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Many of the unusual properties of liquid water are attributed to
its unique structure, comprised of a random and fluctuating
three-dimensional network of hydrogen bonds that link the
highly polar water molecules"?. One of the most direct probes
of the dynamics of this network is the infrared spectrum of the
OH stretching vibration®"!, which reflects the distribution of
hydrogen-bonded structures and the intermolecular forces con-
trolling the structural dynamics of the liquid. Indeed, water
dynamics has been studied in detail®'*, most recently using
multi-dimensional nonlinear infrared spectroscopy'>'®
for acquiring structural and dynamical information on femtose-
cond timescales. But owing to technical difficulties, only OH
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stretching vibrations in D,0 or OD vibrations in H,O could be
monitored. Here we show that using a specially designed, ultra-
thin sample cell allows us to observe OH stretching vibrations in
H,O0. Under these fully resonant conditions, we observe hydrogen
bond network dynamics more than one order of magnitude faster
than seen in earlier studies that include an extremely fast sweep
in the OH frequencies on a 50-fs timescale and an equally fast
disappearance of the initial inhomogeneous distribution of sites.
Our results highlight the efficiency of energy redistribution
within the hydrogen-bonded network, and that liquid water
essentially loses the memory of persistent correlations in its
structure within 50 fs.

The high optical density of the OH stretching mode in pure H,O
and parasitic window signals in conventional samples have so far
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Figure 1 Experimental set-up. a, Nanofluidic sample cell: Each SisN4 window has a
2mm X 2mm clear aperture and is 800 nm thick, which provides the necessary
structural support for a stable sample, yet is thin enough to give a negligible non-resonant
window signal. The windows were also coated with a 10-nm SiO, layer to ensure that their
surfaces are sufficiently hydrophilic to allow effective capillary flow of the water into the
cell and uniform distribution of the water once inside. b, Schematic of two-dimensional
infrared experiment: The 70-fs pulse from a mid-IR Optical Parametric Amplifier is split
into two at a beam splitter (BS), and one is given a variable delay ¢ 3 using a retroreflector
on a translation stage. The two beams are focused onto a reflective diffractive optic at a
small angle to each other, using an off-axis parabolic mirror. The diffractive optic is
optimized to diffract 70% of the intensity of each beam into the +1 diffraction orders. The
resulting four beams lie at the corners of a square, forming a ‘boxcar’ pattern. Using the
second translation stage, the bottom two beams are then delayed by a time 7. This results
in the pulse sequence shown, with the two pump beams (K1, K») separated by the
coherence time 7 and the second pump and probe beam (Ko, K3) separated by the
population time 7. The fourth beam in the boxcar pattern is the weak reference pulse Kies,
which is attenuated by the neutral density (ND) filter and passed through the sample cell
before the excitation pulses (k+, Ko, Kz). The 1-pJ pulses are then focused to a 150-p.m
spot in the sample, and the signal is heterodyne detected, using the fourth beam as a local
oscillator. Under these conditions, the temperature rise in the sample measured using a
thermal imaging camera was less than 8 K above room temperature.

199

© 2005 Nature Publishing Group




letters to nature

hindered attempts to access the fastest relaxation processes of liquid
water in pure H,O. To overcome these problems, we designed the
nanofluidic cell illustrated in Fig. la—extremely thin (800 nm)
SisN, windows remove nonlinear window signals, while the
similarly thin (500 nm) water layer has a peak optical density of
only 0.2. The experiment uses our spectroscopy method based on
diffractive optics'” and involves applying three ~1-pJ, 70-fs pulses
centred at 3,350 cm ™~ ' in the OH stretching band to generate photon
echoes as a function of the coherence time 7 and the population time
T, as shown in Fig. 1b. The photon echo signal is heterodyne-
detected by spectral interferometry'’~" with a reference pulse from
the same mid-infrared source, directly giving the echo as a function
of the detected frequency dimension »;. The coherence time 7 is
then scanned at constant population time T and the signal is
Fourier-transformed along the 7 dimension to produce the
excitation frequency dimension »;. The absorptive part of the
resulting two-dimensional infrared spectrum is determined by
fitting phase factors to independently measured spectrally resolved
pump—probe data'>'"".

