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The nature of hydrogen bonding networks following hydrogen bond breaking is investigated using vibrational
echo correlation spectroscopy of the hydroxyl stretch of methanol-OD (MeOD) of MeOD oligomers in CCl4.
Using ultrafast (<50 fs) infrared multidimensional stimulated vibrational echo correlation spectroscopy with
full phase information, the experiments examine frequency correlation between initially excited OD stretches
and their “photoproducts” created by hydrogen bond breaking following vibrational relaxation. The hydrogen
bond breaking following vibrational relaxation gives rise to a new species, singly hydrogen bonded MeODs,
the photoproduct. The photoproducts give rise to a well-defined spectrally distinct off-diagonal peak in the
correlation spectrum. Detailed modeling of this peak is used to measure its spectral diffusion (increased spectral
broadening as time increases). A rephasing vibrational echo signal and spectral diffusion can only occur if
photoproduct hydroxyl stretch frequencies are highly correlated with the frequencies of the initially excited
hydroxyl stretches prior to hydrogen bond breaking. The observation of spectral diffusion (fine frequency
correlation) demonstrates that broken oligomers have “memory” of initial unbroken oligomers. Possible
explanations for the frequency correlation are discussed.

I. Introduction

The hydrogen bonds in liquids such as alcohols and water
give rise to hydrogen bonding networks that play a major role
in both the structure and dynamics of hydrogen bonding
liquids.1-9 Hydrogen bonds between water or alcohol molecules
are relatively weak interactions, and so the hydrogen bonded
networks are continually evolving in time.10 Hydrogen bonds
break, and new hydrogen bonds form. Structural evolution
causes weak hydrogen bonds to become strong and strong
hydrogen bonds to become weak.

Properties of hydrogen bonded networks can be studied using
infrared spectroscopy of the hydroxyl stretching mode because
of the influence of the number of hydrogen bonds and the
strength of hydrogen bonds on the hydroxyl stretch frequency.11-14

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.12

Observations on a large number of compounds show that as
the hydrogen bond shortens (strengthens) the hydroxyl stretch
frequency shifts to the red. The same relationship also applies
to liquids.3,10,11,13,15In liquids, the widths of the lines, which
are caused by inhomogeneous broadening, are attributed to
variations in hydrogen bonds strengths and the number and type
of hydrogen bond.10

The linear absorption spectrum of methanol-OD (MeOD)
oligomers in CCl4 solution is displayed in Figure 1. (In MeOD,
a deuterium replaces the hydrogen in the hydroxyl group.)
Although methanol is capable of forming up to three hydrogen
bonds, one donated and two accepted by the hydroxyl, many
MD simulations demonstrate that methanol overwhelmingly
forms only two hydrogen bonds, one donated and one accepted,
(called δ) whether in the pure liquid16-19 or as oligomers in
CCl4.20 δ type MeODs have a very broad hydroxyl stretch band

(∼150 cm-1) centered at∼2490 cm-1 (see Figure 1).15,21-23

There is a shoulder on the red side of theδ band caused by a
Fermi resonance with the overtone of the methyl rocking
mode.24 For oligomers that are not rings, each oligomer has
two ends that consist of a hydrogen bond donor (calledγ) and
a hydrogen bond acceptor (calledâ). For a γ MeOD, the
frequency shifts to∼2600 cm-1, and the spectrum, while still
very broad, is significantly narrower than theδ band (∼80
cm-1). A â MeOD absorbs still further to the blue at∼2690
cm-1, and the band is relatively narrow (∼20 cm-1).15,21-23

Water also displays spectral shifts to the blue when the extent
of hydrogen bonding decreases.13 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.13 The description of the structure and
evolution of hydrogen bonded networks in methanol is greatly
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Figure 1. Linear absorption spectrum of a 10% solution of methanol-
OD in CCl4. â’s are hydroxyls that are acceptors but not donors.γ’s
are donors but not acceptors.δ’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.
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simplified relative to that in water by the preponderance of
doubly hydrogen bonded species. Consequently, methanol
oligomers in CCl4 are an important system for studying the
dynamics of hydrogen bonded networks.25-27

Although linear-infrared spectroscopy can provide information
on the influence of the number and types of hydrogen bonds
on the hydroxyl stretch frequency, it cannot be used to examine
the evolution of hydrogen bond networks. The time dependence
of hydrogen bond strengths causes hydroxyl stretch frequency
spectral diffusion.13 The linear absorption spectrum can only
provide time independent information because inhomogeneous
broadening of the hydroxyl stretch7,14,25-33 prevents the spectral
evolution from being observed.

