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ABSTRACT: We study the hydrogen-bond and reorientation dynamics of weakly hydrogen-bonded
water molecules by studying their spectral diffusion and anisotropy dynamics with polarization-
resolved two-color femtosecond mid-infrared spectroscopy. We selectively excite weakly hydrogen-
bonded water molecules by tuning a relatively narrow band excitation pulse far into the high-
frequency wing of the O−D stretch vibration of HDO molecules in H2O water. We observe that the
spectral diffusion and the anisotropy both show pronounced biexponential dynamics. On the basis of
previous work, the fast component of the spectral dynamics with a time constant of ∼100 fs is
assigned to rapid hydrogen-bond switching events. We observed that these switching events lead to a
pronounced effect on the anisotropy of the excited O−D groups, which shows that the spectral
relaxation is accompanied by a large change of the orientation of the O−D groups. The slow
component of the spectral relaxation can be assigned to the collective structural reorganization of the hydrogen-bond network of
liquid water. With increasing temperature, the spectral relaxation shows a similar acceleration as the average molecular
reorientation, showing that these processes are intimately connected.

■ INTRODUCTION

The hydrogen-bond network of water is both robust and
dynamic at the same time. The binding energy of a hydrogen
bond is ∼21 kJ/mol (5.0 kcal/mol),1,2 about one twentieth of
the binding energy of the covalent O−H bond energy but still
well above the energy of thermal fluctuations at room
temperature. Nevertheless, in liquid water, the hydrogen
bonds are quite dynamic, and water molecules rotate on a
picosecond time scale. In NMR and femtosecond mid-infrared
experiments, it was found that the second Legendre polynomial
of the orientational correlation function of the water molecules
decays with a time constant of approximately 2.5 ps.3−8

In femtosecond mid-infrared experiments, the time scale of
molecular reorientation of the water molecules is studied by
measuring the time dependence of the anisotropy of an
excitation of the O−H/O−D stretch vibration. The anisotropy
will decay because molecular reorientation changes the
direction of the vibrational transition dipole moment. This
experiment cannot be performed on pure H2O or pure D2O,
since for these liquids the anisotropy dynamics are completely
dominated by rapid coherent and incoherent energy transfer
between the hydroxyl groups.9−13 Hence, femtosecond studies
of the molecular reorientation of liquid water are performed on
isotopically diluted samples, i.e., on the O−H stretch vibration
of HDO in D2O or on the O−D stretch vibration of HDO in
H2O.

6−8 A study of the O−D vibration of HDO:H2O has as an
advantage that the lifetime of the O−D vibration is more than 2
times longer (∼1.8 ps) than that of the O−H vibration (∼0.75
ps), thereby allowing the measurement of the anisotropy
dynamics of the excitation of the O−D group over a
significantly longer time interval.

The reorientation of liquid water has also been studied
theoretically with molecular dynamics simulations.14−17 Laage
and Hynes showed that the reorientation of water proceeds
through a jumping mechanism in which the O−H group of a
water molecule jumps over a relatively large angle of ∼60°.14
The transition state of this orientational jump is formed by a
configuration in which the reorienting hydroxyl group forms a
weak bifurcated hydrogen bond with its original partner water
molecule and with a new water molecule. The transition
through the bifurcated state occurs on a time scale of 100 fs.14

The presence of this energetically relatively favorable transition
state (compared to a complete breaking of the hydrogen bond)
explains why the molecular reorientation of water has a
relatively low activation energy of 16−17 kJ/mol (3.6−4.0 kcal/
mol).17−20

The frequencies of the hydroxyl stretch vibrations of water
strongly depend on the strength of the local hydrogen bond. A
strong hydrogen bond leads to a red-shift of the resonance
frequency of the O−H stretch vibration, whereas a weak
hydrogen bond leads to a blue-shift. Therefore, the evolution
from a strong linear hydrogen bond to the weak, bifurcated
hydrogen bond of the transition state for molecular
reorientation is accompanied by a large change in vibrational
frequency. Recently, this relation has been employed to study
the mechanism of reorientation of liquid water with ultrafast
2D-IR experiments.21 In this study, evidence for the concerted
hydrogen bond switching mechanism was obtained, but the
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observed average angles are relatively small (10−20°)
compared to the large angle reorientations predicted by the
molecular dynamics simulations.14 This difference could be due
to the fact that the experimental data contain contributions
from water molecules that undergo translational motions or
only small-angle fluctuations, i.e., that are not involved in a
successful switching of their hydrogen bond.
Here we study the mechanism of reorientation of liquid

water with two-color femtosecond mid-infrared spectroscopy.
We use relatively narrow-band excitation pulses tuned to the far
blue wing of the absorption band of the O−D stretch vibration
of HDO in H2O. Thereby, we selectively excite very weakly
hydrogen-bonded HDO molecules that will have a high
probability of being close to the transition state for molecular
reorientation. The excitation of weakly hydrogen-bonded
molecules was included in a previous study of our group of
the anisotropy dynamics of liquid water at room temperature.22

Here we use a more selective excitation of these molecules by
using a more narrow excitation spectrum, and we use a new
improved method to correct for thermal effects, which is
essential to obtain accurate anisotropy dynamics in this region
of the absorption band. We combine the anisotropy dynamics
with measurements of the spectral relaxation, and we determine
the temperature dependence of these relaxation processes in
the temperature range from 283 to 343 K. Thereby, we obtain
information on the intimate relation between the collective
structural reorganization of the hydrogen-bond network and
the molecular reorientation of water.

