperatures. Modes I-III merge into a
single broad band. A similar effect is observed for modes IV and
V. These modes broaden and merge into a single broad band at
higher temperatures. The overall spectrum shifts to higher
frequencies when the temperature increases, which can be
explained from a weakening of the hydrogen bonds. The
amplitude of the low-frequency modes I-III decreases when
the temperature rises. In particular, the bilayer-stitching mode
(I) exhibits a strong temperature dependence and has been
reported to even gain further strength below 150 K.** The
decrease in the 4 response of mode I with increasing
temperature can be explained from a decrease in vibrational
coupling due to an increase of the thermal fluctuations.”**” As a
result, the depth over which the SFG signal is generated
decreases with increasing temperature, thereby weakening the
signal.

The Im ¥ spectra also exhibit two bands at ~3530 and
~3700 cm™" (as indicated by the vertical solid lines in Figures 2
and 3) that are not apparent from the infrared and Raman bulk
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spectra. The resonance at ~3700 cm ™" has been assigned to the
stretchinzg vibration of free OH groups sticking out of the
surface.”” The low amplitude of the band at ~3530 cm™" in the
Im 4® spectra makes it difficult to distinguish this band in the
constructed |y spectra. As a result, this band has not been
reported previously.

To assign the band at ~3530 cm™', we performed MD
simulations of the ice—air interface using a slab model (see the
Supporting Information for details), focusing on the spectral
region of 3400—3800 cm™". The simulation cell contains 1344
water molecules, which form 12 bilayers. Water molecules are
modeled with the POLI2VS force field,*” which can reproduce
the SFG signatures of the liquid water—air interface including a
shoulder band at ~3600 cm™.*' SFG spectra are generated by
computing the time correlation function of the dipole moment
and the polarizability** obtained from the MD simulations. The
surface response of the 3400—3800 cm ™' region is found to be
scarcely influenced by intermolecular couplings (see Figure SS
in the Supporting Information).* As such, SFG spectra are
calculated without cross-correlation terms in order to allow for
a decomposition of the spectral response in this frequency
region into the responses of different hydrogen-bonded types of
water molecules.

In Figure 4, we show a comparison of the experimental and
simulated spectra and the contributions of different hydrogen-
bonded types of water molecules to the spectral response.
Water molecules with a dangling OH group (DAA and DA) are
responsible for the peak at ~3700 cm™. The broad band at
around 3530 cm ™! is composed of contributions to Im ' from
fully coordinated DDAA molecules and from DDA water
molecules with opposite sign. The positive contribution from
DDAA molecules is located at around 3475—3500 cm™' and
has a slightly higher frequency than the negative contribution
from DDA water molecules at around 3440—3480 cm™'. In
addition, the amplitude of the DDAA molecules dominates
over the amplitude of the DDA molecules, finally resulting in a
net positive band near 3530 cm ™.

Both the experiment and the simulation show that the
amplitude of the ~3530 cm™ band decreases when the
temperature increases. The MD simulations show that this
temperature dependence is caused by a decrease in amplitude
of both the positive DDAA band as well as the negative DDA
band. The amplitude of the DDA band exhibits a stronger
decrease with temperature than the amplitude of the DDAA
band, which follows from the fact that the DDA molecules are
located in the outermost layer of the ice surface (see Figure 1)
and thus are more strongly affected by an increase in surface
disorder than the DDAA molecules. With increasing temper-
ature, the 3530 cm™ band shifts to higher frequency as a result
of a weakening of the hydrogen bonds of both the DDA and
the DDAA water species.”*

The Imy® contribution of the DDAA molecules to the
~3530 cm™' band arises from their asymmetric OH stretch
vibration, whereas the Im ' response of the DDA molecules
results from their symmetric OH stretch vibration. The
negative sign of the latter response reflects the net orientation
of the DDA molecules with both OH groups pointing toward
the bulk. The DDA molecules also have an asymmetric stretch
vibration that leads to a positive Im y® signal at ~3590 cm™".
This band has zero amplitude at 150 K but acquires strength at
elevated temperatures. For a perfectly ordered ice surface, the
antisymmetric mode would be oriented parallel to the surface
(see Figure 1) and would thus not contribute to the y®
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Figure 4. Spectral decomposition of the sum-frequency spectrum at 150, 200, and 245 K. The experimentally obtained spectra are shown in the top
panels, and the simulated autocorrelation spectra are shown in the bottom panels. The simulated ¥ spectrum (heavy lines) can be decomposed
into contributions from fully coordinated water molecules (DDAA, dashed—dotted lines), from water molecules with a dangling OH group (DAA
and DA, dashed lines), and from water molecules with a free electron pair and two donor hydrogen bonds (DDA, solid lines).

