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Abstract
Multidimensional vibrational echo correlation spectroscopy with full phase resolution is used to measure hydrogen
bond dynamics in water and methanol. The OD hydroxyl stretches of methanol-OD oligomers in CCl4 and HOD in
H2O are studied using the shortest mid-IR pulses (o50 fs, o4 cycles of light) produced to date. The pulses have
sufﬁcient spectral bandwidth to span the very broad (>400 cm1) spectrum of the 0–1 and 1–2 transitions. Hydrogen
bond population dynamics are extricated with exceptional detail in MeOD oligomers because the different hydrogen
bonded species are spectrally distinct. The experimental results along with detailed calculations indicate the strongest
hydrogen bonds are selectively broken through a non-equilibrium relaxation pathway following vibrational relaxation
of the hydroxyl stretch. The correlation spectra are also a sensitive probe of the ﬂuctuations in water and provide a
stringent test of water models that are widely used in simulations of aqueous systems. The analysis of the 2D band
shapes demonstrates that different hydrogen bonded species are subject to distinct (wavelength dependent) ultrafast
(B100 fs) local ﬂuctuations and essentially identical slow (0.4 and B2 ps) structural rearrangements. Observation of
wavelength dependent dynamics demonstrates that standard theoretical approaches assuming Gaussian ﬂuctuations
cannot adequately describe water dynamics.
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1. Introduction
Hydrogen bonding liquids have generated a
great deal of experimental [1–15] and theoretical
[15–25] study because of their importance as
solvents in chemical and biological systems. The
facile evolution of hydrogen bonded networks [26]
plays an important role in determining their
*Corresponding author. Fax: +1-650-723-4817.
E-mail address: fayer@stanford.edu (M.D. Fayer).

properties. Examination of the hydroxyl stretch
of hydrogen bonding liquids provides information
on hydrogen bonding because the stretch frequency is sensitive to the nature and extent of
hydrogen bonding [18,19,26–29]. Strong evidence
for the correlation between the hydroxyl stretch
frequency and the hydrogen bond strength
in solids is obtained from correlating crystallographic data and spectroscopic data [28]. From
the crystallographic data, the length of the
hydrogen bond can be determined. A shorter
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length corresponds to a stronger bond. The same
relationship also applies to liquids [18,19,26,27,29].
Linear absorption spectroscopy can provide
information on the inﬂuence of the number and
types of hydrogen bonds on the hydroxyl stretch
frequency. However, it cannot be used to examine
the structural evolution of hydrogen bonds.
Hydrogen bonds are constantly being broken
and formed [26]. Stronger hydrogen bonds become
weaker and weaker hydrogen bonds become
stronger because of the continual structural
evolution of the hydrogen bonding networks.
The evolution of hydrogen bond strengths causes
hydroxyl stretch frequency spectral diffusion [18].
The inhomogeneous broadening of the hydroxyl
stretch [2–7,12,15,17] prevents the spectral evolution from being observed in the absorption line. As
a result, the linear absorption spectrum can only
provide time independent information.
It is in the context of hydrogen bond dynamics
that ultrafast infrared experiments gain their
importance [1–15]. Most ultrafast infrared experiments have utilized pump–probe spectroscopy
[1,2,9–14], which can examine hydroxyl population dynamics. Pump–probe experiments give
vibrational lifetimes, hydrogen bond breaking
and reformation rates, and some information on
spectral diffusion [1,2,10–12]. The dynamics of
hydrogen bond evolution can be extracted with
much greater detail using vibrational echo experiments [30–38] because the inhomogeneous contribution to the line shape can be eliminated and
the underlying dynamical line shapes can be
observed. Because of the complexity of hydrogen
bonding systems, analysis of different contributions to dynamical vibrational spectra is enhanced
by the use of ultrafast multidimensional methods.
Such methods can separate and narrow the
dynamic spectral features [3–5,8,34–38], permitting
the observation of various contributions to the
dynamics. Multidimensional techniques are beginning to be applied to hydrogen bonding systems
[3–5,8]. Multidimensional stimulated vibrational
echo methods are akin to multidimensional NMR
experiments [39]. However, vibrational stimulated
echoes operate on a sufﬁciently fast time scale (10 s
of fs) to directly examine the time evolution of
hydrogen bonding networks.
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Fig. 1. (a) The linear absorption spectrum of a 10% solution of
methanol-OD in CCl4. b’s are hydroxyls that are acceptors but
not donors. g’s are donors but not acceptors. d’s are both
donors and acceptors. These are illustrated schematically at the
top of the ﬁgure. The shoulder on the red side of the spectrum is
a Fermi resonance with the overtone of the methyl rocking
mode. This feature is absent in fully deuterated methanol. (b)
The linear absorption spectrum of a 5% solution of HOD in
H2O. Water is capable of forming up to four hydrogen bonds,
as illustrated at the top of the ﬁgure. However, they are not
resolved in the linear spectrum.

