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ABSTRACT: We present two-dimensional infrared (2D IR)
spectra of the OD stretch vibration of isotope diluted water
(HOD/H2O) from ambient conditions (293 K) down to the
metastable supercooled regime (260 K). We observe that
spectral diffusion slows down from 700 fs to 2.6 ps as we
lower the temperature. A comparison between measurements
performed at the magic angle with those at parallel polarization
shows that the 2D IR line shape is affected by the frequency-
dependent anisotropy decay in the case of parallel polarization,
altering the extracted correlation decay. A fit within the
framework of an Arrhenius law reveals an activation energy of Ea = 6.2 ( 0.2 kcal/mol and a pre-exponential factor of 1/A =
0.02( 0.01 fs. Alternatively, a power law fit results in an exponent γ = 2.2 and a singularity temperature Ts = 221 K. We tentatively
conclude that the power law provides the better physical picture to describe the dynamics of liquid water around the freezing point.

’ INTRODUCTION

Liquid water’s anomalies at ambient conditions, such as the
compressibility minimum at 46 �C or the density maximum at
4 �C, are believed to be remnants of more pronounced low
temperature anomalies. As the temperature is lowered, macro-
scopic properties of water, such as density, compressibility, thermal
expansion coefficient, and heat capacity, seem to deviate from
those of simple liquids.1 The origin of these unusual properties
lies in the fact that the H2O molecule acts both as a donor and
acceptor,2 leading to the formation of a random three-dimen-
sional hydrogen bonding network which fluctuates on ultrafast
time scales. In liquid water, depending on the temperature, this
may give rise to different hydrogen bonding motifs, which at
ambient conditions seem to coexist as structural and dynamic
heterogeneities.3-5 Going down to the supercooled regime, these
heterogeneities appear to be more pronounced,6-8 and it is
hypothesized that they can be understood as the residual of two
distinct liquid phases.9,10

One way to acquire information about this hydrogen bonding
network is to monitor the changes of the OH (or OD) stretch
frequency. The hydroxyl stretch is sensitive to the number and
strength of the molecular hydrogen bonds. This leads to a
distribution of frequencies originating from molecules at differ-
ent local environments and results in the inhomogeneously
broadened OH stretch band.11 A measure sensitive to the
dynamical changes of these local environments is the frequency
fluctuation correlation function (FFCF),12,13 a conditional prob-
ability that reveals the correlation loss of the system. In the case of
water FFCF reveals the time scales of the hydrogen-bonding
network rearrangements.

A number of theoretical and experimental spectroscopic
studies have quantified this correlation decay for bulk water at
ambient conditions (50 fs),14,15 as well as for isotopic mixtures of

HOD/H2O (800 fs to 1.4 ps)16-18 and HOD/D2O (900 fs to
1.2 ps).19,20 From temperature-dependent simulations21,22 and
experimental studies of isotope-diluted water, ranging from
ambient conditions23,24 up to the supercritical regime,25 it is under-
stood that FFCF decay depends critically on temperature.
Furthermore from time-resolved optical Kerr effect (HD-OKE)
measurements in supercooled water it has been observed that
water dynamics are characterized by a distribution of different
time scales because of the presence of a variety of relaxing struc-
tures.26

Therefore, to investigate how the metastable limit can affect
the hydrogen-bonding dynamics and quantify the change of the
FFCF, we measure the spectral diffusion of the OD stretch
vibration of HOD in H2O using two-dimensional infrared (2D
IR) spectroscopy, for temperatures ranging from ambient con-
ditions (293 K) down to the supercooled regime (260 K). The
measurements are performed at the magic angle to decouple as
much as possible the part of the correlation decay that is attrib-
uted to the hydrogen-bonding rearrangements, from the part
which is due to frequency-dependent anisotropy decay.27,28

’EXPERIMENTAL METHODS

Ultrafast 800 nm pulses are generated by a commercial Ti:
sapphire oscillator and chirped pulse amplifier of 1mJ at a repetition
rate of 1 kHz. A home-built optical parametric amplifier (OPA)29

is used to generate 1.8 μJ tunable compressed mid-IR pulses
of≈65 fs duration (estimated by an interferometric autocorrela-
tion measurement), centered at 2500 cm-1, with a bandwidth of
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250 cm-1. For the 2D measurements we used a Fourier trans-
form 2D IR setup in pump-probe geometry.30,31 The data
acquisition is performed with a fast-scanning routine without
phase ambiguity, described in detail elsewhere.31 We perform
measurements at themagic angle as well as at parallel polarization
ÆZZZZæ geometry. Overall, we measured throughout the tem-
perature range 293-260 K, for 25 population times between
50 fs and 3 ps. Purging with N2 is necessary due to CO2 absorp-
tion in this frequency range.

