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Chapter 6

Interfacial vibrational dynamics of Ice Ih and
liquid water

This chapter is reused in most of its content, with permission, from the published article: J. Am. Chem.
Soc. 2020, 142, 28, 12005–12009; with the source https://pubs.acs.org/doi/abs/10.1021/jacs.0c04526. Any
further permissions related to the material should be directed to the ACS.

ABSTRACT: Insights into energy flow dynamics at ice surfaces are essential for understanding chemical
dynamics relevant to atmospheric and geographical sciences. Here, employing ultrafast surface-specific
spectroscopy, we report the interfacial vibrational dynamics of ice Ih. A comparison to liquid water surfaces,
reveals accelerated vibrational energy relaxation and dissipation at the ice surface for hydrogen-bonded OH
groups. In contrast, free-OH groups sticking into the vapor phase exhibit substantially slower vibrational
dynamics on ice. The acceleration and deceleration of vibrational dynamics of these different OH groups at
the ice surface are attributed to enhanced intermolecular coupling, and reduced rotational mobility,
respectively. Our results highlight the unique properties of free-OH groups on ice, putatively linked to the
high catalytic activities of ice surfaces.

Introduction
Solar photon-induced vibrational overtone pumping induces photodissociation of atmospherically-relevant
compounds101 like HNO4102, HO2NO2103, H2SO4104, etc. When such reagents are adsorbed on omnipresent
aqueous or ice surfaces, their vibrational modes can couple to water vibrational modes, e.g., through energy
transfer105, thereby influencing the reaction pathway. Adsorption on aqueous surfaces can, moreover, shift
and intensify OH-stretch overtone absorptions106, and accelerate photodissociation reactions by orders of
magnitude107. Besides the potential importance for atmospheric chemistry47,108, vibrational energy dynamics
on aqueous surfaces are also of fundamental interest for understanding the surface and interfaces109,110 of
arguably the most important molecule on earth: water.
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Figure 6.1: Static SFG spectra of ice and water at 248 and 278 K respectively, normalized to the free-OH peak around 3700
cm-1. Shown in black are the excitation pulses for the pump-probe measurements centered at 3050, 3310, and 3700 cm -1.

The vibrational dynamics of interfacial ice have not previously been reported, to the best of our knowledge,
owing to the substantial experimental challenge of combining ultrafast surface-sensitive spectroscopy with
molecularly-defined single-crystalline ice surfaces. Many studies have reported on vibrational dynamics of
bulk ice111–114 and water115–120, and vibrational dynamics of interfacial water110,121–124. Here, we compare the
vibrational dynamics of surface OH groups on single-crystalline hexagonal ice (Ice Ih) oriented to the basal
plane with those on water. OH-oscillators are selectively excited using a femtosecond infrared pulse. The
effect of excitation is probed using surface-specific femtosecond sum-frequency generation (SFG)
spectroscopy. SFG is a second-order nonlinear process, generally generating signal only from the interfacial
molecules. Monitoring the relaxation process of excited oscillators provides information on vibrational
lifetimes, heat dissipation, and energy transfer mechanisms.
We study both, hydrogen-bonded-OH groups at the surface, and free, dangling-OH groups protruding from
the surface into the vapor phase. The fraction of interfacial water molecules with a free-OH group is
approximately 0.25 for both ice125 and water126. Free-OH groups at the surface of ice are thought to influence
chemical reactivities of adsorbates by preferential adsorption127, molecular ordering86, and energy transfer
dynamics84,107. We find that, going from water to ice, the vibrational dynamics of hydrogen-bonded-OH
groups are accelerated, while that of free-OH groups slow down substantially.

Results and Discussion
Figure 6.1 displays the static SFG spectra of water and ice as a function of IR frequency, normalized to the
free-OH peak at 3700 cm-1. While the free-OH response is quite similar in its frequency and shape, the
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hydrogen-bonded region (3000 to 3600 cm-1) is different. The SFG spectrum of ice in the hydrogen-bonded
region is more intense, peaking at ~ 3200 cm-1, while the water spectrum is much broader, peaking around
~ 3400 cm-1. The spectral red-shift for ice compared to water is indicative of stronger hydrogen bonds in
ice128. The increased SFG intensity can be explained by the OH-oscillators being more ordered due to the
inherent arrangement of water molecules in ice crystals, as opposed to water. This ordering and hence the
SFG intensity gets stronger with decreasing temperature. The static ice SFG spectrum shown here is in
agreement with previous reports9.