■ EXPERIMENT

The mid-infrared pump pulses of the polarization-resolved two-
color pump−probe experiment were generated by two
subsequent optical parametric amplification (OPA) processes.
The first process was performed in a commercial OPA
(LightConversion TOPAS) and was pumped by 800 nm
pulses with an energy of 850 μJ per pulse. The 800 nm pulses
are a fraction of the output of a regenerative Ti:sapphire laser
(Coherent), providing pulses with a duration of 35 fs and a
total pulse energy of 3.5 mJ at a repetition rate of 1 kHz. In the
OPA, the 800 nm pulse is converted to a signal pulse and an
idler pulse with a wavelength of ∼2 μm. The idler pulse is
frequency doubled to ∼1 μm using a relatively long β-barium-
borate (BBO) crystal of 4 mm. This crystal has a small
acceptance bandwidth leading to a narrow-band seeding pulse
for the second parametric amplification stage. In this second
parametric amplification stage, a relatively long (10 mm)
lithium niobate crystal was used to generate narrow-band mid-
infrared pulses around 4 μm. The thus obtained mid-infrared
pulses had a pulse energy of 16 μJ and a spectral bandwidth of
∼60 cm−1. The center frequency was tuned to the blue wing of
the absorption band (2650 cm−1) to selectively excite O−D
groups that donate a very weak hydrogen bond. The cross
correlate of the narrow band pump pulses and the probe pulses
at 2650 cm−1 measured in a thin germanium window was 250
fs.
The probe pulses are generated with a home-built OPA that

is pumped with 800 nm pulses with an energy of 850 μJ. The
home-built OPA is white-light seeded and generates signal and
idler pulses in a BBO crystal (2 mm). The signal and idler
pulses are difference frequency mixed in a silver-gallium-
disulfide crystal (1.2 mm), yielding mid-IR pulses of which the
center frequency was tuned to 2200, 2550, or 2950 cm−1. The

full width at half-maximum (fwhm) of the pulse spectra was
300 cm−1.
We excited the O−D stretch vibration of HDO molecules in

isotopically diluted water with the intense mid-infrared laser
pulse. The excitation modifies the absorption spectrum: at the
fundamental transition frequencies of the O−D stretch
vibration, the absorption is decreased (bleached) due to the
partially depleted ground state and ν = 1 → 0 stimulated
emission. In addition, the excitation of ν = 1 leads to a new
absorption at the ν = 1 → 2 transition frequency. The
absorption changes Δα vanish on a picosecond time scale due
to vibrational relaxation. The dynamics of Δα(ν, t) are
monitored by measuring the transmission of the weak probe
pulse for varying pump−probe delay times t. After the
vibrations have decayed, the absorbed pump energy thermalizes
into low frequency bath modes. As a result of the thermal-
ization, the sample temperature increases with 5 K in the focus
of the pump beam.
The pump pulse is linearly polarized and creates a directional

anisotropy of the excited subset of O−D oscillators. This
anisotropy decays as a result of molecular reorientation. These
dynamics are determined by performing measurements with
probe pulses that are polarized parallel and perpendicular to the
polarization of the pump pulse. The dynamics of the thus
measured absorption changes Δα∥(v, t) and Δα⊥(ν, t)
represent vibrational relaxation, spectral diffusion, and molec-
ular reorientation. From Δα∥(ν, t) and Δα⊥(ν, t), we can
construct the isotropic absorption changes Δαiso(ν, t) that
represent the vibrational relaxation and spectral diffusion only:
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From Δα∥(ν, t) and Δα⊥(ν, t), we can also construct the
anisotropy parameter R(ν, t):

ν
α ν α ν
α ν α ν

=
Δ − Δ
Δ + Δ

⊥

⊥
R t

t t

t t
( , )

( , ) ( , )

( , ) 2 ( , ) (2)

In the absence of spectral diffusion (or after the spectral
diffusion is complete), R(ν, t) only represents the dynamics of
the molecular reorientation, as the dynamics due to vibrational
relaxation are divided out.

■ SAMPLES
We used D2O (99.9% pure, Sigma-Aldrich) and Millipore water
to make isotopically diluted water samples (8 mol % D2O in
H2O). We used this isotope ratio to obtain an optimal contrast
between the signal from the O−D stretch vibration and the
signal coming from the thermalization of excited O−H stretch
vibrations, while keeping resonant Förster energy transfer at a
minimum.11 The sample cell consisted of a stainless steel ring
with two calcium fluoride windows (0.5 mm), pressed against
each other with a 25 μm spacer in between. The temperature of
the sample cell is varied with a Peltier cooling element and with
a heating element that heats the aluminum base plate of the
sample cell. A thermocouple attached to the sample cell and a
feed-back loop were used to maintain a constant temperature
(ΔT ≈ ± 1 K) in the temperature range 283−343 K.

■ RESULTS AND DISCUSSION
Isotropic Spectra. We construct isotropic transient spectra

from the measured Δα∥(v, t) and Δα⊥(ν, t) using eq 1. In
Figure 1, we show transient spectra at different delay times
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following excitation with a narrow-band pump pulse centered at
2650 cm−1. For short delay times, the transient spectra show a
bleach in the blue wing of the absorption band due to the
depletion of the vibrational v = 0 ground state, leading to a
decrease in v = 0 → 1 absorption and stimulated 1 → 0
emission out of the excited v = 1 vibrational state. With
increasing delay times, the bleaching signal shifts to lower
frequencies and decays. The frequency shift indicates the
presence of fast spectral diffusion of the excited O−D
oscillators. After 30 ps, the spectrum is not changing anymore
with increasing delay time within the experimentally accessible
range (1 ns). This quasi-static transient spectrum is the thermal
difference spectrum that arises from the increase of the sample
temperature following vibrational relaxation.
Thermalization Dynamics. To determine the spectral

diffusion and reorientation dynamics of only the excited O−D
oscillators, the absorption changes Δα∥(v, t) and Δα⊥(ν, t)
should only represent the transient absorption signal associated

with the excitation of these oscillators. Hence, Δα∥(v, t) and
Δα⊥(ν, t) should be corrected for the contribution of thermal
effects to the transient spectrum. In previous work, this
correction was performed by fitting a kinetic relaxation model
to the isotropic data in order to obtain the shape and dynamics
of the thermal difference spectrum.22,23 This approach works
reasonably well if the O−D stretch absorption band is excited
near its center (2500 cm−1), as in that case only O−D
oscillators are excited that show a nearly frequency-
independent relaxation time of 1.8 ps. However, when the
excitation pulse is tuned to the wings of the O−D stretch
absorption spectrum, not only O−D oscillators will be excited
but also modes of the background H2O solvent. Although 2650
cm−1 is far from the maximum of 3400 cm−1 of the O−H
stretch absorption band of H2O, the absorption of O−H
oscillators is non-negligible, because H2O is the main
constituent of the sample, and because the O−H stretch
absorption band is extremely broad as a result of strong intra-
and intermolecular couplings.24 The vibrational relaxation of
the O−H stretch vibrations of H2O has a time constant of
≈200 fs,25 and is thus much faster than the vibrational
relaxation of the O−D vibration of HDO. As a result, the
thermal contribution to the transient spectrum will show an
additional rapid rising component. In view of this complication,
we determine the thermalization dynamics with a different
method.
Figure 2A shows that, upon heating a sample containing 8%

