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Abstract
Multidimensional vibrational stimulated echo correlation spectra with full phase information are presented for the
broad hydroxyl stretch band of methanol-OD oligomers in CCl4 using ultrashort (<50 fs) infrared pulses. Hydrogen
bond breaking permits data to be acquired for times much greater than the vibrational lifetime. The data indicates that
vibrational relaxation leads to preferential hydrogen bond breaking for oligomers on the red side of the spectrum. An
oﬀ diagonal peak in the correlation spectrum that appears at long time (>1 ps) shows that there is frequency correlation
between the initially excited hydroxyl stretch and the frequency shifted hydroxyl stretch formed by hydrogen bond
breaking.
Ó 2003 Elsevier Science B.V. All rights reserved.

1. Introduction
Hydrogen bonding liquids, such as alcohols and
water, have complex structures and dynamics.
Such liquids have generated a great deal of experimental [1–7] and theoretical [8–11] study because of their importance as solvents in chemical
and biological systems. Recently, there have been
major advances in understanding brought about
by the application of ultrafast infrared experimental methods, particularly a variety of transient
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absorption experiments. The development of
the ultrafast infrared vibrational echo technique
[12–15], and the recent extension to multidimensional vibrational echo methods [16–18], provides
a new approach for the study of condensed
matter systems. Such techniques are beginning
to be applied to hydrogen bonding systems [19].
Here we report the ﬁrst application of ultrafast
heterodyne detected multidimensional vibrational
stimulated echoes with full phase resolution to the
study of the dynamics of hydrogen bonding liquids. By using the shortest mid-IR pulses produced
to date, (<50 fs or <4 cycles of light), it is possible
to perform experiments on the entire broad hydroxyl stretching band of methanol-OD oligomers
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in carbon tetrachloride solution even though it is
several hundreds of cm1 wide. The spectrum includes both the 0–1 and 1–2 vibrational transitions. By using pulses that are transform limited in
the sample and by controlling path lengths with
accuracy of a small fraction of a wavelength of
light along with proper data analysis, data are
obtained with correct phase relationships across
the entire spectrum. The proper phase relationships permit accurate separation of the absorptive
and dispersive contributions to the spectrum. As a
result, the 2D IR correlation spectra are obtained
in a manner akin to 2D NMR spectroscopy
[20,21].
The study of the vibrational dynamics of the
hydroxyl stretching mode provides information on
hydrogen bonds because of the strong inﬂuence
hydrogen bonding has on the hydroxyl stretch
frequency and dynamics [22]. For a methanol-OD
(MeOD) in an oligomer, where the MeOD is both
a hydrogen bond donor and acceptor (d), the OD
stretch is centered at 2490 cm1 and it has a
FWHM of 150 cm1 . An MeOD that is a hydrogen bond donor but not an acceptor (c) has a
peak position of 2600 cm1 and a FWHM of
80 cm1 . An MeOD that is an acceptor but not a
donor (b) has a spectrum centered at 2690 cm1
with a 20 cm1 FWHM [23,24]. The shift to the
lower energy and the broad spectra of the d and c
bands (see Fig. 1a) are caused by the change in the
hydroxyl stretch potential with hydrogen bonding
[23,24]. The high energy (blue) side of the d band is
thought to result from weaker hydrogen bonds
and the low energy (red) side results from stronger
hydrogen bonds [22]. Breaking a hydrogen bond
changes the nature of the species and, therefore, its
absorption frequency. In an oligomer longer than
a trimer, if a d breaks a hydrogen bond, two d
absorbers are lost from the absorption spectrum,
and a c and a b are formed [3]. Therefore, the
dynamics of the hydroxyl stretch reﬂect the dynamics of the hydrogen bonds.
Fluctuations in the strengths of hydrogen bonds
produces hydroxyl stretch vibrational dephasing
and spectral diﬀusion [5,8,25]. Therefore, observation of vibrational dephasing provides information on the structural dynamics of hydrogen
bonding networks. In general, direct spectroscopic
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Fig. 1. (a) Linear absorption spectrum of OD stretching mode
of methanol-OD in CCl4 . (b) The vibrational simulated echo
correlation spectrum for Tw ¼ 125 fs. The negative going peak
in the foreground is from the 1–2 transition of the OD stretch.
The positive going band is the 0–1 transition. The red edge of
the positive going band arises from a Fermi resonance with the
overtone of the methyl rocking mode. (c) A contour plot of the
correlation spectrum for Tw ¼ 125 fs. The red end of the positive going band has shape that is strongly inﬂuenced by the
Fermi resonance.
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observation of vibrational dephasing is prevented
by the inhomogeneously broadened absorption
lines observed in hydrogen bonded liquids. The
inhomogeneous contribution to the line shape can
be eliminated and the underlying dynamical line
shapes can be observed using vibrational echo
techniques [12–18,26]. Because of the complexity
of hydrogen bonding systems like MeOD oligomers, separation of diﬀerent contributions to the
dynamical vibrational spectra require ultrafast
multidimensional methods. Such methods can
separate and narrow the dynamic spectral features
[27], permitting the observation of distinct contributions to the dynamics.

