
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

The cool state of water: Infrared insights into ice

Smit, W.J.

Publication date
2016
Document Version
Final published version

Link to publication

Citation for published version (APA):
Smit, W. J. (2016). The cool state of water: Infrared insights into ice. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/the-cool-state-of-water-infrared-insights-into-ice(36bfe455-f249-4f80-9a36-bbd7efefc296).html


6 Probing the molecular
surface structure of ice
with phase-sensitive
sum-frequency generation
spectroscopy

The surface structure of ice is studied between 150–245 K using phase-resolved
sum-frequency generation, which measures the second-order surface susceptibil-
ity χ(2). At 150 K we observe a correspondence between 5 modes in the surface
spectrum with modes in the analogue bulk spectra, indicating a strong influence
of vibration couplings on the χ(2) spectrum of ice. The mode associated with
the bilayer-stitching bonds (3110 cm−1) is observed to be phase-rotated, con-
sonant with the previous reported quadrupole contribution of this mode. The
surface spectrum contains two modes at higher frequencies that are not present
in the IR and Raman bulk spectra. These modes are assigned to the outer-
most water molecules that have an incomplete hydrogen-bond configuration.
When temperature increases, the features in the modes in the χ(2) spectrum
become less pronounced, which likely results from a decrease in the intermolec-
ular couplings due to an increasing disorder of the surface. Starting from a
temperature of ∼185 K, the χ(2) response strongly increases with temperature
around 3400 cm−1 which is not observed for the Raman and IR spectra, prob-
ably due to the formation of a premelted layer at the surface of ice.

6.1 Introduction

Ice plays a key geophysical role. Glaciers shape the Earth’s surface, and ice
particles in the atmosphere facilitate the occurrence of lightning and the deple-
tion of the ozone layer. [13, 141–143] At least 16 distinct crystalline phases of ice
exist, [144] but the only stable phase that naturally occurs on the Earth surface
is ice Ih.

[145] Ice Ih has a crystal structure of hexagonal prisms as is illustrated
in Fig. 1.3. The oxygen atoms lie on a wurtzite lattice. The hydrogens are dis-
tributed quasi-randomly following the Bernal–Fowler ice rules. [146] These rules
state that each oxygen is covalently bonded to two hydrogen atoms, and that
the surrounding water molecules are oriented in such a way that only one hy-
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Probing the molecular surface structure of ice 6.1

Figure 6.1: Fragment of the crystalline basal surface of ice Ih. Bilayers are
formed by water molecules in a chair configuration. The bilayers are intercon-
nected by stitching bonds. The upper part of the 1st bilayer consists of water
molecules with a free OH group and of water molecules with a lone pair.

drogen atom lays between each pair of oxygen atoms. At the surface the crystal
structure terminates, 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 Ih has a full-bilayer termination and the outer molecules have either a
free OH group or an oxygen atom with a free electron pair as illustrated in
Fig. 6.1. [147–149] Starting from a temperature of 180–200 K [69, 150] a limited
amount of surface disorder is observed to set in, finally resulting in a premelting
of the surface at temperatures just below the bulk melting point. [12] This
premelted layer governs many chemical and physical processes. [13]

In order to acquire a better understanding of the molecular surface struc-
ture of ice we study the surface of basal ice with phase-resolved SFG spec-
troscopy. SFG spectroscopy is an ideal tool as it combines surface-selectivity
with molecular sensitivity. Since SFG is an even-order (χ(2)) non-linear opti-
cal process, SFG is bulk-forbidden for water and ice under the electric dipole
approximation. [75, 151] The frequency of the SFG signal of the OH stretching
vibrations is strongly correlated with the strength of the hydrogen bonds, [7, 84]