HDO:H2O by a few degrees, virtually all modes in the linear
spectrum of water from 400 to 4000 cm−1 either shift or change
in amplitude. We are thus able to measure the dynamics of the
thermal difference spectrum by probing a part of the spectrum
where there is very little contribution from the excitation itself.
We chose to probe the large thermal response in the red wing
of the O−H stretch vibrations of H2O, around 3000 cm−1.
Figure 2B shows the results of a measurement in which the

O−D stretch vibration is excited with a narrow-band excitation
pulse at 2650 cm−1 and a detection pulse centered at 2950
cm−1. At short delay times, the transient spectrum shows an
induced absorption at low frequencies. This feature quickly
decays, after which a bleach at higher frequencies grows in at a
much slower rate. We recognize the shape of the bleach as the

Figure 1. Isotropic transient spectra for pump−probe delay times
between 0.09 ps (red line) and 50 ps (purple line). The excitation
pulse is centered at 2650 cm−1 and has a bandwidth of ∼60 cm−1. At
short delay times, the transient spectra mainly show a bleach at
frequencies >2450 cm−1. The bleach subsequently shifts to lower
frequencies and decays. At long delay times, the transient spectrum
takes the form of a thermal difference spectrum.

Figure 2. (A) Linear spectrum of a sample of 8% HDO in H2O at 295 K (multiplied by 0.05, dashed line) and the difference spectrum between a
linear spectrum at 295 K and a linear spectrum of the same sample at 303 K. The difference spectrum shows many features, caused by the shifting of
bands and changes in cross sections upon a rise in temperature. (B) Transient spectra for different delay times probed around 2950 cm−1 after
exciting the O−D stretch vibration in a sample of 8% HDO:H2O with a pump centered at 2650 cm−1. The bleach that rises with increasing delay
time is the thermal difference spectrum of the red wing of the O−H stretch vibrations of H2O.
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thermal difference spectrum in this spectral region (see Figure
2A). The spectral response at short delay times arises from the
v = 1 → 2 transition of O−H oscillators that are excited in the
far red wing of the O−H stretch absorption band. The O−H
stretch excited state spectrum and the thermal difference
spectrum show quite different shapes and dynamics. Hence, the
transient spectra measured near 2950 cm−1 can be easily
decomposed in these two spectral contributions. In this
decomposition, we take the transient spectra at long delay
times (100 ps) as the spectral shape of the thermal difference
spectrum, because at these delay times the O−H stretch
vibrations have completely relaxed. For the spectral shape of
the O−H stretch excited state spectrum, we use the transient
spectrum at 150 fs. At this delay time, the pump and probe
pulse are not overlapping anymore and the contribution of a
possible coherent artifact will be negligible.
Figure 3 shows the dynamics of the thermal difference

spectrum resulting from a decomposition of the transient
spectra in the frequency region around 2950 cm−1 for different
central frequencies of the excitation pulse. The dynamics clearly
depend on the excitation spectrum, and show a faster initial rise
in case the O−D stretch absorption band is not pumped in the
center at 2500 cm−1. If the pump spectrum is shifted to

frequencies higher than 2550 cm−1 (Figure 3A), this initial rise
is due to the excitation of O−H stretch vibrations. For
excitation frequencies in the red wing of the O−H stretch
absorption band (Figure 3A), a similar fast initial rise results
from the excitation of the blue wing of the H2O-bend plus
libration band at 2200 cm−1. In ref 20, it was observed that the
thermal effects resulting from the excitation of the background
H2O solvent lead to a distortion of the 2D-IR spectrum,
especially at later delay times. At elevated temperatures, the
background thermal effects were observed to lead to a residual
offset for the slope of the phase lines of the 2D spectrum. The
distortion of the 2D spectrum can be explained from the fact
that the relative amount of background H2O absorption
becomes larger with increasing detuning of the excitation
frequency from the center of the O−D stretch absorption band.
Hence, the background thermal effect has a much larger effect
on the transient spectrum for an excitation in the blue wing
than in the center of the absorption band.
To obtain accurate spectral relaxation and anisotropy

dynamics, we correct the measured Δα∥(v, t) and Δα⊥(ν, t)
at each delay time for the contribution arising from the
excitation of the background H2O solvent. For each experiment
of the O−D stretch vibration, we determine the dynamics of

Figure 3. Thermalization dynamics measured for different center frequencies of the pump red-shifted (A) and blue-shifted (B) from the center of the
O−D stretch absorption band. The initial dynamics becomes faster with increasing red-shift or blue-shift with respect to the center of the O−D
stretch absorption band.

Figure 4. (A) Isotropic transient spectra from which the thermalization component is subtracted. The first moment M1 of the bleaching part of the
transient spectra is plotted in panel B for sample temperatures of 295 and 343 K. The time evolution of the first moment M1 reflects the spectral
diffusion of the excited O−D stretch vibrations.
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the thermalization with a separate experiment in which we
measure the response in the frequency range around 2950 cm−1

induced by the same excitation pulse. We fit the rise of the
thermal difference spectrum in this frequency range with a
multiexponential function. Typically, a function of three
exponentials is found to accurately describe the curves (solid
lines in Figure 3). We use these dynamics to correct the
measured Δα∥(ν, t) and Δα⊥(ν, t) at all delay times for the
contribution of the thermal difference spectrum in the
frequency region of the O−D stretch vibration. The spectral
shape of the thermal difference spectrum in this frequency
region is determined by averaging the measured transient
spectra between delay times of 70 and 100 ps (when the O−D
stretch vibration has completely relaxed).
Spectral Diffusion. In Figure 4A, we present the isotropic