The linear absorption spectra of the hydrogen
bonding liquids studied in this work, 10%
methanol-OD oligomers in CCl4 solution and
5% HOD in H2O, are displayed in Fig. 1.
Examples of the different hydrogen bonded species
formed MeOD and H2O are displayed at the top
of the ﬁgure. A MeOD that is both a hydrogen
bond donor and acceptor (called d), has a very
broad hydroxyl stretch band (B150 cm1) centered at B2490 cm1 (see Fig. 1(a)) [22,27,40,41].
(There is a shoulder on the red side of the d band
caused by a Fermi resonance with the overtone of
the methyl rocking mode [42].) For a MeOD that
is a hydrogen bond donor but not an acceptor
(called g), the frequency shifts to B2600 cm1 and
the spectrum is signiﬁcantly narrower than the
d band (B80 cm1). A MeOD that is a hydrogen
bond acceptor but not a donor (called b)
absorbs still further to the blue at B2690 cm1,
and the band is relatively narrow (B20 cm1)
[22,27,40,41]. Water also displays spectral shifts to
the blue when the extent of hydrogen bonding
decreases [18,19]. However, because water can
have many more hydrogen bonds, there is not a
simple one-to-one correspondence between the
number of hydrogen bonds and the frequency
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2. Experimental procedures
The ultrashort IR pulses are generated using a
Ti:Sapphire regeneratively ampliﬁed laser/OPA
system. The output of the regenerative ampliﬁer
is 26 fs transform limited 23 mJ pulses at 1 kHz
repetition rate. These are used to pump a
substantially modiﬁed Spectra Physics short pulse
IR OPA. The output of the OPA is compressed to
produce o50 fs virtually transform limited IR
pulses as measured by collinear autocorrelation.
Fig. 2 displays a collinear autocorrelation trace of
the shortest IR pulses produced to date. The solid
line displays the experimentally measured collinear
autocorrelation trace and the dashed line displays a
Gaussian ﬁt with a 40 fs full width at half maximum
(FWHM). The oscillations in the time trace result
from the interference of the pulses with the period
of the B2700 cm1 optical cycle. The spectrum of
the pulse displayed in the inset (solid line)
demonstrates that the IR pulse, which is centered
at B2700 cm1, is transform limited with a spectral
FWHM of 368 cm1, determined by the Gaussian
ﬁt to the spectrum (dashed line). For the experiments, the pulses were centered at B2500 cm1 and
the compression was readjusted to give transform
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[18,19]. Consequently, methanol oligomers in CCl4
are an important system for studying the dynamics
of hydrogen bonded networks [3–5].
Below, multidimensional stimulated vibrational
echoes with full phase information are applied to
the study of hydrogen bond dynamics in MeOD
oligomers in CCl4 and HOD in H2O. To perform
the experiments, we use the shortest mid-IR pulses
produced to date (o50 fs or o4 cycles of light)
[3–5]. Because of the very large bandwidth
associated with the ultrashort pulses, it is possible
to perform experiments on the entire broad
hydroxyl stretching 0–1 and 1–2 bands of water
and MeOD even though the combined ground
state and ﬁrst excited state bands are B400 cm1
wide. The experiments yield time dependent
vibrational echo correlation spectra, which provide information about hydrogen bond dynamics,
interactions, and structural evolution that cannot
be obtained from other experiments.
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Fig. 2. Collinear autocorrelation of shortest mid-IR pulse
produced to date. The solid line is the experimental data and
the dashed line represents a 40 fs FWHM Gaussian ﬁt to the
data. The oscillations result from the B2700 cm1 optical cycle
of the mid-IR light. The inset displays the corresponding
spectrum of the mid-IR pulse, which demonstrates the pulse is
transform limited.

limited pulses in the sample as measured by a
sample that gave a purely non-resonant signal. The
long-term stability is such that data were collected
continuously for as long as 5 days.
For the heterodyne detected multidimensional
stimulated vibrational echoes, the IR beam is split
into 5 beams. Three of the beams are the excitation
beams for the stimulated vibrational echo. A fourth
beam is the local oscillator (LO) used to heterodyne
detect the vibrational echo signal. The ﬁfth beam is
used as a probe in pump–probe experiments. All of
the beams that pass through the sample are
optically identical and are compensated for group
velocity dispersion (GVD) simultaneously. The
vibrational echo signal combined with the LO or
the probe beam is passed through a monochromator. Depending on the experiment, the heterodyne
detected echo or the probe beam is detected by a 32
element MCT array. At each monochromator
setting, the array detects 32 individual wavelengths.
The data were processed using a computer that
acted as a digital lock-in ampliﬁer that was
synchronized to an optical chopper.
Difference intensity measurements were made
for both the vibrational echo and pump–probe
experiments. For the ﬁrst laser pulse, the array
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measured the local oscillator or probe beam and
the corresponding signal ﬁeld. For the next laser
shot, the optical chopper blocked one of the beams
to prevent the signal ﬁeld from being generated
and only the local oscillator or probe beam was
measured. The difference between these two
measurements was then normalized by the spectrum of the local oscillator or probe detected in the
second shot to remove the effect of pixel-to-pixel
variations in the array. Both the heterodyne
detected vibrational echo and the pump–probe
signal are quadratic in the intensity of the laser.
A single element detector measured the overall
intensity of the laser, and was used to do a second
normalization of the signals to provide the proper
quadratic normalization.
The samples, 10% MeOD in CCl4 or 5% HOD
in H2O, were held in a sample cell of CaF2 ﬂats
with a spacing of 50 and 6 mm, respectively. The
peak absorbance of the samples was o0.2. Such
low absorbance is necessary to prevent serious
distortions of the pulses as they propagate through
the sample.
For the spectrally resolved pump–probe experiments, the change in transmission spectrum was
collected as a function of the delay between the
pump and probe pulses. The monochromator was
stepped across the spectrum so that the arrays of
wavelengths measured by the different array
blocks matched up to form a continuous spectrum
across the entire hydroxyl stretch band. The pump
pulse was delayed in variable steps. The spectrum of
the pump and probe pulses were identical. The
spectrum of the probe was removed from the data as
the data were collected. The data were not corrected
for the spectrum of the pump; it is sufﬁciently broad
to span the desired spectral region.
The phase-resolved, heterodyne detected, stimulated vibrational echo was spectrally resolved in a
monochromator and measured as a function of the
frequency variable, om ; and two time variables, t
and Tw ; which are deﬁned as the time between the
ﬁrst and second radiation ﬁeld–matter interactions
and the second and third interactions, respectively.
The measured signal is the absolute value squared
of the sum of the vibrational echo electric ﬁeld, S,
and the local oscillator electric ﬁeld, L : jL þ Sj2 ¼
L2 þ 2LS þ S 2 : The L2 term is time-independent