providing insights in the molecular configuration at the surface. Previously,
the surface properties of ice have been studied with conventional intensity SFG
spectroscopy. [69, 151–155] Here we will employ an even more powerful method:
phase-resolved SFG. In this technique the sum-frequency (SF) signal is inter-
fered with a local oscillator, thus enabling a direct determination of the ampli-
tude and the phase of the generated SF electric field. The SFG field can be
directly related to the amplitude and phase of the second-order susceptibility
χ(2) (conventional SFG determines ∣χ(2)∣2), which allows a direct identification
of the surface vibrational resonances. Moreover, phase-resolved SFG allows
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6.2 Probing the molecular surface structure of ice

the separation between the resonant part of the signal and the non-resonant
background, which simplifies the interpretation. [73] In this chapter we will use
phase-resolved SFG to investigate the surface of ice between 150 and 245 K.

6.2 Experimental methods and analysis

Monocrystalline ice is grown by applying the method of seed extraction from
the melt: [156] A monocrystalline seed is frozen to a copper pin. The copper pin
is cooled by a processor cooler (LD PC-V2) and the temperature is initially set
to 270 K by adjusting the current through a resistance. The surface of the seed
is molten by a heat gun. Thereupon the seed is dipped in a pan with ultrapure
water maintained at 273.8 K and allowed to grow in the melt. After one hour,
the seed is pulled from the melt with 5 mm/hour. Meanwhile 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 is produced (Fig. 6.2a). The crystal is
stored in a freezer for further handling.

The ice crystal is cut into convenient parts by a bandsaw (Proxxon MBS
240/E) with a nickel-plated saw. One piece is frozen to an aluminum bar for
convenient handling. A slice is cut off to determine the orientation of the basal
plane using a Rigsby stage (Fig. 6.2b) following the procedure described in the
Appendix. Next the ice is cut to the correct crystal orientation. A smooth
surface is obtained by repeatedly shaving the ice using a blade of cemented
carbide (Fig. 6.2c). 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 N2 and allows transmittance of the laser beams through
a CaF2 window (Fig. 6.2d). 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 N2 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 during the measurements.

The laser source for the SFG experiments is a regenerative Ti:sapphire am-
plifier 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 VIS pulse is prepared by transmitting 20 % of the amplifier output
through an etalon to reduce its spectral bandwidth, yielding a 15 μJ pulse with
a FWHM of 0.9 nm (15 cm−1). The IR pulse is generated by the other 80 % of
the amplifier output power in a home-built OPA with two BBO-based ampli-
fication stages. The generated signal and idler pulses are difference-frequency
mixed in a AgGaS2 crystal, producing 5 μJ broadband pulses centred at 3.0 μm
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Probing the molecular surface structure of ice 6.2
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Figure 6.2: 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.
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6.2 Probing the molecular surface structure of ice
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Figure 6.3: Schematic of the phase-resolved SFG setup.

(3300 cm−1) with a FWHM of 600 nm (650 cm−1). The VIS and IR pulses are
set to s- and p-polarizations, respectively, using a combination of a λ/2-plate
and a polarizer.

The geometry of the phase-resolved SFG setup is depicted in Fig. 6.3. First
the IR and VIS pulses are spatially overlapped on a gold surface to generate
broadband sum-frequency light, which is used as 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 IR and VIS, respectively. The SF signal stem-
ming from the local oscillator is delayed by T ≃ 2 ps by transmission through a
glass plate and creates an interference pattern with the SF signal generated at
the sample, of which the s-polarization component is dispersed by a grating and
recorded with a CCD camera. The detected intensity spectrum is proportional
to

I(ωSF) ∝ ∣Esample(ωSF) + rsample(ωSF)ELO(ωSF)eiωSFT ∣2= ∣Esample(ωSF)∣2 + ∣rsampleELO(ωSF)∣2+ r∗sample(ωSF)Esample(ωSF)E∗LO(ωSF)e−iωSFT