Figure 2 shows spectrally integrated transient grating measure-
ments for population times T up to 2ps for both parallel and
perpendicular polarizations. Both polarization conditions exhibit a
fast exponential decay with a 95-fs time constant, followed by a rise
with a 1.3-ps time constant at later times 7. On this timescale,
energy transfer processes can influence the polarization anisotropy®
(Fig. 2), that is, energy transfer from the preferentially excited OH
vibrations along the excitation polarization direction to different
water molecules leads to a decay in the degree of polarization of
the signal. The polarization anisotropy decays exponentially with a
75-fs time constant, substantially shorter than the 700-fs time
constant we measure in a diluted 6:1 D,O:H,O mixture under
the same conditions in our nanofluidic cell (see Supplementary
Information); this 700-fs time constant is in agreement with
pump—probe measurements previously taken with 200-fs pulses®.

By heterodyne detecting and spectrally resolving the transient
grating signal, we gain much more detailed information about the
dynamics of the system. Figure 3 shows the absorptive part of the
spectrally resolved transient grating signal with the polarization of
all three pulses parallel. At T'= 0, the positive peak corresponds to
reduced absorption (bleaching) caused by the depletion of the » = 0
state of the OH stretching oscillator and stimulated emission from
the » = 1 state. The negative peak corresponds to excited state
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Figure 2 Spectrally integrated transient grating data in pure H,0. The parallel polarization
[0°,0°,0°, 0° (black line) and crossed probe polarization [0°, 0°, 90°, 90°] (blue line) data
show a fast initial decay of the population, followed by a thermal grating rise due to
vibrational relaxation on a picosecond timescale. The dashed red line shows the pulse-
width limited response that is convolved with a bi-exponential to determine the decay
rates. The polarization anisotropy (red line), shows the fast sub-100 fs energy transfer of
pure H,0. Inset, longer time dynamics. The initial value of the polarization anisotropy is
0.4, as expected for the excitation of individual linear transition dipole moments.
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absorption of the » =1 to » =2 transition, which is red-
shifted from the » =0 to » = 1 transition, owing to the strong
anharmonicity of the OH stretching oscillator. The time evolution
of such signals depends strongly on the spectral position. The
enhanced absorption below 3,000cm ™' and the bleaching above
3,500 cm ™' display a very fast decay that is close to the 50-fs time
resolution of our experiment. A substantially slower decay and a
subsequent picosecond timescale rise are observed between 3,170
and 3,400 cm ™', at the centre of the bleaching contribution. Such
comparably slow components dominate the spectrally integrated
kinetics shown in Fig. 2.

Two-dimensional infrared spectra at different population times
are shown in Fig. 4. The absorptive component of the echo signal is
plotted. At T'= 0, such spectra display an on-diagonal peak due to
bleaching and stimulated emission of the » = 0 to » = 1 transition
and an off-diagonal absorption peak due to the » =1 to 2 tran-
sition. At T =0, the on-diagonal peak is stretched along the
diagonal, indicating inhomogeneous broadening. At T = 50fs,
this inhomogeneity is almost entirely lost (>90% based on curva-
ture of the line contours), and by T = 100 fs it is completely gone.
The excited-state peak off the diagonal in Fig. 4 decays on the same
timescale, in agreement with the transient grating results of Fig. 3.
Most importantly, there are extremely fast processes that wash out
the structural variations (inhomogeneous broadening), such that
the OH stretching excitation loses its memory on extraordinarily
fast timescales, faster than in any other liquid.