and the S2 is negligibly small; hence, neither
contributes to the time dependence of the signal.
The spectrum of the 2LS term is the om frequency
axis. As the t variable is scanned in 2 fs steps, the
phase of the echo electric ﬁeld is scanned relative
to the ﬁxed local oscillator electric ﬁeld, resulting
in an interferogram measured as a function of the t
variable for each frequency, om, that is detected
through the monochromator. The interferogram
contains the amplitude, sign, frequency, and phase
of the echo electric ﬁeld as it varies with t. By
numerical Fourier transformation, this interferogram is converted into the frequency variable ot :
For each om frequency measured, a spectrum as a
function of ot is calculated. In NMR, the ot and
the om axes are generally referred to as the o1 and
the o3 axes, respectively [39].
The interferogram contains both the absorptive
and dispersive components of the vibrational echo
signal. To obtain purely absorptive features, two
sets of quantum pathways are measured independently by appropriate time ordering of the pulses
in the experiment [43,44]. With pulses 1 and 2 at
the time origin, pathway 1 or 2 is obtained by
scanning pulse 1 or 2 to negative time, respectively.
In principle, by adding the Fourier transforms of
the interferograms from the two pathways, the
dispersive component cancels leaving only the
absorptive component [3,43,44]. The 2D vibrational echo correlation spectra are constructed by
plotting the amplitude of the absorptive part of the
stimulated vibrational echo as a function of both
om and ot :
Lack of perfect knowledge of the timing of the
pulses and consideration of chirp on the vibrational echo pulse requires a ‘‘phasing’’ procedure
to be used [3]. The projection slice theorem
[3,39,43,44] is employed to generate the absorptive
2D correlation spectrum. The projection of the
absorptive 2D correlation spectrum onto the om
axis is equivalent to the IR pump–probe spectrum
recorded at the same Tw ; as long as all the
contributions to the stimulated vibrational echo
are absorptive. Consequently, comparison of
the projected 2D stimulated vibrational echo
spectrum with the pump–probe spectrum permits
the correct isolation of the absorptive vibrational
echo correlation spectrum from the 2D spectrum
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obtained from the addition of the two quantum
pathways.
It is possible to come relatively close to the
correct correlation spectrum prior to the ‘‘phasing’’ procedure because the very short pulses
permit their time origins to be known within a
few fs. The frequency dependent phasing factor
used to correct the 2D spectra has the form
SC ðom ; ot Þ ¼ S1 ðom ; ot ÞF1 ðom ; ot Þ
þ S2 ðom ; ot ÞF2 ðom ; ot Þ;
F1 ðom ; ot Þ ¼ exp½iðom DtLO;E þ ot Dt1;2
þ Qom om þ Com ot Þ;
F2 ðom ; ot Þ ¼ exp½iðom DtLO;E  ot Dt1;2
þ Qom om þ Com ot Þ:

ð1Þ

Each term in Eq. (1) has a well-deﬁned physical
origin. SC, is the correlation spectrum. S1 and S2
are the spectra recorded for pathways 1 and 2,
respectively. DtLO;E accounts for the lack of perfect
knowledge of the time separation of the LO pulse
and the vibrational echo pulse; the term involving
Q accounts for linear chirp introduced into the
echo pulse by the rear window of the sample cell;
Dt1;2 accounts for the lack of perfect knowledge of
the time origins of excitation pulses 1 and 2; and
the term involving C accounts for the linear chirp
caused by propagation of the echo pulse through
sample.
The uncertainty in the phasing parameters is
minimized by several procedures. The uncertainty
in the time variable Dt1;2 is minimized in a sample
that gives a purely non-resonant signal, yet is as
similar to the real sample as possible. For the
MeOD experiments, a solution of 10% MeOH in
CCl4 was used as the non-resonant sample. For the
HOD experiments, pure H2O was used. The delay
of pulse 1 is scanned relative to the other two ﬁxed
pulses and the amplitude of the non-resonant
signal is measured. The time origin is set so that
the maximum signal occurs at zero delay. Then the
delay of pulse 2 is scanned in the same way, and its
time origin is set so that the maximum signal also
occurs at zero delay. These two steps are iteratively
repeated until the maximum signal occurs simultaneously at the zero delay of both pulses. The
procedure results in an accuracy of 72fs for the
delay between pulses 1 and 2.
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The chirp on the excitation pulses (represented
by C ) is minimized by measuring a frequency
resolved optical grating in the non-resonant
sample. Interaction of the ﬁrst two pulses with
the non-resonant sample induces an instantaneous
polarization in the sample that only persists while
the pulses are in the sample. The third pulse
scatters off the resulting polarization grating. By
frequency resolving the scattered pulse and scanning the delay of one of the pulses, we directly
measure the relative delay of the different
frequencies within the pulses. Variable amounts
of CaF2 and Ge substrates are inserted into the
beam to optimally compress the pulse so that the
maximum of the polarization grating signal
appears at the zero delay time at all frequencies.
After optimally compressing the pulse, the signal
maximum varies by o1 fs across the >400 cm1
bandwidth of the pulses. The window chirp
(represented by Q) is always B50 fs2.
Finally, the uncertainty in the time variable
DtLO;E is minimized by measuring the spectral
interferogram between the vibrational echo signal
emitted from the resonant sample and the local
oscillator. The local oscillator pulse is intentionally
stepped a few ps away from temporal coincidence
with the third pulse (which is approximately when
the vibrational echo is emitted from the sample).
With the time delay between pulses 1 and 2 set to
zero, the emitted vibrational echo signal is heterodyne detected with the local oscillator pulse.
Inverse Fourier transformation of the resulting
spectral interferogram converts the periodic modulation in frequency into the corresponding
temporal delay. The local oscillator pulse is then
stepped back toward the vibrational echo by the
calculated time delay. The uncertainty in this
measurement is typically about 710 fs.
An additional procedure was developed and
employed to produce the very high quality
correlation spectra shown below. The projection
slice theorem reduces a two dimensional entity to a
one-dimensional entity. In many instances this is
sufﬁcient [43,44]. However, in order to unambiguously assign a correct correlation spectrum it is
preferable to use information from both
dimensions. Therefore, in the phasing procedure
an additional constraint is applied for the ot
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dimension. We can use information from the
absolute value correlation spectrum, which is the
sum of the absolute value spectra of the pathway 1
(rephasing) and pathway 2 (non-rephasing) discussed above. The absolute value spectrum is
independent of the phase factor and peaks at the
same frequency along ot as does the purely
absorptive spectrum. Consequently, the difference
in peak positions of a trial phased absorptive
spectrum and the absolute value spectrum for each
om gives an additional criterion on the quality of
the correlation spectrum. The correct correlation
spectrum is the one that provides the best ﬁt to the
pump–probe spectrum and minimizes the difference in peak positions of absorptive and absolute
value spectrum. This procedure holds for symmetric line shapes and hence can be applied to the
data discussed here, where the dynamical lines can
be very well ﬁt to a Gaussian line shape and the
small deviations are symmetric. Following phasing, the errors in the time origins are o100
1018 s and the chirp across the entire spectrum is
o100 1018 s:
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3. Results and discussion

2400

In the discussion that follows, we ﬁrst focus on
the hydrogen bond population dynamics of
MeOD. The report focusing on the structural
evolution of the hydrogen bond network of MeOD
will be presented elsewhere due to space limitations [45]. We then report the structural evolution
of the hydrogen bond network in water observed
through the spectral diffusion dynamics measured
in the hydroxyl stretch band.