It is in the context of hydrogen bond dynamics that ultrafast
infrared experiments gain their importance.7,25-47 Most ultra-
fast infrared experiments have utilized pump-probe
spectroscopy,7,30,33-36,39-47 which can examine hydroxyl popula-
tion dynamics. Pump-probe experiments give vibrational
lifetimes, hydrogen bond breaking and reformation rates, and
some information on spectral diffusion.7,30,33-36,41,43The dynam-
ics of hydrogen bond evolution can be explicated with much
greater detail using vibrational echo experiments48-59 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 multidi-
mensional methods. Such methods can separate and narrow the
dynamic spectral features,48-59 permitting the observation of
various contributions to the dynamics. Multidimensional tech-
niques are beginning to be applied to hydrogen bonding
systems.25-29 Multidimensional stimulated vibrational echo
correlation spectroscopy is akin to multidimensional NMR
experiments.60 However, vibrational stimulated echoes operate
on a sufficiently fast time scale (tens of fs to ps) to directly
examine the time evolution of hydrogen bonding networks.25-29

The vibrational echo correlation spectroscopy technique
measures the population and vibrational dephasing dynamics
in two frequency dimensions,ωm andωτ. Theωm axis is similar
to the frequency axis in frequency resolved pump-probe
spectroscopy. Theωτ axis does not have an analogue in the
pump-probe experiment; it provides an additional dimension
of information that is contained only in the correlation spectrum.
Changes in the peak shapes along theωτ axis display the spectral
diffusion dynamics.13,30,61-66 Therefore, vibrational echo cor-
relation spectroscopy separates the vibrational dephasing dy-
namics from the population dynamics, permitting hydrogen bond
dynamics to be extricated with great detail.

Recently, vibrational echo correlation spectroscopy was used
to investigate the mechanism of hydrogen bond breaking in
MeOD oligomers in CCl4 following vibrational relaxation of
the hydroxyl stretch.25-27 The shortest mid-IR pulses produced
to date (45 fs or 3.4 cycles of light)25-29 were used to perform
the experiments. Because of the very large bandwidth associated
with the ultrashort pulses, it was possible to perform experiments
on the entire broad hydroxyl stretching 0-1 and 1-2 bands of
δ and γ MeODs even though the combined ground state and
first excited-state bands are∼400 cm-1 wide. The experiments
yielded time dependent vibrational echo correlation spectra,
which provide information about hydrogen bond dynamics,
interactions, and structural evolution that cannot be obtained
from other experiments. Detailed calculations of several potential
models of hydrogen bond dynamics were used to simulate the
correlation spectra. The correlation spectra along with the

calculations demonstrated that the hydroxyl’s with absorption
on the red side of theδ band (strong hydrogen bonds) selectively
break hydrogen bonds following vibrational relaxation while
the blue side does not.27 It was 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 (VER) of the hydroxyl
stretch differ from those that are excited by VER of the higher
frequency hydroxyl stretches (weaker hydrogen bonds).27,67

Some results from this previous study will be recapitulated
below where necessary.