+ rsample(ωSF)E∗sample(ωSF)ELO(ωSF)eiωSFT ,

(6.1)

where r is the reflection coefficient, [31] and ELO and Esample 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. [63] 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 frequency-dependent second-order susceptibilities of the sample (χ
(2)
sample)
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Probing the molecular surface structure of ice 6.3

and the frequency-independent susceptibility of quartz (χ
(2)
quartz):

r∗sampleEsampleE
∗
LOe

−iωSFT

r∗quartzEquartzE∗LOe
−iωSFT

= r∗sampleFsample

r∗quartzFquartz

χ
(2)
sample

iχ
(2)
quartz

. (6.2)

The F factors are dispersive constants comprising the product of geometrical
factors and Fresnel factors. [48, 63,157] The latter can be calculated using liter-
ature values of the optical constants. [16, 158,159] For ice, the infrared optical
constants are taken at the closest determined temperature [158] and the effective
refractive index of the interfacial layer is calculated using a slab model. [44] The

factor i in front of χ
(2)
quartz reflects the bulk origin of the quartz response, which

causes a 90○ phase-shift with respect to a surface response. [157,160,161] The bulk
χ(2) value of quartz is taken to be 8 ⋅ 10−13m V−1 and the coherence length is
calculated to be ∼40 nm for our experimental configuration. [162] The achieved

χ
(2)
sample is independent of experimental parameters. The ssp-polarization con-

figuration of the SF, VIS, and IR beams yields the χ
(2)
� component, with the

projections of the parallel Raman polarizability in the surface plane and the IR
transition dipole moment perpendicular to the surface plane.

Linear absorption spectra are obtained with a PerkinElmer 881 double-beam
IR spectrometer. The sample is prepared by pressing a water droplet between
two sapphire windows. The sample is placed in a cryostat where the desired
temperature is set.

6.3 Results and discussion

The real and imaginary parts of χ(2) of basal ice at 150 K are shown in Fig. 6.4a.
The imaginary part of χ(2) contains direct information on the resonances. The
real part of χ(2) complements the imaginary part, and contains additionally a
negative non-resonant background contribution. [163] A χ(2) resonance is pro-
portional to the product of its Raman and IR transition moments [Eq. (3.26)].
Since χ(2) is an even-order optical response, only surface vibrations contribute
to the χ(2) response under the electric dipole approximation. The sign of Imχ(2)

reflects the net orientation of the transition dipole moment of the correspond-
ing OH mode, e.g. the positive Imχ(2) response at 3694 cm−1 corresponds to
non-hydrogen-bonded OH groups sticking out of the surface.

Although the surface modes possibly differ from the bulk modes, it is in-
sightful to compare the χ(2) spectrum with the bulk Raman and IR line shapes
(Fig. 6.4b–c). Together, the IR and Raman bulk spectra exhibit five main res-
onances, at about 3110, 3150, 3228, 3350, and 3420 cm−1 (as indicated by the
vertical dashed lines), [165] which we label from low to high frequency by I–V.
Although all modes are both Raman and IR active, peaks I, III, IV, and V are
apparent in the Raman spectrum, and peaks II–IV are observable in the IR
spectrum. These features are caused by strong and weak couplings between OH
oscillators on different molecules, [165–167] and do not directly refer to species
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6.3 Probing the molecular surface structure of ice
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Figure 6.4: (a) Real and imaginary parts of χ
(2)
� of basal ice at 150 K.

(b) Parallel-polarized Raman spectrum (aa) of basal ice at 167 K. [164] (c)
IR absorption spectrum of polycrystalline ice at 150 K.