2. Experimental procedures
The ultrashort IR pulses employed in the experiments are generated using a Ti:sapphire regeneratively ampliﬁed laser/OPA system. The output
of the modiﬁed Spectra Physics regen is 26 fs
transform limited 2/3 mJ pulses at 1 kHz rep rate.
These are used to pump a substantially modiﬁed
Spectra Physics short pulse IR OPA. The output
of the OPA is compressed to produce <50 fs
transform limited IR pulses as measured by collinear autocorrelation. For the experiments, the
compression was readjusted to give transform
limited pulses in the sample as measured by a
sample that gave a purely non-resonant signal. The
shot-to-shot IR stability is 1.0%, and the longterm stability is such that data were collected
continuously for as long as 5 days.
The IR beam is split into ﬁve beams. Three of
the beams are the excitation beams for the vibrational stimulated echo. A fourth beam is the local
oscillator (LO) used to heterodyne detect the vibrational echo signal. One of the excitation beams
is also used for pump–probe experiments, with the
ﬁfth beam as the probe beam in the pump–probe
experiments. All of the beams that pass through
the sample are optically identical and are compensated for GVD simultaneously. The vibrational
echo signal combined with the LO is passed
through a monochromator and detected by a 32
element MCT array. At each monochromator
setting, the array detects 32 individual wave-

lengths. The sample, 10% MeOD in CCl4 , was held
in a sample cell of CaF2 ﬂats with a spacing of
50 lm. The peak absorbance of the samples was
0.18. Such a low absorbance is necessary to prevent serious distortions of the pulses as they
propagate through the sample.
The phase-resolved, heterodyne detected, stimulated vibrational echo was measured as a function of one frequency variable, xm , and two time
variables, s and Tw that are deﬁned as the time
between the ﬁrst and second 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 S 2 is very small; hence neither contributes
to the time dependence of the signal. The spectrum
of the 2LS term is the xm frequency axis. As the s
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 s variable.
The interferogram contains the amplitude, sign,
frequency, and phase of the vibrational echo
electric ﬁeld as it varies with s. By Fourier transformation, this interferogram is converted into the
frequency variable xs .
The interferogram measured as a function of s
contains both the absorptive and dispersive components of the vibrational echo signal. However,
two sets of quantum pathways can be measured
independently by appropriate time ordering of the
pulses in the experiment [21]. 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.
Adding the Fourier transforms of the interferograms from the two pathways, the dispersive
component cancels leaving only the absorptive
component. The 2D vibrational echo correlation
spectra are constructed by plotting the amplitude
of the absorptive component as a function of both
xm and xs .
Lack of perfect knowledge of the timing of the
pulses and consideration of chirp on the vibrational echo pulse requires a ÔphasingÕ procedure to
be used. The projection slice theorem [20,21] is
employed to generate the absorptive 2D correla-
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tion spectrum. The projection of the absorptive 2D
correlation spectrum onto the xm axis is equivalent
to the IR pump–probe spectrum recorded at the
same Tw , as long as all the contributions to the
vibrational stimulated echo are absorptive.
Consequently, comparison of the projected 2D
vibrational stimulated echo spectrum to the
pump–probe spectrum permits the correct isolation of the absorptive vibrational echo correlation
spectrum from the 2D spectrum obtained from the
addition of the two quantum pathways.
It is possible to come relatively close to the
correct correlation spectrum prior to the ÔphasingÕ
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 ðxm ; xs Þ ¼ S1 ðxm ; xs ÞU1 ðxm ; xs Þ
þ S2 ðxm ; xs ÞU2 ðxm ; xs Þ;
U1 ðxm ; xs Þ ¼ exp½iðxm DsLO;E
þ xs Ds1;2 þ xm xs CÞ ;