In the previous report,27 we did not discuss the spectral
diffusion dynamics observed along theωτ axis because the
hydrogen bond population dynamics under study could be
modeled without considering spectral diffusion. In fact, the
model calculations assumed that there was no spectral diffusion
on the time scale of interest. This paper extends the previous
work by investigating the evolution of hydrogen bonded
networks through the observation of spectral diffusion following
the breaking of hydrogen bonds. The photoproductγ species
that is formed at the point at which the MeOD oligomer breaks
reports the structural evolution of the perturbed networks. Using
vibrational echo correlation spectroscopy, we focus on the
evolution of the off-diagonal photoproductγ peak along both
theωm andωτ axes. The data demonstrate a coarse correlation
along theωm axis, which indicates that aδ having strong
hydrogen bonds creates aγ photoproduct having a strong
hydrogen bond. The data also demonstrate that a fine correlation
exists between the initially excitedδ and photoproductγ. The
shape of the photoproductγ peak along theωτ axis displays
spectral diffusion as the time delay increases, signifying that a
memory of the unbroken hydrogen bonded network is preserved
in the photoproductγ despite the large perturbation associated
with breaking a hydrogen bond.

II. Experimental Procedures

The experimental methods have been described in detail
elsewhere29 and will be briefly recounted here. The ultrashort
IR pulses used for the experiments were generated using a
Ti:sapphire regeneratively amplified laser/OPA system. The
output of the 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 45 fs virtually transform limited IR
pulses as measured by collinear autocorrelation. For the experi-
ments, the compression was readjusted to give transform limited
pulses in the sample as measured by a sample that gave a purely
nonresonant signal.

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. 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 com-
pensated 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 wavelengths. Further
experimental details have been reported previously.29

The sample, 10% MeOD in CCl4, was held in a sample cell
of CaF2 flats with a spacing of 50µm. 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.
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The phase-resolved, heterodyne detected, stimulated vibra-
tional echo was measured as a function of one frequency
variable,ωm, and two time variables,τ andTw, 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: |L+S|2 ) L2 + 2LS+ S2. TheL2 term is time-
independent andS2 is negligibly small; hence, neither contributes
to the time dependence of the signal. The spectrum of the 2LS
term is displayed along theωm frequency axis. As theτ 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 theτ
variable. By numerical Fourier transformation, this interferogram
is converted into the frequency variableωτ. In NMR, the ωτ
and theωm axes are generally referred to as theω1 and theω3

axes, respectively.
The interferogram 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.68,69

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 interfero-
grams 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 part of the stimulated vibrational echo as a
function of bothωm andωτ.

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.25,29 The projection slice
theorem29,60,68-70 is employed to generate the absorptive 2D
correlation spectrum. The projection of the absorptive 2D
correlation spectrum onto theωm axis is equivalent to the IR
pump-probe spectrum recorded at the sameTw, as long as all
of 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 vibra-
tional echo correlation spectrum from the 2D spectrum obtained
from the addition of the two quantum pathways. Details of the
phasing procedure including its mathematical formulation have
been presented previously.29 Following phasing, the errors in
the time origins are<100× 10 - 18 s and the chirp across the
entire spectrum is<100 × 10 - 18 s. The result is accurate
correlation spectra from which dynamics can be examined.

III. Results and Discussion

The hydrogen bonded MeOD oligomers studied here are a
photochemical system in which vibrational excitation of the
hydroxyl stretch results in hydrogen bond breaking.25-27,30,34-36,71

Recently, vibrational relaxation and hydrogen bond dynamics
in MeOD dissolved in CCl4 were measured with ultrafast
infrared pump-probe spectroscopy.30,34-36,71 The vibrational
relaxation lifetime of theδ band is ∼500 fs with some
wavelength dependence arising from the Fermi resonance with
the overtone of the methyl rocking mode24 (see Figure 1). The
studies showed that direct hydrogen bond breaking occurs
following vibrational relaxation on a time scale of∼200 fs.34

The direct hydrogen bond breaking occurs because the excited
hydroxyl stretch decays into vibrational modes that lead to the
hydrogen bond dissociation.

More recently, an expanded experimental study was presented
of vibrational relaxation and hydrogen bond dynamics in MeOD
and d-MeOD (fully deuterated methanol) dissolved in CCl4.
Frequency resolved IR pump-probe spectra of both molecules
were obtained using<50 fs pulses that had a bandwidth
spanning the entireδ andγ bands. The appearance of photo-
productγ’s was observed asδ’s broke hydrogen bonds. In the
same study,27 correlation spectroscopy was used to study both
compounds. Quantitative simulations of the correlation spectra
were performed for MeOD, and it was determined that hydrogen
bonds associated with absorbers on the red side of theδ band,
the strongest hydrogen bonds, were selectively broken following
vibrational relaxation of theδ MeOD hydroxyl stretch.27 The
comparisons of MeOD andd-MeOD experimental results
demonstrated that all features of the dynamics of the two systems
were the same aside from the MeOD wavelength-dependent
lifetime.