2300
2300 2400 2500 2600
ω τ cm-1
Fig. 3. Correlation spectra for Tw ¼ 125 fs; 1.2, 1.8, and 5 ps.
The contours represent 10% steps. The vertical and horizontal
lines mark the center frequencies of the d and g 0–1 transitions.
The positive going band are the d and g 0–1 transitions. The
negative going off diagonal band is from the d and g 1–2
transitions. As Tw increases, the d and g 1–2 bands (bottom)
decay, the d 0–1 band changes shape, and photoproduct g peak
appears (top).

3.1. Correlation spectroscopy of MeOD
Fig. 3 displays some of the 2D correlation
spectra for MeOD, four contour plots at
Tw ¼ 125 fs; 1.2, 1.8, and 5.0 ps. The maximum
positive signal has been normalized to unity in
each plot. The contours represent equal 10%
graduations. Although the amplitudes of the data
have been obscured by the normalization, the
relative amplitudes between data sets are well
deﬁned and will be used in the analysis described

below. The ot axis is the axis of the ﬁrst radiation
ﬁeld interaction. The om axis is the axis of the
emission of the echo pulse. If the frequency of the
ﬁrst interaction and the emission are the same, a
peak will appear on the diagonal. If the frequency
of the emission is different from the frequency of
the ﬁrst interaction, a peak will appear off
diagonal. The positive going band on the diagonal
in the 125 fs spectrum corresponds to the 0–1
transition of the d band with some contribution
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from the 0–1 g band on the blue end. The center
frequencies of the d and g 0–1 transitions are
indicated by horizontal and vertical lines. The
negative going band below the main diagonal band
arises from the 1–2 transition of the d band. The
1–2 band is off diagonal because the emission is
shifted to lower frequency by the vibrational
anharmonicity (B150 cm1).
As the Tw delay increases, the correlation
spectra displayed in Fig. 3 exhibit changes that
provide insight into the mechanism of hydrogen
bond evolution. By Tw ¼ 1:2 ps; the correlation
spectrum has changed dramatically due to vibrational relaxation and hydrogen bond breaking.
A good fraction of the initially produced excited
state population has decayed to the ground state
because the vibrational lifetime of the d OD stretch
is B0.5 ps [1]. The magnitude of the d 1–2 off
diagonal peak reﬂects the d excited state decay. By
Tw ¼ 1:8 ps; the d excited state has completely
decayed. Because the lifetime of the g band
(B1 ps) is longer than that of the d band, the
diagonal g 0–1 band is uncovered as the d band
decays and red shifts. By Tw ¼ 1:8 ps; the diagonal
g peak is almost gone.
As will be demonstrated below, when the d OD
excited state relaxes, hydrogen bonds break
[1,9,46], producing photoproduct g ODs. The
resulting photoproduct g peak, located above the
d band, is visible by Tw ¼ 1:2 ps: The diagonal d
band progressively contracts to the red as Tw
increases. The off diagonal photoproduct g peak
located above the d 0–1 band grows in with
increasing Tw delay. By Tw ¼ 5:0 ps; the only
remaining features are the preserved d and the
photoproduct g bands. Comparison of the center
of the preserved d band at Tw ¼ 5:0 ps and the
center of the initially excited d band (indicated
by the horizontal line at 2490 cm1) demonstrates
that the preserved d band is contracted to the
red and shifted off diagonal along the om axis.
For times longer than B5 ps, the peaks do not
change shape signiﬁcantly, but slowly decay in
magnitude on a time scale of 10’s of ps because of
hydrogen bond recombination [1,9,46]. An important aspect of the 2D correlation spectrum is
that the photoproduct g is spectrally separated
in the plane from the equilibrium g band (see
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Fig. 3, Tw ¼ 1:2 and 1.8 ps), in contrast to 1D
spectroscopies.
The Tw dependence of the correlation spectra
raises a number of questions. First, why is there a
correlation spectrum at all for times long compared to the vibrational lifetime? Normally, the
decay of the excited state into the ground state
causes the vibrational echo signal to decay.
However, there is both an excited state and ground
state contribution to the signal [47]. Following
vibrational relaxation, a few tens of percent of the
initially excited d’s break a hydrogen bond in
B200 fs, removing them as d absorbers [1].
Therefore, the decay of the excited state does not
completely eliminate the contribution to the signal
from the ground state. The ground state signal
remains for the hydrogen bond recombination
time, which is 10 s of ps [1,9,46]. The detailed
analysis of the off diagonal photoproduct g peak
will be discussed in a future publication [45].
Brieﬂy, spectral diffusion dynamics displayed in
the photoproduct g peak demonstrate that the
broken oligomers retain a detailed ‘‘memory’’ of
the previously intact hydrogen bond network.
The fundamentally important question that will
be addressed here is whether vibrational relaxation
simply ‘‘heats’’ the hydrogen bond network,
producing changes that would be the same as
raising the equilibrium temperature, or is there
another mechanism (already used in the qualitative discussion above) that gives rise to the time
dependence of the bands shown in Fig. 3? To
address this question, we have performed comprehensive calculations to model the correlation
spectra. The four models will be described in
detail in a future publication [5]. Here we give a
very brief overview of the modeling procedure and
discuss only the two models which gave the best
results. The correlation spectra are ﬁt using the
sum of two-dimensional Gaussian band shapes for
the d and g, 0–1 and 1–2 bands. For the
Tw ¼ 125 fs correlation spectrum, the widths and
positions of the bands are set equal to the
equilibrium d and g widths and positions as
determined from linear spectroscopy of the sample
and by determination of the anharmonicity of the
hydroxyl stretch (150 cm1, see Fig. 3, top panel).
The Tw ¼ 125 fs correlation spectrum is very well
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described by this model. The calculations use
results of the ﬁts to the 125 fs data and factors that
are unique to each model to calculate the 5 ps data.
The 1–2 bands do not contribute because 5 ps is
much longer than the lifetime.
The experiments also give the ratios of the
amplitudes of the 0–1 bands at 125 fs to those at
5 ps. From comparison of the ﬁt to the Tw ¼ 125 fs
correlation spectrum with the ﬁt to the 5 ps
correlation spectrum using each model, the
ratios of the amplitudes are determined for each
model.
Model 1: following vibrational relaxation of the
initially excited OD stretch, the deposited energy
causes hydrogen bond weakening. Weakening of
hydrogen bonds shifts their absorption to the blue
(higher energy) [18,19,26–29]. The d and g bleach
responsible for the long lived vibrational echo
signal is not ﬁlled in by the vibrational relaxation
because the population is shifted to the blue. The
center positions and widths of the preserved d and
g bleach bands are described by their equilibrium
spectra. The weakened d and g photoproducts
have spectra that are shifted to the blue along the
om axis. In the calculations, the magnitude of the
blue shift is allowed to vary to give the best ﬁt to
the 5 ps data (R2 ¼ 1:1; residuals squared). The
correlation spectrum calculated from Model 1 is
displayed in panel (a) of Fig. 4. The model does a
reasonable job of reproducing aspects of the data
(compare to lowest panel of Fig. 3). However, it
does not have the correct shape. The preserved
band (positive going) is elongated to the upper
right because of the preserved g portion of the