spectrum. The observation of a nonzero amplitude of this mode
and an increase of its amplitude with temperature can be well
explained from an increasing disorder of the surface and thus of
the orientation of the DDA water molecules. This result is
consistent with the observations for the liquid water—air
surface, for which a positive Im #* band has been observed at
~3620 cm™' and that has been attributed to the same
mode.**7*

In conclusion, we studied the surface structure of the basal
surface of ice by combining HD-SFG spectroscopy with MD
simulations. We measured spectra in the OH stretch frequency
range in the temperature range of 150—245 K. At 150 K, the
experimentally obtained sum-frequency spectra exhibit five
distinct bands in the range of 3000—3450 cm™!, which
correspond well to bands in the infrared and Raman bulk
spectra. The sum-frequency spectrum also contains two bands
with positive amplitude at ~3530 and ~3700 cm™". The MD
simulations show that these bands can be identified as surface
modes. We find that the ~3530 cm™ band contains
contributions of the symmetric OH stretch vibrations of
DDA water molecules and the asymmetric OH stretch
vibrations of DDAA water molecules that have opposite
signs. With increasing temperature, this band decreases in
amplitude and shifts to higher frequency.
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S1 Experimental Details

S1.1 Single Crystal Ice Growth and Temperature Cell

Single-crystal ice is grown by applying the method of seed extraction from the melt:! A single
crystal seed is frozen to a copper pin. The copper pin is cooled by a processor cooler (LD PC-
V2) and the temperature is set to 270 K by adjusting the current through a resistance. The
surface of the seed is molten by a heat gun. Next the seed is dipped in a pan with ultrapure
water maintained at 273.6 K (i.e. 0.5 K above the melting point) and allowed to grow in the
melt. After one hour, the seed is pulled from the melt with a speed of 5 mm/hour. While
pulling, the temperature of the copper pin is gradually decreased to 240 K. After 10 hours,
a crystal of height ~50 mm and diameter ~70 mm results (Fig. Sla). The crystal is stored
in a freezer before further handling.

The ice crystal is cut into parts by a bandsaw (Proxxon MBS 240/E) with a nickel-plated

saw. One piece is frozen to an aluminum bar. A slice is cut off to determine the orientation of

Figure S1: Ice growth and sample preparation. (a) Monocrystalline ice is grown by seed
extraction from the melt. (b) The basal plane orientation is determined using a Rigsby
stage. (c) Correctly oriented ice is shaved by a blade to smoothen the surface. Subsequently
the sample is cut off by a bandsaw. (d) The ice sample in the sample cell. A thermocouple
on the ice monitors the surface temperature. A z-cut quartz crystal is placed adjacent to
the ice for reference purposes.



the basal plane using a Rigsby stage (Fig. S1b) following the routine described by Fairbairn.?
Next the ice is cut in such a way that its optical axis is oriented perpendicular to the surface.
A smooth surface is obtained by repeatedly shaving the ice using a blade of cemented carbide
(Fig. Slc). Best results are obtained by shaving at a freezer temperature of ~270 K with the
blade heated to ~300 K. A piece of ~4 mm thickness is cut off and used in the experiment.

The SFG measurements are carried out using a closed temperature cell that is cooled
with liquid Ny and that allows transmittance of the laser beams through a CaF,; window
(Fig. S1d). The desired temperature is set by a heating foil resistance covered by a copper
plate. The ice sample is placed on the copper plate. A temperature sensor is welded onto
the ice surface with a water droplet in order to accurately monitor the surface temperature.
For reference purposes a z-cut quartz crystal is placed adjacent to the ice. After positioning,
the sample cell is thoroughly flushed with Ny gas in order to remove the deposited frost
that enters during the loading of the sample cell. The sample cell can be moved in the
horizontal plane by two motorized actuators (Thorlabs) to prevent the accumulation of heat

and damage of the ice crystal surface during the measurements (see Section S1.3).