A. Correlation Spectra. The general features of the MeOD
correlation spectra as a function ofTw have been presented
previously.25-27 They are reviewed here to provide the material
necessary for the detailed examination of the dynamical
properties of the photoproductγ band in MeOD that is presented
below. The top panel of Figure 2 is a contour plot of the 2D
correlation spectra withTw ) 125 fs. The contours display equal
10% graduations. Theωτ axis is the axis of the first matter-
radiation field interaction. Theωm axis is the axis of the emission
of the vibrational 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 and be negative going.72,73The positive going band
on the diagonal corresponds to the 0-1 transition of theδ band
with some contribution from the 0-1 γ band on the high-
frequency end. The negative going band arises from the 1-2
transition of theδ band. The 1-2 band is off diagonal because
the emission is shifted to lower frequency by the vibrational
anharmonicity (∼150 cm-1).74 The red edge of the positive
going 0-1 band has a contribution from Fermi resonance with
overtone of the methyl rocking mode (1232 cm-1).24 As
mentioned above, experiments on fully deuterated methanol,
which does not have the Fermi resonance, show that the results
presented below are not influenced by the presence of the Fermi
resonance in MeOD.25,27 It should be noted that the shape of
the δ 1-2 transition is distorted on the red edge because the
laser spectrum falls off rapidly at lower frequency. Conse-
quently, it does not appear elongated along the diagonal like
the 0-1 transition. Theγ 1-2 transition is not resolved in the
correlation spectrum because it is obscured by the much larger
δ 0-1 peak.27

The lower panels of Figure 2 show contour plots atTw )
1.2, 1.8, and 5.0 ps for MeOD. At 125 fs the spectrum is
dominated by the 0-1 band (positive) and the 1-2 band
(negative). ByTw ) 1.2 ps, the correlation spectrum has changed
dramatically. A good fraction of the initially produced excited-
state population has decayed to the ground state because the
vibrational lifetime of the OD stretch is∼0.5 ps.34 The
magnitude of theδ 1-2 off diagonal peak reflects theδ excited-
state decay. Because the lifetime of theγ band (∼1 ps) is longer
than that of theδ band, the diagonalγ 0-1 band is uncovered
as theδ band decays. Theγ 1-2 peak is not visible even though
its 0-1 transition has been uncovered because theγ 1-2 peak
is still buried underneath the remainingδ 0-1 peak. Only
the blue side ofδ 0-1 band decays completely with the
lifetime.27
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Most significant is the appearance of a new off diagonal
negative going peak located above theδ band that is beginning
to appear atTw ) 1.2 ps. As has been shown in detail, this is
the photoproductγ band.25-27 The peak is off diagonal because
the first two radiation field interactions are with theδ band to
create an excited state population, but the third interaction is
with the newly formed photoproductγ band created following
vibrational relaxation ofδ s. The fact that the new band is off
diagonal and directly above the contractedδ band helps establish
its identity as the photoproductγ band.

In the 1.8 ps plot, theδ 1-2 peak is gone. The positive going
diagonalγ peak is almost gone. The diagonalδ band progres-
sively contracts further to the red asTw increases. The new off
diagonal negative photoproductγ peak located above theδ band
has grown considerably in magnitude. ForTw ) 5.0 ps, the
diagonalγ band is gone. The only remaining features are the
red contracted 0-1 δ band and the off diagonal negative going
photoproductγ peak.