The sample consists of 2.5%D2O in triple-distilled and filtered
H2O. A spacer of 6 μm is used, separating two CaF2 windows of
2 mm thickness and scratch and dig quality 20/40. For the tem-
perature control we use two Peltier coolers, the cold side of which
is in contact with the windows, intermediated by a thin layer of
thermally conductive paste. The warm side of the Peltiers is in
contact with an ethanol bath which is circulated by a chiller set at
253 K. This allows higher precision for the Peltier temperature
base ((0.1 K), providing the flexibility to immediately restore
ambient conditions in the event of nucleation. The most decisive
parameters for preventing nucleation turn out to be the use of
small volume (0.2 μL), the assembly of the sample cell in a
nitrogen purged glovebox (to reduce the presence of dust par-
ticles), and the use of new windows for each measurement, as
well as preventing contact with the sample and the spacer, which
tends to act as a source of nucleation.

’RESULTS

Figure 1 shows the Fourier transform infrared (FTIR) spec-
trum of the OD stretch of 5% HOD in H2O. Solid lines indicate
liquid water ranging from 293 K down to 260 K, whereas dashed
ones denote the ice spectrum at 260 K. Lowering the tempera-
ture, the OD stretch peak red shifts and narrows, and the
absorbance increases, as a result of an overall strengthening of
the hydrogen-bond network.21

A selection of purely absorptive 2D IR spectra of the OD
stretch is shown in Figure 2. Spectra for different population
times (t2 = 50 fs; 500 fs; 1, 2, and 3 ps) are depicted horizontally,
whereas they are depicted vertically for different temperatures (T
= 293, 273, 265.5, and 260 K). The blue lobe of the spectra is
associated with ground state processes, that is, stimulated emis-
sion and bleaching of the 0-1 transition. Shifted to lower
frequencies due to the anharmonic shape of the potential surface
is the red lobe, associated with excited state absorption (1-2
transition).

The signal intensity decreases as a function of population time
t2 due to vibrational relaxation (this effect is normalized out in
Figure 2 to facilitate a better comparison of the 2D IR line shape,

which is discussed below). In Figure 3, we display this decay for
the two extreme temperatures, where the signal is extracted as the
change of the maximum value of the 2D IR spectra. Observe in
Figure 3b that the change is very small throughout this tempera-
ture range (the relaxation changes from 1.25 to 1.35 ps), in
agreement with other temperature-dependent studies of vibra-
tional population relaxation.32

What is more important is the change of the 2D IR line shapes.
For early population times, the spectra are more tilted along the
diagonal, while later they are more rounded. This transformation
carries information concerning the dynamics changes of the local
environment. For small t2 there is little time for the molecules to
change hydrogen bonding partners or bond strengths, so the
initial OD-stretch frequency is highly correlated with the final.
Given more time, this correlation vanishes, giving rise to rounder
spectra. This loss of correlation is called spectral diffusion and is
quantified by the FFCF.We see that spectral diffusion, and hence
the decay of the FFCF, is slower for lower temperatures, a trend
that extends into the supercooled region.

A series of different metrics have been proposed to qualita-
tively extract the FFCF from 2D IR spectra. Commonly used are
the dynamic line width,33 the nodal slope,34 the line of constant
phase,35 or the center line of slope.36 Here our metric of pre-
ference is the center line slope of the 0-1 lobe, shown as the
green line in Figure 2. To acquire the value of the slope in a
consistent way and hence to enable a comparison of the correla-
tion decays for different temperatures, a linear fit is performed
around the minimum (blue lobe, by convention), using for all
population times and temperatures the same number of points.