Liquid water represents a disordered ensemble of highly polar
molecules linked through a fluctuating network of intermolecular
hydrogen bonds. The transition frequency of an individual OH
stretching oscillator in this system depends on the local environ-
ment, resulting in an inhomogeneous broadening of the OH
stretching band of the order of several hundreds of cm™'. In
addition, the OH stretching oscillators on different water molecules
are coupled through hydrogen bonds and through other mechan-
isms, for example, dipole—dipole coupling, that lead to rapid
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Figure 3 Absorptive component of the spectrally resolved transient grating signal, plotted
as a function of population time 7. a, This shows the fast spectral diffusion and excited
state decay, and the beginning of the thermal grating rise due to vibrational relaxation.
b, Normalized amplitude (Amp.) of the transient grating signal spectrally integrated in
three windows, on the red (red line), middle (black line) and blue (blue line) sides of the
spectrum. The data are not corrected for the slight frequency chirp of the femtosecond
pulses. Independent pulse characterization by frequency-resolved optical gating shows
that the signals rise within the time resolution of the experiment at all detection
frequencies, that is, also for detection frequencies above 3,400 cm ™. Spectral diffusion
dominates the fast decay of the red and blue regions, while population dynamics dominate
the centre of the spectrum. The contour scale is displayed from —1 to 1 in order to focus
on the region of interest.
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transfer of vibrational energy between neighbouring molecules.
Gas-phase studies of water clusters and theoretical calculations
have shown that the coupling between OH oscillators is small
compared to the disorder-related inhomogeneous broadening>*".
Taking this and the very short excitation pulses into consideration,
we can think of the OH excitation as initially localized on a
particular microscopic configuration of water molecules that
then evolves over time. Nuclear motions, excitation transfer and
couplings due to the highly polar nature of water open up relaxation
channels and configuration-averaging mechanisms that are absent
in other liquids.

The spectrally resolved transient-grating data (Fig. 3) display a
very fast component on the red and blue edges, and in addition,
slower kinetics in the centre of the OH stretching band. The slow
component observed between 3,170 and 3,400 cm ! reflect the
population kinetics of the excited OH stretching oscillators. The
7, = 95fs decay of the transient grating signal corresponds to a
depopulation of the » =1 state with T, =27, = 190fs, with
possible short-lived intermediates contributing through terms con-
nected to the ground-state recovery. The slower 1.3-ps rise of the
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Figure 4 Absorptive components of the two-dimensional-infrared echo spectra of pure
liquid H,0 for different population times. a, T= 0fs; b, T=50fs; ¢, T= 100fs. The
inhomogeneity indicated by the stretching of the positive peak along the diagonal in the
T = 0 spectrum has almost completely decayed by 7= 50fs, clearly showing the very
rapid dephasing and loss of memory in the system.
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spectrally integrated transient-grating signal at late population
times (inset of Fig. 2) is attributed to heating effects associated
with vibrational relaxation, similar to the behaviour found in
spectrally resolved infrared pump-probe and infrared pump-—
Raman-probe studies of water***. The 75-fs decay in the polariza-
tion anisotropy (Fig. 2) is attributed to energy transfer among the
OH stretching vibrations. We note that depolarization of the OH
excitation requires the excitation sampling of several different
waters within the pentameric structure of hydrogen-bonded water
molecules and we can infer that this timescale is an upper limit for
the excitation hopping time.

We observe an extremely fast sub-100-fs component of spectral
diffusion below 3,000cm™" and above 3,500 cm™'. Our results
point to a blueshift of the » = 1 to » = 2 transition and a simul-
taneous red-shift of the » = 0 to » = 1 transition on a 50-fs time-
scale. This finding suggests ultrafast structural changes by which the
dipole induced on the » = 0 to » = 1 transition is solvated®, thus
lowering the energy of the » =1 state of the oscillator. This
solvation process is distinct from solvent repolarization involved
in electronic transitions because the induced dipole changes with
OH excitation are much smaller in magnitude and there are also
local interactions through hydrogen bonding. Rather, this effect is
related to fluctuations local to the excited OH that change the
effective degree of hydrogen bonding. The timescale of the fastest
spectral diffusion processes is definitely shorter than the 200-fs
period of the O-H..O hydrogen-bond mode (frequency 170 cm™ ")
and other reorientation and energy transfer processes occurring in
the subpicosecond to picosecond time domain.

We conclude that structural dynamics related to such degrees of
freedom plays a minor part in the ultrafast loss of memory observed
here. Instead, we consider fast librational motions (hindered
rotations), which are the relevant excitations in the hydrogen-
bonded network®”. The low-frequency vibrational spectrum of
liquid H,O displays a pronounced band between 300 and
1,000 cm ™" that originates from librational excitations with periods
between 90 and 30 fs, the latter being in the relevant time range to
account for the speed of both the spectral diffusion in Fig. 3 and the
dephasing in Fig. 4. Energy transfer processes on a somewhat slower
timescale also contribute to the observed spectral diffusion and loss
of memory, although they do not dominate the process—as might
be expected from extrapolations of other isotopic studies of liquid
water®”.