Normally, the decay of the excited state into the ground state
causes the vibrational echo signal to decay to zero. However,
there is both an excited state and ground-state contribution to
the signal. Following vibrational relaxation,∼20% of the
initially excitedδ’s break a hydrogen bond in∼200 fs, removing
them asδ absorbers.34 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 tens of ps.27,34

Recently, detailed calculations of the correlation spectra
displayed in Figure 2 were presented that unambiguously
demonstrated that theδ MeOD’s with absorption on the red
side of the band (strong hydrogen bonds) selectively break
hydrogen bonds following vibrational energy relaxation.27 Here,
we recapitulate the principle results of the calculations to provide
context for the present discussion of frequency correlation
between the hydroxyl stretch of the preservedδ and photo-
productγ distributions. We begin with a brief description of
the method for modeling the correlation spectra followed by a
presentation of the modeling results. The same modeling method
is used in the detailed analysis of the photoproductγ; therefore,
it is discussed in some detail in Appendix I.

B. Modeling Results and Red-Breaking.The vibrational
echo correlation spectra were quantitatively simulated by
describing them as the sum of overlapping 2-dimensional
Gaussian peak shapes, one for each feature in the spectrum.27

Many of the parameters necessary were obtained from the linear
spectrum.27 The 125 fs spectrum occurs prior to vibrational
relaxation and hydrogen bond breaking. After accurately
reproducing the 125 fs data, various physical scenarios were
tested that could give rise to the later correlation spectra,
particularly the 5 ps data. Details of the fitting procedure, which
is also used below for examining spectral diffusion, are given
in ref 27 and in Appendix I. High quality fits to the correlation
spectra haveR2 values (square of the sum of the residuals) of
<0.2 (see Appendix I).

The simulation of theTw ) 5.0 ps correlation spectrum is
displayed in panel b of Figure 3.27 The data and fit have been
normalized to the maximum positive signal. The contours
display equal 10% graduations. In the simulation, 5 peaks were
included to describe theTw ) 5 ps correlation spectrum: the
0-1 transition of theδ band, the 0-1 transition of theγ band,
the Fermi resonance peak, and the two cross-peaks between the
Fermi resonance and theδ band. The 1-2 transitions of theδ
andγ bands (included in the fit to theTw ) 125 fs data in ref
27) do not occur in the fit because excited state relaxation
completely depletes the excited states of both species by this
Tw delay. TheR2 value calculated from eq A3 is 0.13, indicating
that the simulated correlation spectrum is a very precise
description of theTw ) 5.0 ps experimental correlation spectrum.
In addition to the main features, the fine features at the center
of theδ band are reproduced in the calculation. Panel c displays
the projection of the best fit onto theωm axis calculated by
integrating over theωτ axis (see eq A4) compared with the
pump-probe spectrum atTw ) 5 ps. Note that theωm axis is
the vertical axis in the 1-dimensional frequency plot. Clearly,

Figure 2. Top panel: the vibrational echo correlation spectrum for
Tw ) 125 fs. The positive going band arises from the 0-1 transition
of the hydroxyl stretch. The negative going band arises from the 1-2
transition. Lower panels: contour plots of the correlation spectra for
Tw ) 1.2, 1.8, and 5 ps. AsTw increases, the off-diagonal negative
going 1-2 band (bottom) decays, the main band on the diagonal
collapses to the red, and a new off-diagonal negative going peak appears
at the top of the panel.
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the fit is an accurate description of theTw ) 5 ps correlation
spectrum and pump-probe experimental data. This is in contrast
to the other models that were tested in ref 27.

The model used to simulate theTw ) 5.0 ps experimental
data has been described in detail elsewhere.27 Only a portion
of theδ band was preserved through hydrogen bond breaking.
Hence, the preserved bleach and product peaks have different
spectra than theδ or γ bands observed in the FTIR spectrum,
in contrast with the model used to describe theTw ) 125 fs
experimental correlation spectrum. The detailed calculations
demonstrated that the preserved ground state on the red side of
theδ band in theTw ) 5.0 ps correlation spectrum can only be
described by the model in which the red side of the band breaks
hydrogen bonds while the blue side does not.27 Other models,
which assumed that all of the hydrogen bonds in theδ band
were either broken or were weakened could not describe the
data.27

C. Observation of Photoproduct γ Band Spectral Diffu-
sion.Changes in the 2-dimensional photoproductγ peak shape
(spectral diffusion) following hydrogen bond breaking provides
information on the structural relationship of the network after
hydrogen bond breaking to the network prior to hydrogen bond
breaking. The photoproductγ species are at one end of the
oligomer formed by hydrogen bond breaking. The simulated
correlation spectra presented above and the detailed analysis
presented in ref 27 demonstrate the method’s ability to
quantitatively describe the vibrational echo correlation spectra.
Therefore, we use the same method here to address spectral
diffusion dynamics occurring within the photoproductγ band.