data obtained after subtraction of the delay-dependent thermal
difference spectrum following the procedure of the previous
subsection. The maximum of the bleaching signal shows a
strong red-shift with increasing delay time, showing the
presence of spectral diffusion effects. To quantify the spectral
diffusion, we evaluate the first moment M1 of the negative
(bleaching) part of the heat-corrected transient spectra. In
Figure 4B, the first moment is plotted as a function of the pump
probe delay time. The value of M1 starts at 2610 cm−1, in
between the maximum of the excitation spectrum at 2650 cm−1

and the maximum of the absorption spectrum at 2520 cm−1. If
the absorption band would have been completely homoge-
neously broadened, M1 would have started at the maximum of
the absorption band at 2520 cm−1 and thus would have shown
no dynamics. The starting value of M1 differs from 2520 cm−1

because the absorption band is inhomogeneously broadened.
The absorption band can be viewed as a distribution of more
narrow homogeneous line shapes, of which the number density
falls off in the wings. Hence, an excitation pulse at 2650 cm−1

has a higher excitation probability for homogeneous line shapes
of O−D oscillators that are red-shifted from 2650 cm−1 than for
O−D oscillators that are resonant at 2650 cm−1. As a result, the
initial value of M1 is at 2610 cm

−1. We observe that M1 shows a
rapid partial decay. Within a few hundred femtoseconds, M1 has
already relaxed to ∼2560 cm−1. The decay of M1 continues in
the subsequent 1.5 ps, reaching a final frequency value of 2530

cm−1. This frequency is somewhat higher than the maximum of
the linear absorption spectrum of the O−D stretch vibration
because the transition spectrum also contains the excited state v
= 1 → 2 absorption that competes with the bleaching of the
fundamental v = 0 → 1 transition. At 343 K, the final frequency
ofM1 is higher and the decay is faster than at 295 K. The higher
final frequency results from the blue-shift of the linear
absorption spectrum of the O−D stretch vibration with
temperature.
In Figure 5A, we present the first moment as a function of

delay time measured at three different temperatures. It is seen
that the decay of the first moment becomes faster as the
temperature increases. At all temperatures, a biexponential
function plus offset was fitted to the measured M1 dynamics
(the offset was subtracted for clarity in Figure 5A). The fitted
time constants of the fast and slow components are presented
for all data in Figure 5B and in Table 1. The time constant of
the fast component shows very little dependence on temper-
ature, whereas the time constant of the slow component
decreases with increasing temperature.

Anisotropy Dynamics. The thermally corrected Δα∥(v, t)
and Δα⊥(ν, t) are used to determine the dynamics of the
anisotropy R(v, t) using eq 2. In Figure 6A, the anisotropy is
shown as a function of delay time for five different detection

Figure 5. (A) The first spectral moment M1 of the bleaching part of the transient spectrum as a function of delay time for three different
temperatures. The first moments M1 are given as the frequency difference with respect to its final value, to facilitate the comparison of the dynamics
at different temperatures. The solid lines represent a fit to the original data of a biexponential function plus an offset (equilibrium frequency). For a
better comparison of the dynamics at various temperatures, the equilibrium frequency was subtracted from both the data and the fits. (B) Time
constants of the fast and slow components of the dynamics of M1 as a function of temperature.

Table 1. Fitted Time Constants of Bi-Exponential Fits to the
Decay of the First Moment (tM1,1, tM1,2) and to the
Anisotropy Decay at 2600 cm−1 (tR,1, tR,2) at Different
Temperaturesa

T (K) tM1,1 tM1,2 tR,1 tR,2

283 0.07 0.60 0.41 3.21
295 0.10 0.73 0.41 2.48
304 0.08 0.53 0.39 2.38
313 0.11 0.47 0.28 1.75
320 0.11 0.37 0.32 1.49
328 0.11 0.37 0.29 1.53
335 0.14 0.33 0.28 1.39
343 0.11 0.34 0.30 1.24

aAll time constants are in picoseconds.
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frequencies. It is seen that the anisotropy dynamics strongly
differ for different detection frequencies in the first picosecond
after the excitation, while for longer delay times the anisotropy
becomes frequency independent. For low probe frequencies
(for example, at 2500 cm−1), the anisotropy has a low initial
value and rises to a maximum value. After ∼1.5 ps, the
anisotropy has the same value at all frequencies and shows the
same exponential decay with a time constant of ∼2.5 ps. This
time constant is identical to the time constant of water
reorientation after a broad excitation pulse.8

Figure 6A shows that the anisotropy acquires very low (even
negative) initial values at frequencies <2500 cm1. This
observation can be explained from the fact that the total
transient spectrum is a combination of a (negative) bleaching
signal at the ν = 0 → 1 transition frequencies and a (positive)
induced absorption signal at the ν = 1 → 2 transition
frequencies. The induced absorption is red-shifted about 180
cm−1 with respect to the bleach. Therefore, a considerable
spectral region exists in which both features overlap. As a result,
the total measured transient absorption at 2500 cm−1

represents the bleaching of the fundamental absorption at
this frequency and the blue wing of the induced v = 1 → 2
absorption of O−D oscillators for which the fundamental v = 0
→ 1 transition frequency is much higher, i.e., at ∼2650 cm−1. If
the anisotropy does not depend on frequency, the addition of
the bleaching and induced absorption of different oscillators
will not affect the net value of the anisotropy. However, if there
is a frequency dependence of the anisotropy, this dependence
will be amplified, which can be explained as follows. If the
anisotropy decreases with increasing O−D frequency, the
anisotropy of the bleaching at 2500 cm−1 will be larger than
that of the induced absorption at 2500 cm−1, as this latter
absorption represents the high-frequency wing of the v = 1 → 2
transition. This means that a relatively small induced absorption
Δα∥(v, t) is subtracted from the bleaching Δα∥(v, t) and a
relatively large induced absorption Δα⊥(v, t) is subtracted from
the bleaching Δα⊥(v, t). Hence, subtraction of an induced
absorption with a low anisotropy will increase the ratio of
Δα∥(v, t) and Δα⊥(v, t) of the residual bleaching signal, thus
amplifying the increase of the anisotropy with decreasing O−D
frequency. Vice versa, if the anisotropy decreases with
decreasing frequency, an induced absorption with a relatively