We have studied pure H,O to determine the microscopic
processes leading to energy redistribution in the fully resonant
hydrogen-bond network. This work demonstrates the loss of
memory of persistent correlations in water structure within 50 fs
that favours rapid relaxation of elementary excitations and is
probably important in stabilizing biological systems coupled to
this network of hydrogen bonds. O
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The formation of cubic ice
under conditions relevant
to Earth’s atmosphere

Benjamin J. Murray, Daniel A. Knopf & Allan K. Bertram
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An important mechanism for ice cloud formation in the Earth’s
atmosphere is homogeneous nucleation of ice in aqueous drop-
lets, and this process is generally assumed to produce hexagonal
ice”?. However, there are some reports that the metastable
crystalline phase of ice, cubic ice, may form in the Earth’s
atmosphere’. Here we present laboratory experiments demon-
strating that cubic ice forms when micrometre-sized droplets of
pure water and aqueous solutions freeze homogeneously at
cooling rates approaching those found in the atmosphere. We
find that the formation of cubic ice is dominant when droplets
freeze at temperatures below 190 K, which is in the temperature
range relevant for polar stratospheric clouds and clouds in the
tropical tropopause region. These results, together with heat
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transfer calculations, suggest that cubic ice will form in the
Earth’s atmosphere. If there were a significant fraction of cubic
ice in some cold clouds this could increase their water vapour
pressure, and modify their microphysics and ice particle size
distributions®. Under specific conditions this may lead to
enhanced dehydration of the tropopause region’.

An important mechanism for ice cloud formation in the Earth’s
atmosphere is homogeneous nucleation of ice in aqueous droplets.
For example, polar stratospheric clouds, which play a key role in
stratospheric ozone depletion, can form by homogeneous freezing
of HNO3-H,S0,4-H,O droplets at temperatures below 189 K (ref. 6).
Also, ice cirrus clouds, which play an important role in the
Earth’s climate’, can form through the homogeneous freezing of
NH;-H,SO,4-H,O droplets at temperatures below 235K (ref. 8).
Nevertheless, the crystalline phase of ice that forms when aqueous
droplets freeze in the atmosphere is unknown. Before this study,
cubic ice (ice I.) has been made in the laboratory using extremely
fast cooling rates” ", by annealing the amorphous phase'*'*, and by
freezing of water in nano-porous silica'®. The conditions used to
produce ice I in these previous studies are significantly different
from the conditions at which ice clouds form in the Earth’s
atmosphere. The crystalline form of ice that precipitates in water
has also been investigated theoretically. For example, thermo-
dynamic considerations suggest that the free energy involved in
forming an ice I, nucleus are more favourable than those needed to
form a nucleus of hexagonal ice (ice I},)'”'®. In addition, molecular-
dynamics simulations found that ice I, crystallizes in electric fields"’
and a variant of ice IX forms when the water density is 1.15 and
1.20gcm > (ref. 20). However, the crystal structure that forms
under typical atmospheric conditions is unclear from theoretical
studies. In the present experimental study we investigate the phase
of ice that forms when pure water and aqueous solution droplets
(solute = (NH4)sH(SO,),, HNOs, (NH,),SO, or NaCl) freeze
homogeneously, while being cooled at rates approaching those
found in the atmosphere.
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Figure 1 X-ray diffraction patterns of frozen aqueous droplets. The droplets
homogeneously froze as the temperature of the cell was decreased at a rate of
10Kmin~". a, Diffraction pattern of pure water, which froze at 235 + 2K and was
annealed at 268 K for 35 min. b, Pattern for the same sample of pure water as in a before
it was annealed. ¢, Diffraction pattern of 43 wt% (NH4)sH(SO4), solution droplets that froze
at 188 = 2K. Reflections unique to ice I, are labelled h and those common to both ice |,
and I, are labelled h+-c. Each of the diffraction patterns has been normalized to the peak
at 40°. Minor peaks at 22° and 32° are reflections from the Teflon and grease. Major
peaks marked ‘Al are reflections from the aluminium cooling cell.
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