Correlation spectra were measured focusing on the photo-
productγ peak forTw delays long compared to the excited-
state lifetime. Four close-up views of the off-diagonal photo-
productγ peak measured at 3.6, 5.0, 10, and 20 psTw delays
are displayed in Figure 4 (left column). The out of plane axes,
shown as contours in each panel of Figure 4, have been
normalized to the absolute value magnitude of the photoproduct
γ peak. The contours display equal 10% graduations. For
reference, the photoproductγ peak at theTw ) 5.0 ps (Figure
4, panel b, left) is the same as the photoproductγ peak displayed
in the Tw ) 5.0 ps correlation spectrum shown in Figure 2,
except that the scale has been normalized. The amplitude of
the photoproductγ peak decays by a factor of 4 between 3.6
and 20 ps. The decay in the signal is indicated in Figure 4 by
the decreased signal-to-noise ratio at longerTw delay. The
photoproductγ band decays as hydrogen bonds recombine on
the ∼10 ps time scale.27,34

The dynamics of the photoproductγ peak displayed in Figure
4 reflect only the dynamics of the ground-state hydrogen bonded

network because the excited-state dynamics are complete (δ and
γ vibrational lifetimes 0.5 and 1 ps, respectively). AtTw ) 3.6
ps, the photoproductγ peak is narrowest along bothωm andωτ

Figure 3. Contour plots of calculated correlation spectrum at 5 ps using the 2-dimensional Gaussian model compared with experimental correlation
spectrum.Tw ) 5.0 ps experimental correlation spectrum (panel a). The calculated correlation spectrum (panel b). The agreement is excellent. Panel
c displays the comparison of the projection onto theωm axis of the calculated spectrum to the experimental pump-probe data. The fits accurately
reproduce the data. Note that theωm frequency axis is the vertical axis in panel c, and the horizontal axis displays the peak amplitude integrated
over theωτ axis. The contours display equal 10% graduations of the normalized data.

Figure 4. Contour plots of portions of correlation spectra showing
the region around the photoproductγ peak forTw ) (a) 3.6, (b) 5.0,
(c) 10.0, and (d) 20.0 ps. The left column shows the experimental data
for eachTw delay. The right column shows the fits to the experimental
data. AsTw increases, the band shape changes along both theωm and
ωτ axes. The broadening along theωm axis results from the evolution
toward the equilibrium spectrum of the initially prepared photoproduct
γ distribution. Spectral diffusion along theωτ axis reports the dephasing
dynamics of the photoproductγ peak.
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axes. As Tw increases, the peak shows the influence of
equilibration of the perturbed hydrogen bond network and
spectral diffusion dynamics. AsTw increases, the initially created
photoproductγ spectral distribution, which is narrowed and red
shifted along theωm axis, equilibrates to its steady-state
distribution, which increases the width of the peak along the
ωm axis. Spectral diffusion results in the increase of the
dynamical line width along theωτ axis asTw increases.

From the model previously used to simulate theTw ) 5.0 ps
experimental data (see Figure 3, panel b), we assigned a center
frequency of 2560 cm-1 to the photoproductγ peak.27 The
apparent center of the photoproductγ peak displayed in Figures
2-4 confirms this assignment (note the displacement along the
ωm axis of the photoproductγ peak from the horizontal line
that marks the center frequency of the equilibriumγ peak in
Figure 2). The photoproductγ band is red shifted by about 40
cm-1 relative to the initially excitedγ distribution. This
frequency shift indicates the photoproductγ’s are not randomly
distributed throughout the inhomogeneousγ band but are created
with at least some frequency correlation with their origin on
the low-frequency side of theδ band.