ωm cm-1

2600
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Model 1
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+

+

_

_
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2300
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Fig. 4. Simulated correlation spectra calculated from two
models of hydrogen bond breaking. Model 2 provides a more
quantitative and meaningful description of the data.

spectrum. Even more signiﬁcant, to obtain this
best ﬁt, the amplitudes of the bands are unphysical. To get the features in the correct positions
along the om axis requires a very small shift
(5 cm1) of the weakened band produced by
vibrational relaxation. Because of the small shift,
the preserved d bleach band strongly overlaps and
nearly cancels the weakened photoproduct band.
To obtain the correct ratio of the amplitude of the
Tw ¼ 5:0 ps data relative to the 125 fs data, Model
1 requires the magnitude of the preserved bleach d
band to be B9 times larger than the magnitude of
the initial d bleach, which would require the
concentration of initially excited MeOD s increasing by a factor of B9 between Tw ¼ 125 fs and
5.0 ps. Obviously this result is not possible. Model
1 cannot describe the data. Model 1 is essentially a
thermal equilibration model. Detailed measurements of the pump–probe spectrum show that it
takes X30 ps for the system to reach thermal
equilibrium (at which time the pump–probe
spectrum is the same as the temperature difference
spectrum), again demonstrating that the mechanism that gives rise to the 5 ps data is not thermal
equilibration.
Model 2: Vibrational relaxation of initially
excited OD stretches selectively breaks hydrogen
bonds on the red side of the d band and produces
red shifted g photoproducts. In the calculations,
the spectral region of hydrogen bond breaking is
allowed to vary to give the best ﬁt to the 5 ps data
ðR2 ¼ 0:13Þ: The simulated correlation spectrum
calculated from Model 2 is displayed in panel (b)
of Fig. 4. This model provides an excellent
description of the Tw ¼ 5:0 ps experimental data.
The shape of the spectrum is correct, and the R2
value is a factor of B8 smaller for Model 2
compared to Model 1. In addition to having the
correct shape and a better R2 ; Model 2 predicts a
physically reasonable magnitude for the amplitudes of the bands at 5 ps relative to 125 fs. Model
2 gives the preserved d bleach to B60% of the
initial d bleach, that is, 60% of the initially excited
d MeOD s break a hydrogen bond, which is within
a few tens of percent of the value determined
by independent measurements of the quantum
yield of hydrogen bond breaking in MeOD
oligomers [1].
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The results presented above demonstrate that
the d band is contracted to the red and the
photoproduct g band is generated because vibrational relaxation selectively breaks the stronger
hydrogen bonds (the red side of the line). Breaking
of the strongest hydrogen bonds is at ﬁrst
surprising. However, this non-equilibrium mechanism can occur if vibrational relaxation on
the low energy side of the line populates different
modes than vibrational relaxation on the high
energy side of the line, and the modes populated
through the low energy relaxation pathway are
more effective at breaking hydrogen bonds. Signiﬁcant support for the proposed origins of the
non-equilibrium mechanism comes from the IR
pump/Raman probe experiments of Iwaki and
Dlott, who observed that the pathway for vibrational relaxation was different on the red and blue
sides of the hydroxyl stretching band in OH
methanol [48]. Excitation on the red side led to
vibrational relaxation that produced substantially
more relative population of hydroxyl bends
compared to excitation on the blue side that put
much more population in the CH bends and other
modes [48]. The hydroxyl bends would be expected
to be strongly coupled to the hydrogen bond in
contrast to CH stretches. This necessary feature of
the proposed mechanism is indeed observed
experimentally.
Here we have presented the application of
vibrational echo correlation spectroscopy to the
study of hydrogen bond network dynamics in
methanol oligomers. Because of the brevity of this
presentation, the analysis focused on the nonequilibrium hydrogen bond breaking dynamics
following vibrational relaxation that result in
selective breaking of the stronger hydrogen bonds.
The data also provide unique information on
spectral diffusion that will be presented subsequently to describe hydrogen bond evolution prior
to and following hydrogen bond breaking [45].
3.2. Correlation spectroscopy of water
3.2.1. Correlation spectra
As shown above, hydrogen bonds can be broken
following vibrational relaxation. Water and as well
as other hydrogen bonding liquids are known to
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break hydrogen bonds following excitation of the
hydroxyl stretch [1,3,9,46,49]. We have performed
detailed spectrally resolved IR pump–probe experiments on water and ﬁnd that, in contrast to
methanol, broken hydrogen bond photoproducts
do not make a measurable contribution to the
water spectrum for pump–probe delays o2 ps.
Consequently, we only consider water correlation
spectra measured at Tw delays o2 ps. Studying the
OD stretch in water not only provides dynamical
information on water itself, but with a vibrational
lifetime of B1.8 ps, rather than the B0.7 ps
lifetime of the OH stretch in D2O [50], the time
window is more than doubled in which we can
extract the dynamics of the hydrogen bonded
network unperturbed by photoproducts.
Vibrational echo correlation spectra were taken
for Tw delays between 100 fs and 1.6 ps. Fig. 5
displays correlation spectra for four of the Tw
delays, 100, 400, 800 fs, and 1.6 ps. Two peaks are
observed along the om axis corresponding to the
0–1 and the 1–2 transitions. The positive going
peak, corresponding to the vibrational echo
emitted at the 0–1 transition frequency, appears
on the diagonal. The negative going peak,
corresponding to the vibrational echo emitted at
the 1–2 transition frequency, appears red shifted
along the om axis by the anharmonicity. From a ﬁt
we ﬁnd the anharmonicity of the OD stretch
vibration to be 140720 cm1.
Looking in particular at the 0–1 band, it is
obvious that the correlation spectra undergo a
dramatic change in shape from Tw ¼ 100 fs to
1.6 ps. The width along the ot axis (horizontal
axis) is the dynamical line width of the 0–1
transition. The width is caused by the very fast
ﬂuctuations of the hydrogen-bonded network. As
Tw is increased, additional ﬂuctuations come into
play that cause the dynamical line to broaden
further. Changes in the dynamical line width
report the spectral diffusion dynamics [18,51].
Therefore the change in the shape of the correlation spectrum provides information on the hydrogen bond dynamics on different time scales.
3.2.2. MD simulations and comparison to data
The key quantity that connects the vibrational
echo correlation spectra and simulations of water
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Fig. 5. The experimental vibrational echo correlation spectra of
the OD stretch of HOD in H2O as a function of time Tw : The
positive going peak arises from the 0–1 transition. The negative
going peak arises from the 1–2 transition. As time progresses
the elongation of the peaks decreases because of ﬂuctuation in
the hydrogen bonded network.