ð1Þ

U2 ðxm ; xs Þ ¼ exp½iðxm DsLO;E
 xs Ds1;2 þ xm xs CÞ ;
SC , is the correlation spectrum. S1 and S2 are the
spectra recorded for pathways 1 and 2, respectively. DsLO;E accounts for the lack of perfect
knowledge of the time separation of the LO pulse
and the vibrational echo pulse; Ds1;2 accounts for
the lack of perfect knowledge of the time origins of
excitation pulses 1 and 2; and C accounts for the
linear chirp caused by propagating of the vibrational echo through the sample. Ds1;2 comes in
with opposite sign for pathways 1 and 2. Following phasing, the errors in the time origins are
<100 1018 s and the chirp across the entire
spectrum is <200 1018 s. Full details of the experimental and data processing procedures will be
presented subsequently.

365

component of the signal. The correlation spectrum
has two distinct regions. The positive going band
corresponds to the 0–1 transition of the d band
with some contribution from the 0–1 c band on the
blue edge. The large negative going band arises
from the 1–2 transition of the d band. As can be
seen in the contour plot, the 1–2 band is oﬀ diagonal, located below the 0–1 band, because it is
described by a three level rephasing diagram. The
ﬁrst interaction with the ﬁelds produces a 0–1 coherence at the 0–1 transition frequency that dephases. The second interaction yields a population
in the m ¼ 1 level, while the third interaction produces a 1–2 coherence that rephases and emits at
the 1–2 transition frequency, which is shifted to the
red by the anharmonicity (100 cm1 ) [28].
In the linear absorption spectrum (Fig. 1a), a
shoulder is clearly visible on the red side of the
absorption spectrum. This shoulder has been assigned as an overtone transition of the methyl
rocking mode (1232 cm1 ) [29], which gains oscillator strength through a Fermi resonance with the
OD stretching mode. The red edge of the positive
going 0–1 band in Fig. 1c is wider and has a different shape than the rest of the band. This region
of the spectrum is dominated by the overtone
transition at short Tw .
Fig. 2 shows the correlation spectrum of fully
deuterated methanol (d-MeOD, CD3 -OD) for

3. Results and discussion
Figs. 1b and c are diﬀerent presentations of the
2D correlation spectrum with Tw ¼ 125 fs. For
Tw > 75 fs, non-resonant contributions are negligible. The spectra are exclusively the absorptive

Fig. 2. The correlation spectrum for Tw ¼ 125 fs taken on fully
deuterated methanol (CD3 OD), which does not have the Fermi
resonance. The distinctive shape on the red end of the positive
going band seen in Fig. 1c is absent.
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Tw ¼ 125 fs, which should be compared to Fig. 1c
that displays MeOD (CH3 -OD) data. In d-MeOD,
the methyl rocking mode is shifted to substantially
lower frequency, and there is no Fermi resonance
between the overtone and the OD stretch. In the
linear spectrum, the shoulder apparent in Fig. 1a is
absent. As seen in Figs. 1c and 2, the correlation
spectra are very diﬀerent on the red part of the
positive going 0–1 band. This portion of the
MeOD spectrum is almost square in appearance
and much broader than the corresponding portion
of the d-MeOD. The shape arises because of the
coupling between the methyl rock overtone and
the OD stretching mode. The coupling generates
oﬀ-diagonal peaks that produce the square shape.
The coupling is conﬁrmed by the change in the OD

stretch lifetime when the methyl group is deuterated. In MeOD, the lifetime is 400 fs, while in
d-MeOD, it is 1 ps. In MeOD, coupling to the
overtone provides an eﬃcient pathway for vibrational relaxation of the OD stretch [30]. When this
pathway is removed because the CD3 rock overtone is shifted to substantially lower energy, the
remaining relaxation pathways are less eﬃcient,
and the lifetime lengthens.
Fig. 3 along with Fig. 1c show ﬁve contour plots
at Tw ¼ 125 fs, 450 fs, 1.2 ps, 1.8 ps, and 5.0 ps for
MeOD. At 125 fs (Fig. 1c), the spectrum is dominated by the 0–1 band (positive) and the 1–2 band
(negative). In the 450 fs plot, the negative going
1–2 band is less intense, and the 0–1 band is beginning to change shape. The vibrational lifetime