The decay of the center line slope is shown in Figure 4 for
temperatures (a) 260, (b) 265.5, (c) 273, and (d) 293 K mea-
sured at the magic angle. The curves are nonexponential because
of multiple overlapping processes with different dynamics. Multi-
exponential fitting, however, proved to be inconsistent for dif-
ferent temperatures. So we perform a monoexponential fit of all
data from 50 fs up to 2 ps, which we force to decay to zero.
Beyond 2 ps, the population signal becomes very small (Figure 3)
and might be affected by a background signal that is due to small
residual scattering from the pump beam as well as an additional
contribution from thermalization effects.23 The fit performed in
this way reveals that the correlation decay slows down from 710
fs for ambient conditions (293 K) to 2.6 ps for the supercooled
regime (260 K). The absolute values of these decay constants
depend to some extent on the metric of choice,35 as well as to the
fitting procedure (e.g., single or multiexponential, permitting an
offset or not, fit up to 2 or 3 ps); however, we verified that the
relative changes with temperature, that is, the slopes in Figure 5,
are independent of the data treatment.

’DISCUSSION

One possible interpretation for the slower spectral diffusion
rate at lower temperatures would be in the framework of an
Arrhenius law:

1

τc
¼ A exp -

Ea

RT

� �

ð1Þ

The fit of the data (Figure 5a blue circles) reveals a slope of
Ea,magic = 6.2 ( 0.2 kcal/mol, which would correspond to the
value of the typical activation barriers that dominate water
diffusion. The pre-exponential factor, in turn, comes out to be
very fast with 1/A = 0.02 ( 0.01 fs. Similar measurements

Figure 1. Temperature-dependent FTIR spectra of the OD stretch
band of 5% HOD in H2O from 293 K down to 260 K. Solid lines: liquid
and supercooled water; dashed line: ice.
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performed by Tokmakoff and co-workers for HOD/H2O at
ambient temperatures, and in parallel polarization geometry
ÆZZZZæ revealed an apparent barrier height of Ea = (3.4 ( 0.5)
kcal/mol,23 nearly half of our value, and 1/A = 2.0 ( 1.0 fs. To
resolve this discrepancy, we repeated the measurements in
parallel polarization and treated the data in exactly the same
manner as before (data not shown). The result is the red squared
points in Figure 5a. A linear fit reveals a barrier height of Ea,par =
(3.5 ( 0.2) kcal/mol, in perfect agreement with Tokmakoff
and coworkers.23 The difference between the measurements
with the magic angle and parallel polarization originates from

the frequency-dependent anisotropy decay,27,28 which changes
the 2D IR line shape and hence affects the value of the metric
used to extract spectral diffusion. Even though the frequency-
dependent anisotropy decay evidence that the FFCF and the
orientation correlation function do not decouple in a strict sense,
we believe that the 2D IR response in the magic angle is the least
affected by orientational relaxation.

The activation barrier in an Arrhenius scenario would be
determined by the energy it costs to break a hydrogen bond
before another one can be formed. A comparison of the deduced
activation energy barrier (6.2 kcal/mol) with literature values for
the strength of hydrogen bonds in water, obtained by simulations

Figure 2. Purely absorptive 2D IR spectra ofHOD inH2O for population times t2 = 50, 500, 1000, 2000, and 3000 fs and for four different temperatures:
T = 293, 273, 265.5, and 260 K, respectively. In green is the center line slope.

Figure 3. Vibrational relaxation, which does not exhibit a strong
temperature dependence. (a) The peak signal decay for the two extreme
temperatures (260 and 293 K). (b) The decay constants extracted by
single exponential fit for different temperatures.

Figure 4. Decay of the center line slope with a single exponential fit, for
temperatures: (a) 260, (b) 265.5, (c) 273, and (d) 293 K, measured at
the magic angle.
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(1.9 kcal/mol)37 or experiments (1.5 kcal/mol),38 leads to the
conclusion that our value is tentatively too large. Furthermore,
the pre-exponential factor of 1/A = 0.02 ( 0.01 fs, which would
be related to the inertial motion of water molecules (except when
the activation barrier is strongly entropically favored), is unphy-
sically fast.