large anisotropy is subtracted from a bleaching signal with a
relatively low anisotropy, thus making the anisotropy of the
residual even lower and potentially even negative (meaning that
the residual Δα⊥(v, t) > residual Δα∥(v, t)). This situation
applies to the results shown in Figure 6A (see also the
Supporting Information).
The complicating effects on the anisotropy of the

competition between the v = 0 → 1 bleaching and the v = 1
→ 2 induced absorption can be avoided by probing the red
wing of the induced absorption only. In Figure 6B, the
anisotropy dynamics measured between 2100 and 2300 cm−1

are shown, using the same spectrally narrow excitation pulse
centered around 2650 cm−1. It is seen that the anisotropy
remains positive at all frequencies and in fact shows very little
frequency dependence, thanks to the fact that there is no
interference with the v = 0 → 1 bleaching signal. The initial
value of ∼0.2 is quite low which shows that the excitation in the
blue wing leads to a relatively low value of the anisotropy in the
red wing of the O−D absorption band.
Figure 7 shows the frequency-dependent dynamics of the

anisotropy measured at T = 328 K. The vibrational lifetime T1
of the O−D stretch vibration becomes longer for increasing
temperature,17,26 which makes it easier to determine the
anisotropy at long delay times. Comparison with the data

Figure 6. Anisotropy dynamics of the O−D stretch vibration of HDO in H2O. The O−D stretch vibration is excited with a narrow-band excitation
pulse centered at 2650 cm−1. (A) Anisotropy at detection frequencies in the ν = 0 → 1 region (2490, 2500, 2520, 2560, and 2600 cm−1, red to blue
curves). For short delay times, the anisotropy has a strong dependence on the detection frequency. (B) Anisotropy at detection frequencies in the ν
= 1 → 2 region (2100, 2150, 2200, 2250, and 2300 cm−1, red to blue curves). The anisotropy dynamics show little frequency dependence and decay
with a time constant of 2.3 ± 0.2 ps.

Figure 7. Similar figure as Figure 6A (identical probe frequencies) for
a sample temperature of 328 K.
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presented in Figure 6 shows that the anisotropy relaxes
significantly faster at 328 K than at 295 K. In Figure 8, the
anisotropy decays at 2500 cm−1 (left panel) and 2600 cm−1

(right panel) are shown for four different sample temperatures.
It is clearly seen that the anisotropy decay speeds up with
increasing temperature. This speed up is in line with previous
work in which it was shown that the average reorientation of
water closely follows the Stokes−Einstein−Debye relation.18,26
We quantify the equilibration dynamics of the anisotropy in

the first picosecond by fitting a straight line to the frequency-
dependent anisotropy at every delay time. The slope represents
the frequency dependence of the anisotropy. Figure 6a shows
that the anisotropy depends on the probe frequency at short
delay times. The inset of Figure 9A shows the value of the
anisotropy parameter as a function of probe frequency for
various delay times. We fitted a straight line to the curves in the
inset to quantify the frequency dependence: a slope of zero
would mean no frequency dependence. The nonzero slope at
short delay times decays with increasing delay time, which
shows that an equilibration takes place: initially, the
reorientation depends on the probe frequency, but after a
certain time, it does not anymore. This equilibration of the
anisotropy is due to the spectral diffusion. In Figure 9B, we

show the slope values as a function of pump−probe delay time
for a number of temperatures. We fitted the slope decays to an
exponential function (solid lines), thus obtaining spectral
equilibration time constants at different temperatures. The
resulting time constants are shown in Figure 9B for all
temperatures and obey Arrhenius behavior (dashed line). In
addition, we present the time constants of the frequency-
independent anisotropy decay observed for delay times >1.5 ps,
also following Arrhenius behavior (solid line). The time
constants are given in Table 1.

Interpretation and Discussion. Inertial Spectral and
Orientational Relaxation. The relaxation of the first spectral
moment M1 shown in Figures 4 and 5 shows an initial fast
component with a time constant of ∼100 fs. The presence of
this fast component agrees with the results of Loparo et al.27 In
this work, a large amplitude fast component in the spectral
diffusion was observed in the case of excitation in the blue wing
of the O−H stretch vibration of HDO molecules in D2O. In
view of the high excitation frequency, the fast component is
associated with water molecules for which the hydroxyl group is
at a large distance from its hydrogen-bonded partner (large
RO−O distance) and/or for which the angle between the O−H
coordinate and the O−O coordinate has a large value.

Figure 8. Anisotropy decay probed at 2500 cm−1 (A) and at 2600 cm−1 (B) after excitation by a spectrally narrow pump centered at 2650 cm−1, for
sample temperatures of 295 K (circles), 313 K (triangles), 328 K (squares), and 343 K (diamonds).

Figure 9. (A) The slope of a straight line fitted to the anisotropy as a function of frequency between 2485 and 2530 cm−1, as a function of delay time
for a number of temperatures. The solid lines represent exponential fits to the data. The inset shows the fitted slopes (solid lines) at different delay
times for the frequency-dependent anisotropy data at 295 K. (B) The time constant of the anisotropy slope dynamics of panel A and the time
constant of the long-time (average) anisotropy decay as a function of temperature.
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Molecular dynamics simulations showed that the strained
hydrogen-bond configuration can be more or less symmetric, in
case the O−D group donates two weak hydrogen bonds to two
water molecules at similarly large RO−O distances and with
similarly large angles between the RO−O coordinate and the
excited O−D coordinate.14,27 Such a configuration can evolve
to a fully symmetric bifurcated transition state for switching of
the hydrogen-bonded partner. This transition state can rapidly
fall back (unsuccessful jump) to a single strong hydrogen bond
with the original hydrogen-bonded partner or rapidly evolve to
a new strong hydrogen bond with the new partner (successful
jump).14 Irrespective of whether the hydrogen bond is
symmetrically or asymmetrically strained, the strained hydro-
gen-bond configuration will quickly relax to a single strong
hydrogen bond, thus leading to a strong decrease of the excited
O−D vibrational frequency.
The relaxation of the strained hydrogen-bond configurations