S1.2 Experimental SFG Setup and Data Analysis

The laser source for the SFG experiments is a regenerative Ti:sapphire amplifier system
(Coherent Legend) delivering 35 fs pulses with a pulse energy of 3.2 mJ at a wavelength of
798 nm (FWHM 70 nm) and a repetition rate of 1 kHz. The visible pulse is prepared by
transmitting 20 % of the amplifier output through an etalon to reduce its spectral bandwidth,
yielding a 15 pJ pulse with a FWHM of 0.9 nm (15 cm™!). The infrared pulse is generated
by the other 80 % of the amplifier output power in a home-built OPA with two BBO-based
amplification stages. The generated signal and idler pulses are difference-frequency mixed
in a AgGa$S, crystal, producing 5 pJ broadband pulses centred at 3.0 pm (3300 cm™1)
with a FWHM of 600 nm (650 cm™'). The visible and infrared pulses are set to s- and

p-polarizations, respectively, using a combination of a A/2-plate and a polarizer.
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Figure S2: Schematic of the heterodyne-detected SFG setup. The infrared (IR) and visible
(VIS) pulses are first sent in spatial overlap on a local oscillator (gold mirror) to generate
broadband sum-frequency (SF) light. Next the pulses are refocused by a concave mirror onto
the sample surface. The sum-frequency signal stemming from the local oscillator is delayed
by a delay plate and creates an interference pattern with the sum-frequency signal generated
at the sample, which is recorded by a spectrometer equipped with a CCD camera.

The geometry of the heterodyne-detected SFG setup is depicted in Fig. S2. First the
infrared and visible pulses are spatially overlapped on a gold surface to generate broadband
sum-frequency light, which is used as a local oscillator. Then the pulses are refocused by
a concave mirror onto the sample surface with angles of incidence of 44° and 39° for the
infrared and visible, respectively. The diameters at the sample position are ~150 pym for
the infrared and ~200 um for the visible laser beam. The sum-frequency signal stemming
from the local oscillator is delayed by T ~ 2 ps by transmission through a glass plate. The
s-polarization component of the signal generated at the sample and the local oscillator are
both sent into a spectrometer, where they are dispersed by a grating and recorded with a
CCD camera for a total exposure time of ~100 s. For each temperature, 3 to 5 spectra are
recorded in succession and averaged. The signal from the sample and the local oscillator

create an interference pattern. The detected intensity spectrum is thus proportional to:

I(WSF) X |Esamp1e (UJSF) =+ T'sample (WSF)ELO (WSF)QMSFTP

= | Esample (WSF)’2 + |Tsample PLO (WSF)|2
(S1)

+ T:ample (WSF ) Esample (wSF ) EEO (WSF ) e*iWSFT

+ T'sample (WSF ) Es*ample (WSF ) ELO (WSF ) einFT ,



where 7 is the reflection coefficient, and Fro and Egmpie are the sum-frequency fields of the
local oscillator and sample, respectively. The cross terms are responsible for the interference
pattern and contain the phase information. Because the cross terms carry a phase factor
owing to the delay T, they can be isolated by Fourier filtering in the time domain.® The
term with positive time is extracted and divided by the corresponding term of a reference
spectrum measured on z-cut quartz. The resulting quotient is proportional to the ratio of the

2)

frequency-dependent second-order susceptibilities of the sample (x ) and the frequency-

sample
. oy e (2) .
independent susceptibility of quartz (Xquare.):
r* E i e—inFT r* F (2)
sample~sample 1,0 __ 'sample sample Xsample (82)
* *  a—iwspl | X . (2
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The F' factors are dispersive constants comprising the product of geometrical factors and
Fresnel factors.®® The latter can be calculated using literature values of the optical con-
stants.%® For ice, the infrared optical constants are used that are determined at the closest
temperature,’ and the effective refractive index of the interfacial layer is calculated using a

slab model.® The calculated magnitude and phase of the Fresnel factors are shown in Fig. S3.

()

quartz reflects the bulk origin of the quartz response, which has a 90°

The factor 7 in front of y
phase-shift with respect to a surface response.®!%!! The bulk y® value of quartz is taken to

be 810~ m V™! and the coherence length is calculated to be ~40 nm for our experimental

)

mple 15 independent of experimental parameters. The ssp-

polarization configuration of the sum-frequency, visible, and infrared beams yields the xgx)z

configuration.'? The achieved y*°

component, that consists of a projection of the Raman