An alternative interpretation is based on mode coupling
theory,39 typically used to describe supercooled liquids near the
glass transition. In this context, heterodyned detected optical
Kerr effect measurements (HD-OKE) performed by Righini and
coworkers26 in the supercooled regime were fitted to a power law
to quantify the temperature dependence of the relaxation time
scales (0.22 ps for 314 K up to 2.20 ps for 254 K). To examine the
agreement with our results, we fit the data also to a power law of
the type:

τc ¼ aðT - TsÞ
-γ ð2Þ

where Ts is the singularity temperature. Near Ts, many dynamic
quantities of water (such as viscosity and relaxation times) as well
as thermodynamic ones (isothermal compressibility) seem to
diverge.10 Here for comparison we use the value obtained by
Righini and coworkers26 of Ts = 221 K as a fixed parameter for
fitting, since a free fit for all three parameters (a, γ, Ts) did not
converge. The result of the fit is shown in Figure 5b, where the
power law parameter obtained for the magic angle data γmagic =
2.2 ( 0.1 perfectly agrees with the HD-OKE result.26 The HD-
OKE experiment measures the orientational relaxation of water
molecules, whereas the 2D IR experiment is sensitive to hydro-
gen-bond breaking and making, as well as the strength of these
hydrogen bonds. As the same scaling laws are observed for both
experiments, we conclude that both types of structural dynamics
are correlated. In simple words, a water molecule can reorient
only if it changes its hydrogen-bond partner.40 The fit of the 2D
IR data measured with parallel polarization (5b, red squares, γpar
= 1.3( 0.1), in contrast, deviates from Righini and coworkers,26

providing further evidence that the magic angle measurements
reflect better the underlying physical mechanism.

Both fits in Figure 5a and b are equally good, and we could not
use the quality of the fits per se to decide whether τc changes with
temperature as a single barrier hopping process (Arrhenius) or as
a multibarrier (power law) transition. This ambiguity is due to
the small temperature range of this study which does not allow us
to discriminate eq 1 from eq 2; a temperature much closer to Ts

would be needed to safely make this distinction. Nevertheless, a
fit within the framework of an Arrhenius law reveals unphysical

values for both the activation energy and the pre-exponential
factor, so we tentatively conclude that the Arrhenius law is not
the correct physical picture to describe the dynamics of super-
cooled water. In any case, our results are in very good agreement
with measurements performed both in ambient conditions23 as
well as in the supercooled regime.26 Considering this fact along
with the actual tendency of our data, we conclude that the dy-
namical properties of water do not change in an abruptmanner as
we enter the metastable supercooled regime, in contrast to the
discontinuity observed when ice is formed.32

’CONCLUSIONS

In summary, we performed FTIR and 2D IR spectroscopy of
isotopically substituted water from ambient temperature condi-
tions (293 K) down to the supercooled regime (260 K). From
the stationary measurements we observe red-shifting and nar-
rowing of the OD stretch band as we lower temperature. This
suggests the passage to a less inhomogeneous distribution of
hydrogen-bonding environments (narrowing) which also appear
to be more strongly hydrogen-bonded (red-shift). The 2D IR
measurements allow us to quantify the temperature dependence
of the decay of the FFCF, which provides information about the
time scales of the hydrogen bonding system reorganization. This
process takes longer for lower temperatures, suggesting that the
interchange between the possible hydrogen-bonded configura-
tions happens slower. As an Arrhenius fit of the temperature
dependence of the correlation loss reveals unphysical parameters
for both the barrier height and the pre-exponential factor, we
tentatively conclude that it follows a power law with an exponent
γ = 2.2 and the singularity temperature Ts = 221 K. As a side
aspect of this work, we also show that measuring the 2D IR
response in parallel polarization ÆZZZZæ can severely affect the
results due to the coupling of spectral diffusion to the frequency-
dependent anisotropy decay.

Recent 3D IR experiments of isotope-diluted water at ambient
conditions reveal inhomogeneous structures with heterogeneous
dynamics.5 Surely, it would be interesting to see how the 3D IR
response depends on temperature, especially down to the super-
cooled regime, which could possibly offer another viewpoint on
the liquid-liquid phase transition debate.9
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Figure 5. Decay constant τc for different temperatures fitted with an Arrhenius law (a) and with a power law (b) for the magic angle (blue circles) and
parallel geometry (red squares). In (a) the calculated barrier heights are shown next to the fits (kcal/mol), and in (b) the corresponding power law
parameters γ are shown (see text).
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