is accompanied by a large change of the orientation of the
excited O−D group. Hence, this relaxation will lead to a decay
of the anisotropy. The relaxation of the strained hydrogen-bond
configurations will thus give rise to a low-anisotropy signal with
a spectral dependence given by the linear absorption spectrum.
In the case of narrow-band excitation in the blue wing, there
will be very few HDO molecules directly excited in the center
and the red wing of the absorption band. Hence, at early delays,
the signal observed in the center and the red wing will be
dominated by the low-anisotropy signal of relaxed O−D groups
that were originally excited in a strained hydrogen-bond
configuration. Indeed, the anisotropy in the center and the
red wing is observed to be low directly after the excitation, as
seen in Figures 6A and 7A.
There can also be inertial reorientation motions that do not

lead to a significant change of the frequency. For instance, the
inertial motion can bring the strained hydrogen-bond
configuration to a new but similarly strained hydrogen-bond
configuration, thus retaining the high hydroxyl stretch
frequency. If the O−O distance is large, then there can also
be orientational fluctuations around this hydrogen bond that
hardly change the frequency (the hydrogen bond remains weak
for all orientations of the hydroxyl group). These orientational
fluctuations are often denoted as librational (hindered rota-
tional) motions and can also occur for stronger (shorter)
hydrogen bonds, albeit with a smaller angular cone.7,15,28,29 At
room temperature, the contribution of librations to the decay of
the anisotropy of the O−D stretch vibration of HDO:H2O
ranges from ∼7% at the maximum of the absorption band to
∼15% in the blue wing of the absorption band.15 These
anisotropy decays correspond to relatively small cone angles
ranging from 12 to 18°.
In the blue wing of the absorption band, the frequency-

conserving inertial motions are of a relatively large amplitude,
thus leading to a significant drop of the anisotropy from 0.4 to
∼0.35. Nevertheless, in the case of excitation in the blue wing,
the signal at early delay times will be dominated by excited
HDO molecules in strained hydrogen-bond configurations that
have not yet undergone an orientational relaxation (e.g.,
switching) to a strong hydrogen bond and that have only
experienced a partial frequency-conserving inertial reorienta-
tion. Therefore, at early delay times, the anisotropy in the blue
wing will be relatively high compared to the anisotropy in the
center and the red wing of the absorption band, where the
signal will be dominated by excited HDO oscillators that
underwent a full relaxation process from a strained hydrogen

bond to a relaxed and strong hydrogen bond (Figures 6A and
7A).
The frequency dependence of the anisotropy is largely

consistent with the results reported by the Tokmakoff group in
a 2D-IR study of the anisotropy dynamics of the O−H stretch
vibration of HDO in D2O.

21 The absorptive 2D-IR anisotropy
spectra presented in this study also show a somewhat lower
anisotropy in the center of the absorption band following
excitation in the blue wing of the O−H stretch vibration, in
agreement with the present findings. However, the frequency
dependence is less pronounced and the corresponding power
spectra did not show this frequency dependence of the
anisotropy. This difference cannot be due to the interference
of the v = 0 → 1 bleaching signal and the v = 1 → 2 induced
absorption, as this interference will only amplify the frequency
dependence of the anisotropy. Hence, this interference will
make an increase of the anisotropy with detection frequency
more pronounced, and will not change its sign. The difference
with the results of ref 21 may be related to the system studied
and the experimental parameters. In ref 21, the O−H stretch
vibration of HDO was studied, which has a shorter vibrational
lifetime T1 than the O−D stretch vibration of HDO studied
here. The shorter T1 leads to a faster thermalization effect,
which may affect the anisotropy already at early delays. Another
difference with ref 21 is that we tune the excitation pulse further
to the high-frequency wing of the absorption band, thus
exciting a relatively large fraction of very weak (strained)
hydrogen-bond configurations. As a result, in the present study
the effect of the relaxation of these strained hydrogen-bond
configurations on the anisotropy is more pronounced.
The frequency dependence of the anisotropy of the O−H

stretch vibration of HDO has also been calculated with
molecular dynamics simulations.21,30 The calculated anisotropy
shows a fast decay at early delay times that is largely due to
librational motions. The calculated anisotropy does not show
the decrease of the anisotropy with decreasing frequency that
we observe in Figures 6A and 7A, following excitation in the far
blue wing of the O−D stretch vibration. This difference may be
due to the fact that the calculated short-time librational
fluctuations have a relatively large amplitude that increases with
frequency, thus leading to a rather strong decrease of the
anisotropy with frequency. This strong frequency dependence
of the librational contribution will make the effect of the
relaxing strained hydrogen-bond configurations on the
anisotropy less apparent in the simulations. The large
amplitude of the calculated short-time librational fluctuations
is probably due to the classical description of the librational
motions.21

Spectral Diffusion. The decay of the first spectral moment
also shows a slow component of which the time constant
decreases from 0.7 ± 0.1 ps at 283 K to 0.3 ± 0.1 ps at 343 K.
The presence of this spectral diffusion component agrees with
the results of previous studies of the spectral diffusion of the
O−D/O−H stretch vibrations of HDO in H2O/D2O. With
different experimental techniques, it was found that the
frequency−frequency correlation function of water possesses
a slow component that decays on a time scale of ∼1 ps.27,31−35
The slow component is also observed in molecular dynamics
simulations36−39 and can be assigned to changes in the
hydrogen bond length due to the collective reorganization of
the hydrogen-bond network of water.
The slow spectral diffusion process leads to a complete

equilibration of the excited O−D oscillators over the absorption
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band. As a result, the anisotropy will acquire the same value at
all detection frequencies. It is indeed seen in Figures 6A and 7A
that at all detection frequencies the anisotropy acquires the
same value after ∼1.5 ps. The time constant with which the
anisotropy equilibrates is very similar to the time constant of
the slow component of the spectral diffusion, as can be seen
from the time constants shown in Figures 5B and 9.
Activation Energies of Spectral Relaxation and Reor-