The correlation spectra displayed in Figures 2-4 contain the
dynamical line shape along theωτ axis as a function of
frequency and waiting time,Tw. Changes in the dynamical line
shape as a function ofTw give the spectral diffusion dynamics
occurring within the hydroxyl stretch peak.13,30,61-66

The qualitative changes in the dynamical line shape can be
seen in the data by looking at a cross sectional cut of the
photoproductγ peak at a particularωm value and projecting it
onto theωτ axis. The horizontal dashed line shown in theTw )
3.6 ps panel of Figure 4 (panel a, left) illustrates such a cut at
the apparent center of the photoproductγ hydroxyl stretch peak
at ∼2560 cm-1. As Tw increases, the photoproductγ band
changes shape and the∼2560 cm-1 cut becomes broader. The
dynamical line measured in the correlation spectra is narrow
when spectral diffusion has not randomized the distribution of
hydroxyl stretch frequencies. As spectral diffusion occurs, the
dynamical line width broadens. Because the hydroxyl stretch
frequency is correlated with the strength of hydrogen bonds,3,10-15

the time evolution of the vibrational echo correlation spectra
reflects the structural evolution of the hydrogen bonding
network.

To quantify the spectral diffusion dynamics observed in the
photoproductγ peak as a function ofTw delay, we simulated
the correlation spectra displayed in Figure 4 using the model
described above and in Appendix I. One 2-dimensional Gaussian
peak was used to describe the photoproductγ band, and another
was used for the preservedδ band, which appears as the positive
going feature barely visible at the bottom of the correlation
spectra in Figure 4 and can be seen in Figures 2 and 3. Although
the δ band is not shown in detail in Figure 4, its inclusion in
the calculations is necessary to obtain a correct description of
theγ band. The Fermi resonance peak and its two cross-peaks
with the δ band were included as well. Their positions and
amplitudes relative to the preservedδ bleach were determined
from the fit to theTw ) 125 fs correlation spectrum.27

The right column of Figure 4 displays the corresponding
2-dimensional Gaussian fit to each correlation spectrum atTw

) 3.6, 5.0, 10, and 20 ps. The 2-dimensional Gaussian fitting
procedure enables us to quantitatively measure the dynamical
line width of the photoproductγ peak without interference from
the preservedδ peak or the three peaks associated with the Fermi
resonance. After fitting the correlation spectra, the amplitudes
of every peak except the photoproductγ peak are nulled. A

cross sectional cut of the photoproductγ peak atωm ) 2560
cm-1 is fit with a Gaussian. The resulting fwhm is a measure
of the dynamical line width. Figure 5 displays the dynamical
line widths extracted from the vibrational echo correlation
spectra displayed in Figure 4 plotted versus the corresponding
Tw delay. The error bars indicate the upper and lower bounds
of the fit to the dynamical line width at which theR2 values
(see eq A3 Appendix I) are twice there optimal value. The line
through the data is a guide to the eye. At the shortestTw delay
following the completion of vibrational relaxation (Tw ) 3.6
ps), the dynamical line width is∼90 cm-1. This width grows
to ∼120 cm-1 by Tw ) 20 ps. The 2-dimensional Gaussian
fitting procedure captures other aspects of the evolution of the
shape of the photoproductγ peak with increasingTw delay. The
correlation spectra measured atTw ) 3.6 and 5.0 ps display a
slight tilt along the diagonal, which is a characteristic of
inhomogeneous broadening.65,66The tilted shape is reproduced
by the fit because we modeled the peaks with 2-dimensional
Gaussian shapes that were elongated along the diagonal. The
slight tilt indicates that spectral diffusion has not completely
randomized the frequencies in the photoproductγ hydroxyl
stretch byTw ) 5.0 ps, which is consistent with the changing
dynamical line width displayed in Figure 5. The photoproduct
γ peak is slightly elongated along the diagonal in theTw ) 10
and 20 ps correlation spectra as well. However, the elongation
is obscured in the data displayed by the presence of the Fermi
resonance cross-peak that appears around (ωm ∼ 2490 cm-1,
ωτ ∼ 2430 cm-1), which results in the positive going signal at
the lower left of the correlation spectra (see Figure 4).