Fig. 3. Contour plots of the correlation spectra for Tw ¼ 450 fs, 1.2, 1.8, and 5 ps. As Tw increases, the oﬀ-diagonal negative going 1–2
band (bottom) decays, the main band on the diagonal changes shape and shifts somewhat oﬀ the diagonal, and a new oﬀ-diagonal
negative going peak appears (top). See text for details.
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of the OD stretch is 0.4 ps, although there is
some wavelength dependence to the lifetime [3]. By
Tw ¼ 450 fs, a good fraction of the initially produced excited state population has decayed to the
ground state. Therefore, by the time of the third
pulse, the contribution to the signal from the diagram that gives rise to the 1–2 band is reduced. By
Tw ¼ 1:2 ps, the correlation spectrum has changed
dramatically. The 1–2 oﬀ-diagonal peak is almost
gone, and the diagonal d band has clearly changed
shape. A small band on the blue end of the diagonal 0–1 band has been uncovered. While the d
OD stretch has a lifetime of 0.4 ps, the c band
has a lifetime of 1 ps. As the d band contracts to
the red, the remnants of the c band are uncovered.
Most signiﬁcant is the appearance of a new oﬀdiagonal negative going peak located above the d
band. In the 1.8 ps plot, the 1–2 peak is gone. This
is consistent with the 0.4 ps vibrational lifetime.
The positive going diagonal c peak is almost gone,
consistent with the 1 ps lifetime. The diagonal d
band has contracted further to the red, and it has
moved somewhat oﬀ of the diagonal. The shift of
the position oﬀ of the diagonal is progressive; as Tw
increases, the d band contracts and shifts oﬀ of the
diagonal. By 1.8 ps, the shift is quite pronounced.
The new oﬀ-diagonal negative peak located above
the d band has grown considerably in magnitude.
For Tw ¼ 5 ps, the diagonal c band is gone. The
only remaining features are the d band that is
contracted to the red and shifted somewhat oﬀ of
the diagonal and the oﬀ-diagonal negative going
peak. Both peaks have broadened along the xs
axis. For times longer than 5 ps, the peaks do not
change shape signiﬁcantly, but slowly decay in
magnitude on a time scale of 10Õs of ps.
The Tw dependence of the correlation spectra
raises a number of questions. First, why is there a d
band for times long compared to the vibrational
lifetime? The 1–2 band decays with the lifetime,
but the 0–1 band produces a strong signal for
times much longer than the vibrational lifetime.
Normally, decay of the excited state will cause the
vibrational echo signal to vanish. Two rephasing
diagrams contribute to the 0–1 signal. After the
second interaction with the ﬁeld (after the second
pulse) one of these diagrams has a population in
the excited state, the m ¼ 1 level (diagram 1), and
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the other diagram has population in the ground
state, the m ¼ 0 level (diagram 0). The amplitudes
of the populations oscillate as a function of frequency x for a particular s value as 1=2ð1 þ
cosðxsÞÞ for the m ¼ 1 level and 1=2ð1 þ cosðxsÞÞ
for the m ¼ 0 level. These can be viewed as frequency gratings in the ground and excited states.
The population peaks in the excited state correspond to population holes in the ground state.
Vibrational relaxation causes the excited state
grating to decay into the ground state, ﬁlling the
ground state holes. Thus, the decay of diagram 1
into diagram 0 causes the signal to decay. Detailed
experimental studies show that following vibrational relaxation, 20% of the initially excited ds
break on a very short time scale (200 fs) [3].
Breaking a hydrogen bond attached to a d removes
it as a d absorber. The broken bond destroys two
ds and creates a c and a b. Thus, the ground state
frequency grating is not completely ﬁlled even following complete relaxation of the excited state.
This leaves some amplitude in diagram 0. The
third interaction with the ﬁeld turns the ground
state frequency grating into a 0–1 coherence and
the signal is emitted. The ground state signal remains out to the hydrogen bond recombination
time, which is 10Õs of ps [3].
The second question raised is what is the nature
of the negative going oﬀ-diagonal peak that appears as Tw is increased? When hydrogen bonds
attached to ds break, cs are formed. The newly
formed cs give rise to an increase in the absorption
in the c region of the spectrum. The oﬀ-diagonal
peak is composed of the products of hydrogen
bond breaking. The peak is oﬀ diagonal because
the ﬁrst two interactions are with the d band, but
the third interaction is with the newly formed
photoproduct c band. The red shift along the xm
axis of the newly formed cs with respect to the
initially excited cs indicates the newly formed cs are
not formed randomly within the c band but are
frequency correlated with the initially excited ds.
The frequency correlation is also displayed in the
Tw dependence of the dynamical line shape measured along the xs axis. The frequency dimension,
xs , of the correlation spectra provides information
that is not contained in other frequency and phase
resolved techniques like frequency resolved IR
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pump–probe. The extra dimension contains information about the frequency correlation between
reactants and products through the dynamical line
width measured as a function of Tw . This extra information allows us to consider two possible
mechanisms that can give rise to the oﬀ-diagonal
c band signal. One contribution comes from nonrephasing grating diagrams. These give rise to
signal when pulses 1 and 2 are within the free induction decay time of each other. An excited state
spatial grating is formed. When this grating decays
to the ground state and hydrogen bonds are broken, cs are produced having the same spatial
grating pattern as the original excited state grating.
The third pulse interacts with the c spatial grating
and produces a signal. The peak in the correlation
spectrum, if generated by the grating diagrams,
will have the full spectral line width along the
xs axis, and its dynamic line shape will be independent of Tw .
The other possible mechanism arises from
rephasing diagrams and can occur for times s
greater than the free induction decay time. When
the excited state frequency grating relaxes, hydrogen bonds are broken and cs are produced. If the
newly formed cs are frequency correlated with
their parent excited ds, then the ensemble of
daughter cs will also form a frequency grating. The
third pulse interacts with the c frequency grating
and produces a signal. Because the ground state
frequency grating corresponds to a rephasing diagram, the observed dynamic line width can be
narrower than the entire absorption line, and it
can broaden because of spectral diﬀusion as Tw
increases.
The important experimental observation is that
the oﬀ-diagonal product c peak broadens as Tw
is increased from times greater than the lifetime
to greater than 20 ps. As will be discussed in detail elsewhere [31], the observation of spectral
diﬀusion in the oﬀ-diagonal product c peak demonstrates that this peak has a substantial contribution from the ground state frequency grating
rephasing diagram. Therefore, d hydroxyl stretch
vibrational relaxation produces product cs that
are frequency correlated with the initially excited
ds. The implication is that some of the degrees of
freedom that determine the hydroxyl stretch fre-