Time-resolved measurements of water and ice
In the time-resolved experiments, ice and water surfaces were excited at two frequencies in the hydrogenbonded region of the OH-stretch band: 3050 and 3310 cm-1 to elucidate if low or high-frequency excitation
affects the surface dynamics; and at the free-OH stretch region 3700 cm-1 to elucidate dynamics of the freeOH oscillators on ice (black traces in figure 6.1a).

Figure 6.2: Ratio of SFG spectra for ice and water, each excited at νexc=3050 and 3310 cm-1. Orange and sky blue dashed
lines represent the spectral region integrated for the ground state bleach (GSB) and the excited state (ES) traces,
respectively. Ice is measured at 248 K, and water at 278 K. Although measured at different temperatures, the data can still
be compared as it is known from literature114 that the liquid water dynamics do not significantly depend on temperature,
at least from 278 to 300 K. Please note the different z-scale for the different panels. The fine structure for water pumped
at 3050 cm-1 is caused by noise, resulting from low signal levels. By varying the integration limits, we confirmed that the
results are independent of the precise value.
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𝑟𝑒𝑓

𝑒𝑥𝑐
𝑒𝑥𝑐
Figure 6.2 shows the ratio of SFG spectra 𝐼𝑆𝐹𝐺
/𝐼𝑆𝐹𝐺 as a function of delay time after excitation, with 𝐼𝑆𝐹𝐺
and
𝑟𝑒𝑓
𝐼𝑆𝐹𝐺 being the SFG spectrum in the presence and absence of the excitation pulse, respectively, for ice (left
column) and water (right column) excited at the frequencies 3050 cm-1 (first row) and 3310 cm-1 (second
row). For simplicity, we focus on one of the four plots shown in the figure, which is ice pumped at 3050 cm 1. The initial bleach (ratio <1, indicating depopulation of the ground state) around 3150 cm -1 is spectrally
narrow and very short-lived. The bleach is accompanied by an apparent excited-state SFG response from the
first vibrationally excited state, represented by the positive signal around 3000 cm-1. Upon decay of the
vibrational excitation, there is a relatively slow ingrowth of the signal centered around 3175 cm -1, which
reflects the dissipation of excess energy over the system.

To quantify the dynamics, we integrate data in figure 6.2 over specific frequency ranges to create traces as a
function of pump-probe delay shown in figure 6.3. Choosing individual integration regions for each sample
and excitation wavelength is inevitable, due to a) different IR absorption line-shapes and peaking frequencies
for ice and water; b) sample-dependent response for the same excitation frequency – maximum bleach being
centered at different frequencies for ice and water; c) super-fast spectral diffusion, complicating the
designated area of integration further to procure vibrational lifetimes. More generally, ground state bleach
regions were chosen to be close to the excitation frequency, incorporating spectral diffusion (movement of
bleach signal at early times across spectral range), and also spectral area with high bleach signal.

Figure 6.3: Dynamics traces following vibrational excitation of ice (248 K, panels a, b) and water (278 K, panel c, d) surfaces.
Data points in red represent νexc=3050 cm-1; in blue: νexc=3310 cm-1. Probe frequency range for each system mentioned in
legends. Circles in panels a and c show probe traces assigned to ground state bleach; triangles (ν exc=3050 cm-1 for ice and
νexc=3310 cm-1 for water) show response assigned to excited state SFG. The associated central frequency shift of the SFG
response is shown in panels b and d. Datapoint at 2050 fs in panels b and d is an average of later time points, up till 10,500
fs. Inset in panel b depicts the 4-level model used to describe the traces, represented by solid lines. Traces for ice with
νexc=3310 cm-1 and water with νexc=3050 cm-1 are offset for clarity. Typical error bars for each plot are shown at 550 fs.

In Figure 6.3, panels a and c show traces for ice (248 K) and water (278 K) respectively excited, at νexc=3050
cm-1 (red) and νexc=3310 cm-1 (blue). The signals integrated close to the respective excitation frequency (filled
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circles) demonstrate a sharp decrease around time 0, and are assigned to ground state depletion; the
recovery is concurrent with heat effects, which appear already within a few 100 fs. These traces marked by
circles in panels a and c will hereafter be called ground-state-bleach (GSB) traces. Ice excited at νexc=3050 cm1 and water excited at ν =3310 cm-1 show, in addition, a transient increase in SFG signal at lower frequencies
exc
represented by triangles in the upper two panels. This signal is assigned to SFG generated from the first
excited state, frequency-shifted by the anharmonicity. The excited state (ES) response for the other
excitation frequency could not be detected, probably due to overlap with the bleach and heat signals. The
response at the excited state frequency also contains a contribution from the ingrowing heat. Panels b and
𝑒𝑥𝑐 𝑟𝑒𝑓
d show the temporal evolution of the first spectral moment of 𝐼𝑆𝐹𝐺
/𝐼𝑆𝐹𝐺 , obtained from Gaussian fits. These
traces highlight relatively slow spectral changes that presumably reflect the ingrowth of heat.
𝑟𝑒𝑓