dynamics is the time correlation function (TCF) of
the hydroxyl stretch frequency. The TCF is deﬁned
as CðtÞ ¼ /doðtÞdoð0ÞS; do is the change in the
hydroxyl stretch frequency from its average value.
The TCF describes the loss of correlation of the
frequency of the ensemble of OD stretch oscillators as time progresses. As the structure of the
hydrogen bonding network evolves, the frequency
of a given OD oscillator changes. At sufﬁciently
long time, a given oscillator samples all frequencies
in the absorption spectrum, and the TCF decays to
zero. The time dependence of the vibrational echo

correlation spectra provides a good test for the
TCF, while the linear absorption spectrum does
not.
The methods we use to compare the dynamics
predicted from MD simulation with the experimentally observed dynamics are (i) a particular
water model simulation is implemented, and (ii)
the TCF for a given model of water is generated
from a method that involves electronic structure
calculations and classical MD simulations [52].
(iii), we calculate the vibrational echo correlation
spectra from the TCF using time dependent
diagrammatic perturbation theory to obtain the
full third order non-linear material response
[37,47]. In addition to the TCFs obtained from
the water models, we construct a phenomenological tri-exponential TCF and vary its parameters
until the calculations resulting from (iii) reproduce
the experimental correlation spectra.
The calculations from the two water models and
the phenomenological TCF are compared to the
data by comparing the dynamical line widths of
the corresponding correlation spectra at the center
of the 0–1 band ðom ¼ 2500 cm1 Þ: The dynamical
line width is the projection of a line through the
spectrum at a particular om onto the ot axis. This
method makes it possible to construct a simple
plot to compare the data and calculations and,
more importantly, look for an om dependence of
the hydrogen bond network dynamics, as will be
discussed below.
TCFs for the OH stretch of HOD in D2O have
been calculated previously for the TIP4P model of
water [18]. Here calculations for TIP4P and SPC/E
water models were performed using a new method
[52]. The method is based on ab initio electronic
structure calculations of clusters of molecules.
First conﬁgurations of molecules are generated
from a classical molecular dynamics simulation of
the HOD/H2O system. Then a representative set of
HOD(H2O)n clusters are extracted from the
simulation. For each cluster ab initio calculations
(using density functional theory) are performed for
different values of the OD stretch coordinate, and
in doing so, an anharmonic potential curve that
leads to the 0–1 OD transition frequency for the
HOD molecule in that cluster is generated. From
looking at a hundred or so clusters, it was
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determined that there is a linear correlation
between the OD frequency and the component of
the electric ﬁeld from the H2O molecules on the D
atom in the direction of the OD bond vector.
Assuming this same linear correlation holds for the
full liquid, the normalized TCF becomes the
normalized electric ﬁeld time correlation function.
The latter can be generated from a completely
classical molecular dynamics simulation.
The TCFs obtained from MD simulation are
exceedingly well described by a sum of three
exponential functions, although a small oscillatory
feature at early times, which does not change the
observables, is not captured. We will henceforth
refer to the tri-exponential analytical representation as the TCF. It has the form
CðtÞ ¼ D20 expðt=t0 Þ þ D21 expðt=t1 Þ
þ D22 expðt=t2 Þ:

ð2Þ

The overall amplitude of Eq. (2) was adjusted so
that the calculation of the linear absorption line
shape was able to reproduce the full width at half
maximum of the experimentally measured absorption spectrum [53]. Parameters for the two water
model TCFs are summarized in Table 1 along with
a phenomenological TCF we obtained by ﬁtting
the data as discussed below. All TCFs reproduce
the linear line shape with equal accuracy, showing
that the linear line shape is not a good test of water
dynamics [53].
Using the above procedures, we calculated the
theoretical vibrational echo correlation spectra
with the appropriately scaled TCF’s taking into
account both the 0–1 and 1–2 transitions of the
hydroxyl stretch. Fig. 6 shows the results for four
Tw s; 100, 400, 800 fs, and 1.6 ps for the SPC/E
water model. Comparison of the experimental and
MD correlation spectra in Figs. 5 and 6 demonstrate a qualitative, but not a quantitative agreement. The 0–1 peak appears on the diagonal and
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the 1–2 peak appears shifted off-diagonal by the
anharmonicity. The 0–1 peak in the Tw ¼ 100 fs
correlation spectrum displays the characteristic
elongation along the diagonal that demonstrates
the presence of inhomogeneity in the hydroxyl
stretch peak. As Tw increases to 1.6 ps, the shape
of the 0–1 peak changes, reﬂecting the substantial
increase in the dynamical line width.
A quantitative comparison of the data and the
results of the water model TCF calculations and
the phenomenological TCF calculations are shown
in Fig. 7. The main ﬁgure plots the dynamical line
widths for om ¼ 2500 cm1 extracted from the data
and from the calculations. The experimental data
appear as diamonds with error bars. The horizontal line at 147 cm1 is the long time asymptotic line
width. This width is narrower than the absorption
spectrum (FWHM is 162 cm1) because the
measured dynamical line width is the product of
the absorption spectrum and the laser intensity
spectrum raised to the power of 1.5. The pulses
used in the experiment, which were B45 fs, had a
very broad spectrum, but their spectral width did
reduce the measured dynamical line width. Calculations demonstrate that 6 fs pulses are required
for the asymptotic value of the measured dynamical line width to be indistinguishable from the
absorption spectrum. The top curve (dots) is from
the TIP4P model and the next lowest curve
(dashes) is from the SPC/E model. The solid line
through the data comes from calculations using
the ﬁtted phenomenological TCF.
In this ﬁt the parameters for a tri-exponential
TCF were constrained to be consistent with other
complementary experiments and calculations. The
magnitude of the TCF is determined by the linear
absorption spectrum. The time constant of the fast
component was set at 32 fs to be consistent with
the fast components of the TCF’s obtained by MD
simulation. This time scale is also consistent with

Table 1
TCF Parameters
TCF

D0 (rad/ps) (%)

t0 (ps)

D1 (rad/ps) (%)

t1 (ps)

D2 (rad/ps) (%)

t2 (ps)

Tri-Exp.
SPC/E
TIP4P

11.5 (43)
12.1 (52)
13.0 (58)

0.032
0.031
0.032

4.2 (16)
9.0 (29)
10.2 (36)

0.4
0.28
0.34

10.8 (41)
7.4 (19)
4.4 (6)

1.8
0.98
0.90
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Fig. 6. Simulated vibrational echo correlation spectra calculated from the TCF that is derived from the SPC/E model of
water.

recent work by Elsaesser and co-workers who
found that a 30 fs component to the TCF provided
the best ﬁt to their 2 pulse vibrational echo
measurement of water [7]. The time constant for
the intermediate component was set equal to the
intermediate decay component (400 fs) in a vibrational echo peak shift measurement we performed
in the course of these experiments. This can be
done since the vibrational echo peak shift has been
demonstrated to reproduce the TCF [54–56] given
a sufﬁcient waiting time, Tw ; so that the value of
the normalized TCF51 [55]. Therefore, in the
ﬁtting procedure, three parameters were allowed to
vary independently, the pre-exponential factors of
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Fig. 7. Dynamical line widths for om ¼ 2500 cm1 from the
experimental correlation spectra (diamonds with error bars),
the TIP4P (dots) and SPC/E (dashes) water models, and the
TCF obtained from ﬁtting the data (solid line through the
data). See Table 1 for parameters. The horizontal line at
147 cm1 is the long time asymptotic line width. Inset: TCFs
derived from the experimental data (solid line) and calculations
using the water models SPC/E (dashes) and TIP4P (dots).