with a certain hydrogen-bond strength. In particular the strong Raman peak I
has been assigned to a collective in-phase vibration. [165,167,168] Peaks II–V can
also be observed in the Imχ(2) spectrum and have negative amplitudes. Peak I
does not coincide with a mode in the Imχ(2) spectrum, but it does coincide with
a strong peak in the Reχ(2) spectrum. SFG experiments using the polarization
null-angle method have shown that peak I (with a frequency of 3098 cm−1 at
113 K) contains a significant quadrupole component. [151,169] Hence, mode I has
been associated with the bilayer-stitching hydrogen bonds (see Fig. 6.1), which
form numerous oppositely aligned dipoles (constituting quadrupoles). [169] This
mode has a significant bulk component, [154,169] which has a 90○ phase-shift in
the χ(2) response with respect to a pure surface response. [161,170,171] Hence, the
bulk component causes the χ(2) response to be phase-shifted by a value close
to 90○. This explains the correspondence of peak I with a peak in the real part
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Probing the molecular surface structure of ice 6.3

of χ(2) and the dispersive line shape of Imχ(2) around 3100 cm−1 (cf. Fig. 3.7).
Peaks II–V remain unassigned.

The χ(2) response shows additional bands at 3530 cm−1 (peak VI) and
3694 cm−1 (peak VII) that are not present in the IR and Raman bulk spec-
tra. The latter mode can be assigned to non-hydrogen-bonded free OH groups
that are sticking out of the ice surface. We assign the 3530 cm−1 band to water
molecules with 2 donor and 1 acceptor hydrogen bonds. A similar band has
been observed in the χ(2) spectrum of liquid water. [73, 172] The OH groups of
these molecules are oriented with both hydrogen atoms pointing away from the
surface (see Fig. 6.1), and intramolecular coupling gives rise to an antisymmet-
ric mode contributing positively to Imχ(2) in an ssp-polarization configuration.
Similar water molecules are present at the surface of basal ice (see Fig. 6.1).
A purely parallel mode would in fact be χ(2) inactive. [155,173] The 3530 cm−1

mode can be observed because it is coupled to OH vibrations of neighbour-
ing water molecules. As these neighbouring water molecules constitute a highly
asymmetric environment in the direction perpendicular to the surface, the tran-
sition dipole moment acquires a non-zero perpendicular component, therefore
making the 3530 cm−1 mode observable in the χ(2) spectrum.

In Fig. 6.5 the χ(2) response is shown at several temperatures in the range
150–245 K. The spectra exhibit a strong temperature dependence. All modes
shift to higher frequency when temperature increases. This can be explained by
a weakening of the hydrogen-bonds. [167] Surprisingly, we also observe a shift
in the frequency of the non-hydrogen-bonded free OH mode from 3694 cm−1 at
150 K to 3700 cm−1 at 245 K (Fig. 6.6). This shift can be explained from the
coupling of this mode to the companion OH group that is located on the same
water molecule. The latter OH group is hydrogen bonded and this hydrogen
bond weakens when temperature increases. Hence, the difference in frequency
between the two OH oscillators becomes smaller, leading to a stronger frequency
splitting due to intramolecular coupling. [73] As a result, the free OH mode shifts
to higher frequency when temperature increases.

The amplitude of the low frequency modes I–III decreases when the tem-
perature rises. In particular the bilayer-stitching mode (I) exhibits a strong
temperature dependence and has been reported to gain further strength be-
low 150 K. [153] The strong temperature dependence of the χ(2) response has
been explained by a decreasing order of the crystal structure with increasing
temperature leading to a less strong delocalization of the OH stretch vibra-
tions. [169,174,175] The bulk Raman spectrum shows a comparable decrease in
spectral intensity when temperature increases. [166,176]

The spectral features of the χ(2) spectrum become less pronounced at higher
temperatures. Modes I–III combine into a single broad band. Moreover, modes
IV and V, quite distinct at 150 K, broaden and converge into a single broad fea-
ture at higher temperatures. There is also a strong increase in amplitude around
3400 cm−1 when temperature increases. The available Raman spectra [164,167]

also display the merge of modes IV and V, but do not show an increase in am-
plitude. Temperature dependent IR absorption spectra are shown in Fig. 6.7
and exhibit only a slight increase in amplitude around 3400 cm−1 when the

86
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Figure 6.5: χ(2) spectrum of basal ice at different temperatures. The top
panel shows the imaginary component (Imχ(2)), the central panel the real
component (Reχ(2)), and the bottom panel the squared amplitude (∣χ(2)∣2).
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Figure 6.6: Peak position of the free OH stretching mode as a function of
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Frequency [cm-1]
3000 3200 3400 3600 3800

IR
 a

bs
or

pt
io

n 
[O

.D
.]