𝑒𝑥𝑐
Upon pumping ice at 3050 cm-1, the first spectral moment of 𝐼𝑆𝐹𝐺
/𝐼𝑆𝐹𝐺 shifts to higher frequency upon
relaxation, while it shifts to lower frequency for pumping water at 3310 cm-1. In both cases, the shifts in the
OH stretch frequencies are the result of ultrafast heating, following vibrational relaxation; that the direction
of the shift is opposite is the result of the spectral position of the excitation pulse below (exciting ice at 3050
𝑒𝑥𝑐 𝑟𝑒𝑓
cm-1) and above (exciting water at 3300 cm-1) the peak of the 𝐼𝑆𝐹𝐺
/𝐼𝑆𝐹𝐺 SFG response (respectively, 3150 and
3250). Hence, for ice pumped at low frequencies, the excitation occurs below the main response, and there
is an up-shift due to the heating, while for water, there is a down-shift.

Modelling dynamics for the hydrogen-bonded –OH stretch
The observed dynamics are modeled (solid lines, figure 6.3) using the 4-level system, shown in the inset of
figure 6.3b33,129. Excitation occurs from the ground (v=0) to the first excited (v=1) state. Relaxation with the
time constant τ1 occurs to an intermediate state (v*, possibly the overtone of the bending mode130,131), from
which relaxation to a heated ground state (v=0*) occurs with a time constant τ2. Single-pulse excitation
triggers a local temperature rise of a few degrees, weakening the hydrogen bonds128, and thereby reducing
and blue-shifting the vibrational response128. As can be seen, upon pumping ice at 3050 cm-1, the first spectral
𝑒𝑥𝑐 𝑟𝑒𝑓
moment of 𝐼𝑆𝐹𝐺
/𝐼𝑆𝐹𝐺 shifts to higher frequency upon relaxation, while it shifts to lower frequency for
pumping water at 3310 cm-1. In both cases, the shifts in the OH stretch frequencies are the result of ultrafast
heating, following vibrational relaxation; that the direction of the shift is opposite is the result of the spectral
position of the excitation pulse below (exciting ice at 3050 cm-1) and above (exciting water at 3300 cm-1) the
𝑒𝑥𝑐 𝑟𝑒𝑓
peak of the 𝐼𝑆𝐹𝐺
/𝐼𝑆𝐹𝐺 SFG response (respectively, 3150 and 3250). Hence, for ice pumped at low frequencies,
the excitation occurs below the main response, and there is an up-shift due to the heating, while for water,
there is a down-shift.
The equations used to describe the ground state bleach (GSBSFG), excited-state SFG response (ESSFG), and the
thermal effects (HeatSFG) are as follows:
𝐺𝑆𝐵𝑆𝐹𝐺 (𝑡) =

( 𝑁0 (𝑡) − 𝑁1 (𝑡) + 𝑁∗ (𝑡) + 𝑎𝑁0∗ (𝑡) )2
𝑁0 (0)2

𝐸𝑆𝑆𝐹𝐺 (𝑡) = (1 + 𝑏𝑁1 (𝑡) + 𝑐𝑁0∗
𝐻𝑒𝑎𝑡𝑆𝐹𝐺 (𝑡) =

(𝑡))2

𝑑𝑁0∗ (𝑡)2
+ 𝑜𝑓𝑓𝑠𝑒𝑡
𝑁0 (0)2

Eq. 6.1
Eq. 6.2

Eq. 6.3
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𝑎 and 𝑐 are constants scaling the contribution of the heat, 𝑏 is a normalization constant accounting for the
difference in cross-section between the 0-1 and the 1-2 transition. The observed frequency shift is used as a
signature of the heated ground state. To model this frequency shift, we scaled and shifted the trace observed
in the model by the constant 𝑑 and an offset.
For each of the four data sets (ice and water pumped at νexc=3050 and 3310 cm-1), the respective ground
state bleach, excited state response, and thermal effects (figures 6.2 b and d), are described using the same
set of parameters τ1 and τ2. Specifically, the GSB trace includes the population difference of ν=0 and ν=1, the
population of ν* and ν=0*. The ES trace includes ν=1 with a contribution from ν=0* (heat). Since the shift of
the central frequency (figures 6.2b, 2d) reflects heating, it is modeled with the population of ν=0* (heat). τ 2
was fitted globally to all data sets, for ice (180 fs) and water (380 fs). τ1 was allowed to vary with excitation
frequency.
Table 6.1: Inferred lifetimes from the 4-level model used to analyze vibrational dynamics, corresponding to fitting lines in
figure 2. Errors reflect variations between different measurements.
Ice 3050
Water 3050
Ice 3310
Water 3310
Ice 3700
Water 3700
τ1 (fs)