ientation. As is seen in Figure 5, the rapid spectral dynamics do
not show a significant temperature dependence, which can be
explained from the fact that these dynamics are associated with
the relaxation of a strained, out-of-equilibrium configurational
state. Hence, these dynamics do not involve any thermal
activation. The time constant of the second, slow component of
the spectral diffusion is observed to become shorter with
increasing temperature, showing that the collective reorganiza-
tion of the hydrogen-bond network becomes faster, in
agreement with the results of refs 17 and 20. The speed up
of the spectral equilibration also leads to a faster spectral
equilibration of the anisotropy. The time constant of the decay
of the slope of the anisotropy indeed shows a similar
temperature dependence as the slow component of the spectral
diffusion.
We determine the activation energies of the spectral

relaxation and anisotropy relaxation by plotting the decay
rates of the spectral diffusion, the anisotropy slope dynamics,
and the equilibrated anisotropy in an Arrhenius plot (Figure
10). The spectral diffusion and the anisotropy dynamics show a

similar activation energy of 11 ± 2 kJ/mol (2.6 ± 0.5 kcal/
mol). The activation energy of the averaged molecular
reorientation is somewhat higher, showing a value of 14 ± 2
kJ/mol (3.3 ± 0.5 kcal/mol). This value agrees with previous
studies that found activation energies of 16 ± 2 kJ/mol (3.6 ±
0.5 kcal/mol)17,20 and 17 ± 2 kJ/mol (4.0 ± 0.5 kcal/mol).18,19

The similar values of the activation energy of the reorientation
and the spectral diffusion indicate that these processes are
connected. This is not surprising, as water molecules need to
evolve to the symmetrically strained (bifurcated) hydrogen-
bond configuration before hydrogen-bond switching and thus
reorientation can take place. The evolution to the transition
state for reorientation is governed by the collective structural
reorganization of the hydrogen-bond network, i.e., by the slow
component of the spectral diffusion dynamics. Hence, a speed-

up of the spectral diffusion dynamics implies a faster production
of the transition state for reorientation, and thus an overall
faster reorientation rate.
The activation energy of the molecular reorientation is

somewhat higher than the activation energy of the spectral
relaxation, and this difference may be significant. In ref 17, a
similar difference was found: the activation energy of the
spectral relaxation is 12 or 14 kJ/mol (depending on the
method used), while the activation energy of the molecular
reorientation is 16 kJ/mol. A comparison of the activation
energies reported in previous studies points at a similar
difference.17−20 The higher activation energy of the molecular
reorientation can be explained as follows. The effective rate of
molecular reorientation is determined both by the rate of
spectral diffusion and by the fraction of water molecules for
which the hydrogen-bond configuration allows for hydrogen-
bond switching (jump reorientation). A rise in temperature
leads to a decrease of the average hydrogen-bond strength, and
thus will increase the fraction of water molecules that can
rapidly evolve to the transition states. The increase of the
fraction of water molecules capable of hydrogen-bond switching
implies an additional acceleration of the average molecular
reorientation with temperature. Hence, the amount of
acceleration with temperature and thus the activation energy
is expected to be somewhat higher for the molecular
reorientation than for the spectral diffusion.

■ CONCLUSIONS
We studied the mechanism of molecular reorientation of HDO
molecules in H2O with polarization-resolved two-color pump−
probe experiments. We tuned the excitation pulse to the far
blue wing of the O−D stretch vibration of the HDO molecules
to selectively probe the spectral and reorientation dynamics of
weakly hydrogen-bonded HDO molecules at temperatures
between 283 and 342 K. In order to obtain an accurate
determination of these dynamics, we corrected the transient
spectra for the contributions of thermal effects. To this purpose,
we performed a thorough study of the thermalization dynamics
following vibrational relaxation by studying the thermal
response in a separate experiment. The thermalization
dynamics are particularly complex and important in the present
study of weakly hydrogen-bonded O−D groups, because the
excitation probability of the O−D vibrations is relatively low
and because there is a significant probability of exciting the red
wing of the absorption band of the O−H stretch vibrations of
the H2O solvent.
The first moment of the bleaching part of the transient

spectrum shows a biexponential decay. The fast component of
this decay with a time constant of ∼100 fs is associated with the
rapid relaxation of extremely strained hydrogen-bond config-
urations, i.e., configurations for which the length RO−O of the
hydrogen bond is long and/or for which the angle between the
O−H coordinate and the O−O coordinate has a large value.
Part of these strained hydrogen-bond configurations corre-
spond to nearly symmetric bifurcated hydrogen-bond config-
urations in which the O−D group can switch its hydrogen-
bonded partner. The excited strained hydrogen-bond config-
uration will rapidly relax to a configuration with a single strong
hydrogen bond, and this relaxation is associated with a rapid
red-shift of the O−D stretch vibrational frequency. The
anisotropy of the transient spectral signals shows that the
rapid relaxation also involves a strong change of the orientation
of the excited O−D group. The time constant of this rapid

Figure 10. Natural logarithm of the decay rates of the slope of the
anisotropy (triangles), the slow component of the decay of the first
spectral moment (circles), and the long-time (average) anisotropy
decay (squares) as a function of the inverse temperature. The
activation energies are determined by fitting straight lines to the three
sets of data points.
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relaxation shows very little dependence on temperature which
can be explained from the fact that the relaxation corresponds
to a downhill relaxation of a strained out-of-equilibrium
configuration. Hence, this relaxation is not thermally activated.
The slow component of the spectral relaxation with a time

constant of ∼0.7 ps at 293 K has been extensively studied
before and is assigned to the collective structural reorganization
of the hydrogen-bond network of liquid water. The time
constant of this relaxation decreases by a factor of 2 going from
283 to 343 K, which corresponds to an activation energy of 11
± 2 kJ/mol (2.6 ± 0.5 kcal/mol). The collective reorganization
also leads to an equilibration of the anisotropy at different
frequencies. For longer delays, the anisotropy shows the same
exponential decay at all detection frequencies. This decay
represents the average molecular reorientation of all water
molecules. The time constant of the average molecular
reorientation becomes shorter with increasing temperature,
and its temperature dependence is similar to that of the
collective structural reorganization. This similarity can be
explained from the fact that water molecules need to evolve
to the symmetrically strained (bifurcated) hydrogen-bond
configuration before hydrogen-bond switching and thus
reorientation can take place. Hence, acceleration of the
collective hydrogen-bond reorganization speeds up the
production of water molecules for which reorientation can
take place and thus increases the rate of average molecular
reorientation. The average molecular reorientation has an
activation energy of 14 ± 2 kJ/mol (3.3 ± 0.5 kcal/mol),
slightly higher than the activation energy of 11 ± 2 kJ/mol (2.6
± 0.5 kcal/mol) of the collective structural reorganization of
the hydrogen-bond network. The higher activation energy of
the molecular reorientation suggests that a rise in temperature
not only leads to an acceleration of the structural dynamics of
the hydrogen-bonded network but also leads to an increase of
the fraction of water molecules for which hydrogen-bond
switching (jump reorientation) can occur.
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I. INTERFERENCE EFFECTS IN THE FREQUENCY-DEPENDENT ANISOTROPY