two of the components and the time constant of
the slowest component.
We ﬁnd that the dynamical line widths derived
from the water models do not reproduce the data
within experimental error. The line width from the
TIP4P model reaches its asymptotic value already
by Tw ¼ 1:6 ps and the SPC/E line width is close to
that asymptotic value at that time. However, the
data and the line widths obtained from the ﬁt to
the data are still removed from the asymptotic
value, approaching it relatively slowly.
The time dependence of the model line shapes is
correlated to the time dependence of the model
TCFs. The inset in Fig. 7 compares model and
phenomenological TCFs directly. It is evident that
both model TCFs have too much amplitude at
short time and the long time components are too
fast (see also Table 1).
Of particular interest here is the long time
component of the TCF because the time constant
and amplitude of this component are in substantial
error when calculated from the water models. The
SPC/E and TIP4P model give a time constant of
the slow component of the TCF of 0.98 and
0.90 ps, respectively, and both have too little
amplitude in the slow component. The best least
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squares ﬁt through the experimental data gives a
1.8 ps time constant. We estimate upper and lower
bounds of 70.5 ps based on a factor of 2 increase
in the sum of the squares of the residuals.
Comparison of the phenomenological TCF with
those derived from MD simulation demonstrates
the TIP4P and SPC/E models of water describe
well the fast ﬂuctuations in water but not the
slower ﬂuctuations. The TIP4P model essentially
misses the slow component. The SPC/E model
does better, but over-estimates the magnitude of
the intermediate and under-estimates the magnitude of the slow components. In addition, the
SPC/E model underestimates the time scale of the
slow component by a factor of B2. Two very
different methods were used to calculate the TCF
for TIP4P, the one described here [52] and the one
used previously [18], but the results are virtually
identical. This demonstrates that the failure of the
MD simulations to reproduce the data is in the
water models themselves, rather than the method
used to calculate the OD oscillator frequency
ﬂuctuations.
Analysis of the TIP4P model for the OH stretch
of the HOD/D2O system indicates that the fast
component of the TCF arises from hindered
translational motion of the hydrogen bond
(stretching of the hydrogen bond length coordinate) [18]. The slower component of the TCF
calculated for the HOD/D2O system has been
assigned to the inﬂuence of hydrogen bond
formation and breaking (hydrogen bond equilibration) [18,19,25]. Our analysis demonstrates this
time scale (B0.5 ps) is too fast to describe the slow
dynamics that we observe in water. Some MD
simulations report hydrogen bond breaking times
of B2 ps [24,57]. This time scale corresponds with
the slow component of the phenomenological TCF
we obtained from the data. Nonetheless, it still is
plausible that the slow time scale evolution found
in our experiments is due to hydrogen bond
equilibration, that is, the breaking and formation
of hydrogen bonds.
3.2.3. Wavelength dependent dynamics
Inherent in the TCF analysis presented above
was the underlying assumption that the dynamics
of water molecules (as interrogated by the OD
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stretch) are the same at all frequencies within the
broad hydroxyl stretching band. A water molecule
can make zero to four hydrogen bonds. These
species have different transition frequencies,
although they are not resolvable within the broad
hydroxyl stretch absorption band [16,18]. Furthermore, the strength of a hydrogen bond determines
the hydroxyl stretch transition frequency to a great
extent [28]. On long time scales, hydrogen bonds
will break and form, and strong hydrogen bonds
will weaken and weak hydrogen bonds will
strengthen. Therefore, it is expected that the
dynamics will be independent of frequency as
water molecules sample all conformations on long
time scales. However, the different hydrogen
bonded conformations persist on short time scales.
As we show below, hydrogen bond dynamics are
frequency dependent, which demonstrates the
different hydrogen bonded conformations of water
have different dynamics.
The dynamical line widths were determined
from the full correlation spectrum at a number
of frequencies, om ; and Tw delays. A procedure,
which will be described subsequently [53], was used
to determine if the 1–2 band was interfering with
the determination of the dynamic line widths of
the 0–1 band. It was found that for frequencies
X2500 cm1, the 1–2 band causes no signiﬁcant
perturbation. Some of the results are shown in
Fig. 8. The 100 fs data and the line ﬁt to it
demonstrate very clearly that the dynamical line
widths, and therefore, the hydrogen bond dynamics vary as a function of frequency. As the
frequency increases, the dynamical line width
increases. The increase in width can be seen in
the 100 fs correlation spectrum shown in Fig. 5.
The spectrum is clearly broader for higher om :
However, the 400 fs data and line in Fig. 8 show
that by 400 fs, within experimental error, there is
no longer frequency dependence to the dynamical
line width. The inset in Fig. 8 displays the change
in the dynamical line width with om as a function
of Tw : The points are the slopes of lines like the
100 fs line in the body of Fig. 8. The line through
the data yields the time scale for the decay of the
inhomogeneity in the dynamics as B100 fs.
The fundamentally important point illustrated
by Fig. 8 is that the dynamics of water are different
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when observed at different wavelengths at short
times. Speciﬁcally, there is slower spectral diffusion at lower frequencies on short time scales.
Recent MD simulations that ﬁnd the hydroxyl
stretch band is composed of differently hydrogenbonded species may contain the explanation
[19,25]. In particular, molecules absorbing at the
blue side of the line tend to have weaker hydrogen
bonds, and so the local environments would
ﬂuctuate faster. If a Gaussian process properly
describes the spectral diffusion, then the dynamical
line width would be independent of the frequency.
Therefore, the observed frequency dependence
clearly demonstrates a breakdown of the Gaussian
approximation. The wavelength dependent spectral diffusion shows that dynamics in water are
more complex than previously assumed and that
the development of new theoretical approaches
that go beyond the Gaussian approximation/
cumulant truncation [17,58] will be necessary to
fully understand water.

4. Concluding remarks
The results of ultrafast heterodyne detected
multidimensional stimulated vibrational echo correlation spectroscopy with full phase information
were employed to study the dynamics of hydrogen

bond networks in MeOD and water (H2O). By
using extremely short pulses (o50 fs), it is possible
to excite the entire very broad hydroxyl-stretching
band including the 1–2 transition. The multidimensional correlation spectroscopy makes it
possible to explicate the hydrogen bond population dynamics in great detail. Spectral diffusion
dynamics of the hydroxyl stretch 0–1 transition of
water are elucidated with great sensitivity in a
comprehensive manner.
The vibrational echo correlation spectra of
MeOD display the hydrogen bond population
dynamics in two dimensions, which allows the
mechanism of hydrogen bond evolution to be
elucidated with exceptional detail. At short time,
the correlation spectrum (see Fig. 3) is dominated
by the hydrogen bonded OD stretch 0–1 transition
(positive going peak) and the 1–2 transition
(negative going peak). As Tw is increased the
broad diagonal d band contracts to the red side of
the line and shifts off of the diagonal. Detailed
calculations used to model the experimental
correlation spectra demonstrate that the hydroxyl’s with absorption on the red side of the d band
(strong hydrogen bonds) selectively break hydrogen bonds following vibrational energy relaxation.
It is proposed that the strong hydrogen bonds (red
side of the hydroxyl stretch band) are selectively
broken because the low frequency modes that are
excited by vibrational energy relaxation of the
hydroxyl stretch differ from those that are excited
by vibrational energy relaxation of the higher
frequency hydroxyl stretches (weaker hydrogen
bonds).
As discussed above, the hydrogen bond network
in water can be examined for times o2 ps without
complication from hydrogen bond breaking. The
vibrational echo correlation spectra of water (see
Fig. 5) display clear broadening along the ot
(horizontal) axis as Tw is increased. A cut across
the correlation spectrum through the center of the
0–1 peak (2500 cm1) reports the dynamical line
width for each value of Tw : The dynamical line
width of the 0–1 peak is a sensitive spectroscopic
probe of the frequency ﬂuctuations in water. From
the analysis of the dynamical line widths, it was
found that the frequency ﬂuctuations in water
occur on multiple time scales out to at least 2 ps.
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This result is in contrast with dynamics of water
calculated using molecular dynamics simulations
of two water models, TIP4P and SPC/E. While the
SPC/E model is somewhat better, both water
models produce dynamical lines that broaden too
rapidly. The spectral diffusion dynamics in water
were shown to be frequency dependent and are
more complex than previously assumed. New
theoretical approaches that go beyond the Gaussian approximation/cumulant truncation [17,58]
will be necessary to fully understand water.
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