80±30

60±50

50±30

110±20

2500±600

1150±400

τ2 (fs)

180±60

380±80

180±60

380±80

–

–

Given the constraints described above, the model describes the data well (lines in figure 6.3). Table 6.1 shows
the inferred time constants. The dynamics for the hydrogen-bonded region appear, on average, faster for ice
than for water, which can be attributed to stronger intermolecular coupling effects in ice111. τ1 is a measure
of the energy relaxation time of the excited oscillators, but will also include spectral diffusion. Within
experimental uncertainty, we find no evidence for a frequency dependence of τ1 for ice, implying relative
homogeneity of the hydrogen-bonded OH groups for ice. τ2 for ice is substantially faster than for water,
illustrating highly efficient heat dissipation. Interestingly, τ2 for interfacial water is very similar to that
observed for bulk33,123, yet τ2 for interfacial ice is substantially faster than the ~500 fs reported for bulk ice112.

Dynamics of the free-OH groups
Figure 6.4 shows the vibrational dynamics of the free-OH stretch (spectral feature at ~3700 cm-1 in Figure 1a)
at both water (replotted from reference132) and ice surfaces. Ice was pumped at ~3680 cm-1 and probed from
3675 to 3705 cm-1. The free-OH groups are less sensitive to heat effects, owing to the vanishingly small
absorption in bulk at this frequency133. A simple single exponential decay convoluted with the instrument
response function describes the data well (solid lines in figure 6.4 and Table 6.1 for the timescales).
As apparent from the data, the vibrational relaxation of free-OH groups protruding from ice is substantially
slower than for water. At first sight, this may appear surprising, given the accelerated vibrational dynamics
for ice in the hydrogen-bonded region. The vibrational relaxation of the free-OH groups protruding from
liquid water has been shown to take place via the combination of two mechanisms132,134: (i) the reorientation
of water molecule containing free-OH groups, so that these become hydrogen-bonded; and (ii)
intramolecular energy transfer (IET) from the free-OH group to the other OH group in the same water
molecule. In both cases, the excitation disappears from the free-OH group.121,132 Since water molecules in ice
form a more rigid structural arrangement compared to water, the first mechanism involving reorientation of
the water molecule is expected to be suppressed for ice. IET in ice should also slow down, owing to the larger
frequency mismatch between the free-OH and the hydrogen-bonded OH within the same molecule for ice125
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(3690 to 3350 cm-1) compared to water135 (3700 to 3510 cm-1). The suppression of reorientation due to
structural rigidity and slow-down of IET result in substantially slower free-OH dynamics for ice.

Figure 6.4: Vibrational dynamics at the free-OH frequency. Traces were obtained by exciting and probing the ice (blue) and
water (red) surfaces at 3700 cm-1. Lines are single-exponential decays convoluted with the instrument response function.

Conclusions
In conclusion, we have reported ultrafast vibrational dynamics of the ice interface. This study paves the way
to time-resolved studies using optical or UV excitation to initiate surface photochemistry, and follow the
subsequent dynamics in real-time. The vibrational dynamics of water molecules at the surface of ice are
faster or slower compared to liquid water, depending on whether the hydrogen-bonded or dangling-OH
groups are considered. The ordered crystalline arrangement of water molecules in ice promotes strong interand intra-molecular coupling, making energy transfer in the bonded-OH stretch region extremely fast. This
efficient energy transport from the bonded-OH groups into the bulk ice crystal, is potentially relevant for the
dissipation of adsorbed (OH-bonded) reactants at the ice surface. In contrast, the dangling-OH shows much
slower dynamics for ice compared to liquid water, due to the structural rigidity of ice. The long vibrational
lifetime of free-OH groups reflects their long physical lifetime, offering a potential explanation for kinetic
trapping mechanisms136 on the surface of ice, and for the isolation of reaction intermediates and preferential
stabilization of charged species on the surface137. Differences in binding mechanism127 and vibrational
relaxation rates may account for differences in photochemical reactions on the surfaces of ice and
water138,139.