In this section we will describe in detail the amplification effect of a frequency dependence in

the anisotropy signals of an excited anharmonic vibration. We assume a similar excitation spec-

trum as was used in the experiment, with a FWHM of 60 cm−1 and centered at 2650 cm−1. The

isotropic transient spectra are written as the product of the population dynamics N(t), reflect-

ing the vibrational decay of the excitation, and the excited state transient absorption spectrum

σ(ν). Furthermore, σ(ν) consists of a negative contribution σ01(ν) due to stimulated emission and

ground state depletion (the bleach) at the νs = 0 → 1 transition frequency and a positive contri-

bution σ12(ν) due to excited state absorption at the νs = 1 → 2 transition frequency. The heat

corrected isotropic transient spectra ∆αiso(ν, t) for a single species solution can thus be written as,

∆αiso(ν, t) = N(t)σ(ν) = N(t) (σ01(ν) + σ12(ν)) (1)

However, the absorption spectrum of O–D oscillators in isotopically diluted water is inhomo-

geneously broadened: oscillators with stronger or weaker hydrogen-bonds have their resonance

frequency at different positions in the absorption band. A narrow band excitation pulse with its

center frequency in the blue wing of the O–D stretch absorption band will result in a blue-shifted

transient response of both σ01(ν) and σ12(ν) at time zero. Due to spectral diffusion, σ01 and σ12

have a time dependence and will eventually assume their equilibrium shape.

For simplicity we consider a gaussian shape for the bleach with central frequency ν0
c at time

zero, exponentially relaxing to ν∞
c due to spectral diffusion with rate ks. The spectral contribution

of the bleach σ01(ν, t) to the total transient absorption can then be written as,

σ01(ν, t) = Ae−
(ν−νc(t))

2

2Σ2 (2)

where A is the amplitude of the response and Σ the width of the gauss. We ignored here the fact

that a narrow-band excitation also leads to a time-dependent broadening of Σ. The time-dependent

center frequency νc(t) can be written as,

νc(t) = (ν0
c − ν∞

c )e−kst + ν∞
c (3)

A similar relation can be derived for the spectral contribution of the induced absorption σ12(ν, t),

for which the sign of the amplitude will be different and the center frequency is shifted to the red

side of the spectrum by the anharmonicity (180 cm−1). Using the expression for the anisotropy
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yields,

Rm(ν, t) =
σ01(ν, t)R01(ν, t) + σ12(ν, t)R12(ν, t)

σ01(ν, t) + σ12(ν, t)
(4)

The subscript m of the anisotropy Rm is added as a reminder that this parameter represents the

measured anisotropy as opposed to the actual anisotropy of the bleaching R01 and the induced ab-

sorption R12. We explicitly took the anisotropy different for the bleach and the induced absorption.

This is necessary because at a given frequency ν the spectral response of the bleach arises from

different oscillators than the spectral response of the induced absorption, due to the anharmonicity

of the OD stretch vibration. An oscillator that contributes to the bleach at 2500 cm−1, therefore

also contributes to the induced absorption at 2320 cm−1. In terms of the associated anisotropy

dynamics we write this as:

R12(ν, t) = R01(ν + 180, t) (5)

In case there is no frequency dependence in the anisotropy, the equality in Eq. (5) is trivial and

Rm(ν, t) reduces to R01(t). For the experiment in this work, the anisotropy in fact does depend on

the probe frequency. In line to what we found we define the frequency dependence as,

R01(ν, t) =
2

5

(
0.25e−0.4t + 0.15ρe−3t

)

ρ = 0 (ν < 2500)

ρ = ν−2500
100

(2500 < ν < 2600)

ρ = 1 (ν > 2600)

(6)

We calculated Rm(ν, t) according to Eq. (4) for values of the spectral diffusion parameters that

are describing the measured data as presented in the main text of this manuscript. The results

are plotted in Fig. 1 for a number of probe-frequencies. The black lines represent the actual

anisotropy dynamics of the bleach at 2500 cm−1 and 2650 cm−1 (Eq. (6)). As can be seen, the

amplitude of Rm is heavily suppressed for short delay times, especially at frequencies close to

2500 cm−1. Rm even shows an asymptotic behavior. This asymptotic behavior follows from the

denominator of Eq. (4) than can become very small for frequencies at which σ01(ν, t) ∼ σ12(ν, t).

Due to the difference between R01(ν, t) and R12(ν, t), the numerator is not necessarily small at

these frequencies. This effect disappears for longer delay times for two reasons. 1) The frequency

dependence of R01(ν, t) and R12(ν, t) decreases with increasing t, and 2) the zero-crossing of

σ(ν, t) shifts to frequencies lower than 2500 cm−1, thereby diminishing the artefact. Both of these

points are due to spectral diffusion. In case spectral diffusion would not be complete within the

timescale of the experiment, R01(ν, t) and R12(ν, t) would not lose their frequency dependence
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FIG. 1: A simulation of the artefact that arises in the anisotropy in case the O–D stretch vibration in

isotopically diluted water is excited by a narrow band pump centered in the blue wing of the absorption

band. The solid black lines are the actual anisotropy dynamics at 2500 cm−1 (lower line) and 2600 cm−1

(upper line). The dashed-dotted lines are the anisotropy dynamics that were calculated as they would be

measured for equidistant frequencies between 2500 cm−1 (lowest curve) and 2600 cm−1 (highest curve)

(step size 12.5 cm−1).

and the measured anisotropy Rm(ν, t) would retain a frequency dependence.
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