0

0.5

1

1.5

2

150 K
170 K
185 K
200 K
215 K
230 K
245 K
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6.4 Probing the molecular surface structure of ice

temperature is increased. Because the Raman and IR spectra do not show a
significant change in spectral shape in the temperature range 150–245 K, we ex-
plain the strong rise of the χ(2) response around 3400 cm−1 from an increase in
disorder of the structure of the ice surface. A disordering of the ice surface [177]

has been reported to set in around 180–200 K. [69, 150] An increase in disorder
leads to a reduction of the delocalization of the OH vibrations of the surface
water molecules. [165,167] Increasing the temperature from 150 to 245 K has
little effect on the order in the bulk. As a result, the delocalization of the bulk
modes hardly changes, and thus the Raman and IR spectra show a much smaller
change in spectral shape with temperature. As the frequency of ∼3400 cm−1

coincides with the surface sum-frequency response of liquid water, the observed
disorder could well be associated with the formation of a premelted layer, i.e. a
layer of supercooled water on the crystalline ice surface.

6.4 Conclusions

We studied the surface structure of basal ice in the temperature range 150–245 K
using phase-resolved surface sum-frequency generation. The obtained second-
order susceptibility χ(2) spectrum provides information on the vibrational res-
onances on the ice surface. At 150 K the structure of the low-frequency χ(2)

spectrum and the structure of the IR and Raman bulk spectra correspond. This
indicates that the OH vibrations at the surface of ice show a similarly strong
intermolecular coupling as in the bulk. We observe five distinct modes in the
χ(2) spectrum. The lowest frequency mode (3110 cm−1) is associated with the
bilayer-stitching bonds and is observed to be phase-shifted with respect to the
other modes, in agreement with the previously reported quadrupole contribu-
tion to this mode. The modes at 3530 and 3694 cm−1 in the χ(2) spectrum
are absent in the IR and Raman bulk spectra. These two modes are associated
with the outermost water molecules on the basal surface. We assign the band at
3530 cm−1 to the antisymmetric mode of surface water molecules that are ori-
ented in such a way that both hydrogen atoms point away from the surface and
have a lone pair. The peak at 3694 cm−1 originates from non-hydrogen-bonded
free OH groups that are sticking out of the ice surface.

The modes in the χ(2) spectrum are observed to shift to higher frequency
when temperature increases because of a weakening of the hydrogen bonds.
The blueshift of the free OH mode finds its origin in the blueshift of the other
hydrogen-bonded OH mode that is located on the same water molecule. Due to
the blueshift of this latter mode, the frequency splitting between the uncoupled
OH vibrations decreases, leading to a stronger mixing of the two modes and a
higher frequency of the high-frequency mode resulting from the coupling. When
temperature increases, the individual hydrogen-bonded OH modes become less
pronounced and the surface structure becomes more disordered resulting in a
reduction of the intermolecular coupling. As a result, the 3 modes with the
lowest frequency combine into a single broad band. Furthermore, the 2 modes
near 3400 cm−1 also merge. In addition the Imχ(2) amplitude around 3400 cm−1

8989



Probing the molecular surface structure of ice 6.4

increases from 185 to 245 K. The latter increase is not observed in the Raman
and IR spectra, which primarily probe the bulk OH modes. Hence the increase
of Imχ(2) around 3400 cm−1 points at an increased disorder of the ice surface,
probably associated with the formation of a premelted layer.
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