quency are not randomized by hydrogen bond
breaking. These degrees of freedom of the local
environment that, in part, determine the d hydroxyl stretch frequency produce a frequency for
the product c that is correlated with the reactant d.
The last question is, why does the d band
contract to the red and move oﬀ-diagonal as Tw
becomes longer than the vibrational lifetime? The
long-lived d band exists because of hydrogen bond
breaking that occurs following vibrational relaxation [3]. As time increases, the original d band
frequency gratings created by optical excitation
across the entire d band are replaced by the
ground state frequency grating that is preserved
by hydrogen bond breaking. The data indicate
that hydrogen bonds on the red side of the d band
break more readily than those on the blue side.
As will be discussed in detail subsequently, because of the large dynamical linewidth, the collapse of the band to the red also causes it to move
oﬀ of the diagonal. The observed collapse of the
band to the red is not inﬂuenced by the presence of
the Fermi resonance. The identical behavior was
observed in d-MeOD, which does not have the
Fermi resonance.
The possibility that the collapse to the red of the
d band in the correlation spectrum is caused by
preferential breaking of hydrogen bonds on the red
side of the line is supported by two other experimental observations. Spectrally resolved pump–
probe experiments display the analogous behavior.
As time increases, the spectrum of the pump–probe
signal narrows and shifts to the red. Furthermore,
the temperature dependence of the linear absorption spectrum displays a shift to the blue of the d
band. As the temperature is increased, the equilibrium shifts so that there are fewer hydrogen
bonds and those that remain are on average
weaker. Preferential loss of hydrogen bonds on
the red side of the line will produce the blue shift.
This aﬀect can be seen dramatically in temperature diﬀerence spectra [3]. These results are somewhat counter-intuitive. It is believed that hydrogen
bonds on the red side of the line are stronger
than those to the blue [22]. Nonetheless, the results indicate that vibrational relaxation preferentially breaks hydrogen bonds on the red side of
the line.
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If the dimension we Fourier transformed into
the xs axis is left in the time domain, it contains
information similar to that obtained from threepulse photon echo peak shift (3PEPS) measurements. 3PEPS is a popular method to describe
dynamics for two-level systems where the decay of
the shift can be directly related to the spectral
diﬀusion in the system. More complicated systems
such as hydrogen bonding in HDO in D2 O [32]
and other reactive systems [33] exhibit more complicated echo peak shift behavior. We have measured the shift of the spectrally resolved echo at
2490 cm1 as a function of Tw , shown in Fig. 4
(note log Tw scale). The peak shift displays behavior similar to behavior seen in other reactive
systems [32,33]. Beginning at the shortest Tw , the
peak shifts toward zero as spectral diﬀusion occurs, as expected. However, after several hundred
fs, the peak shifts away from zero, reaching a
maximum shift at 1 ps. During this period, the
system is undergoing the most dramatic population changes, as discussed above. For Tw delays
longer than 1 ps, the primary contribution to the
echo signal at 2490 cm1 is the residual d band,
which can be described as a two-level system. The
peak shift decays with a 1.6 ps time constant,
consistent with results obtained from time depen-
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dent IR hole burning experiments on MeOD [5],
indicating that this decay is caused by spectral
diﬀusion and not further population dynamics. By
5 ps, the peak shift has reached its long-time
oﬀset value of about 20 fs. We are conﬁdent the
oﬀset is real because the phasing procedure is
sensitive to <1 fs error in the time origin and chirp
in our experiment. This procedure clearly indicates
we set the time origin of the experiment to within
5 fs across the entire spectrum (>400 cm1 ).
The non-zero oﬀset of the peak shift suggests
that static inhomogeneity exists in the residual d
band for longer than 10Õs of ps. As discussed above,
the correlation spectra indicate the spectrum of the
residual d band narrows and is red-shifted relative
to the d band that is initially excited. The sample at
room temperature is in the spectral diﬀusion regime
and spectral diﬀusion occurs on a time scale slower
than excited state relaxation of the d band, [5] as
seen in Fig. 4. Only the red ds that are preserved in
the ground state contribute to the signal because
the blue side of the band was not preserved through
hydrogen bond breaking. This narrowing of the
spectrum creates a type of static inhomogeneity
that appears as though the red ds did not sample
the whole band. The correlation spectra show that
the d band maintains the narrower spectrum for
times longer than 10 ps. The non-zero oﬀset of the
peak shift displays this apparently static inhomogeneity. The description of the dynamics of spectral
diﬀusion and pure dephasing must incorporate the
population changes in order to adequately explain
the system. These population changes cannot be
discerned from the echo peak shift alone. Only by
measuring the correlation spectra can we simultaneously obtain information about the spectral diffusion and populating dynamics and hence be
able to separate them.

4. Concluding remarks

Fig. 4. Vibrational stimulated echo peak shift vs. Tw data for a
cut through the 2D spectrum at 2490 cm1 . (Note log Tw scale.)
The peak shift reﬂects the extent of dynamical broadening. At
long time the data decay exponentially with a time constant of
1.6 ps. For times short compared to the vibrational lifetime, the
data are not monotonic (see text).

The results of ultrafast heterodyne detected
multidimensional vibrational stimulated echoes
with full phase information have been used to
examine aspects of the hydrogen bond dynamics of
methanol-OD in CCl4 . By using extremely short
pulses (<50 fs), it is possible to excite the entire
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very broad hydroxyl-stretching band including the
1–2 transition. A number of features that give rise
to the data have been explicated. At short time, the
correlation spectra are dominated by the hydrogen
bonded OD stretch 0–1 transition (positive going
peak) and the 1–2 transition (negative going peak).
There is signiﬁcant inﬂuence on the red side of 0–1
portion of the correlation spectrum from a Fermi
resonance with the overtone of the methyl-rocking
mode. This feature is absent in fully deuterated
methanol.
The vibrational echo signal can be observed for
times long compared to the vibrational lifetime
(400 fs) because of the breaking of hydrogen
bonds. As the hydrogen bonds break, the oﬀ-diagonal product c peak grows in and broadens with
time because of spectral diﬀusion. The results show
that there is frequency correlation between the
initially excited ds and the product cs. As Tw is
increased beyond the vibrational lifetime, the
broad diagonal d band contracts to the red side of
the line and shifts oﬀ of the diagonal. Hydrogen
bond breaking following vibrational relaxation
that occurs preferentially on the red side of the line
can cause this behavior.
The types of experiments presented here give a
greatly expanded picture of hydrogen bond dynamics. The full details of the experiments and
data will be given in a subsequent publication. The
equivalent experiments are currently underway on
water.
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