The photoproductγ peak also broadens along theωm axis as
Tw increases, (see Figure 4). The fwhm of the fit to the
photoproductγ peak measured along theωm axis increases from
∼120 cm-1 at 3.6 ps to∼180 cm-1 at 20 ps as the initially
created photoproductγ spectral distribution equilibrates to the
steady-state distribution. This equilibration is visible along the
ωm axis because only a subset of the inhomogeneousγ
distribution is created by hydrogen bond breaking. This subset
will eventually randomize and sample the full configuration
space available to the photoproductγ MeOD s.

D. Frequency Correlation. Above, we have shown that the
photoproductγ band displays spectral diffusion. Furthermore,
the photoproductγ band is initially created shifted to the red
relative to the equilibriumγ band. The shift of the photoproduct
γ band to the red shows that there is at least some frequency
correlation between the parentδ’s and the photoproductγ’s,
which we callcoarse correlation. By coarse correlation, we
mean that aδ having two stronger than average hydrogen bonds
produces a photoproductγ having one stronger than average
hydrogen bond. That this correlation must exist can be

Figure 5. Plot of the fwhm of photoproductγ peak along theωτ axis
versusTw. Changes in the dynamical line width are direct evidence of
spectral diffusion. Spectral diffusion along theωτ axis demonstrates
the existence of fine frequency correlation in the photoproductγ band
(see Figure 6). The line through the data is a guide to the eye.
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understood in the following way. If there were no frequency
correlation between the parentδ’s and the photoproductγ’s,
the photoproductγ’s would have a center frequency and line
width along theωm axis that is identical to the equilibriumγ
band. Without correlation, the photoproductγ’s could be
anywhere in theγ line with a probability weighted only by the
line shape. The red sides of theδ andγ bands correspond to
stronger hydrogen bonds than average.3,10-15 Therefore, breaking
the stronger hydrogen bonds in theδ band gives rise to a
photoproductγ band composed ofγ’s with stronger hydrogen
bonds. At long time, theγ frequencies will randomize through-
out the equilibriumγ band and, therefore, throughout the full
range of hydrogen bond strengths. This is observed as the
spreading of the photoproductγ band along theωm axis.

The data also demonstrate that there is a more subtle type of
correlation that we call finefrequency correlation. The fine
correlation shows that a direct correlation exists between aδ
absorber at frequencyω0 and a narrow distribution of photo-
productγs centered at frequencyω0 + ∆, where∆ ) ∼130
cm-1 27 is the shift in the hydroxyl stretch frequency that results
from breaking a hydrogen bond. Fine frequency correlation will
occur if the photoproducts have a detailed “memory” of the
structure of the prior intact hydrogen bonded networks, which
is slowly erased as the broken networks evolve in time away
from their structures immediately following hydrogen bond
breaking.

To elaborate on how the microscopic situation of coarse and
fine correlation affects the experimental observables, it is
necessary to consider the types of influences the light pulse
sequence can have on the sample. There are two types of
radiation field/matter quantum pathways that can give rise to
the photoproductγ signal, which display different behavior in
the vibrational echo correlation spectra. These pathways can
be represented diagrammatically.72 One contribution to a
vibrational echo signal can come from nonrephasing grating
diagrams72 that produce a signal only when pulses 1 and 2 are
within the free induction decay (FID) time of each other. When
pulses 1 and 2 are within the free induction decay time of each
other, there is interference between the electric field of the
second pulse and the polarization induced in the sample by the
first pulse. The polarization decays with the FID and results in
the requirement that the two pulses must be within the FID.
The interference gives rise to optical fringes, that is, alternating
spatial regions of light and dark in the sample. Excited states
are only produced in the light regions. The alternating regions
of excited states and no excited states give rise to excited state
and ground-state population diffraction gratings. Relaxation to
the ground state followed by hydrogen bond breaking will
preserve the ground statepopulation grating (one of the
nonrephasing grating diagrams) and create a photoproductγ
population grating in place of the excited-state population
grating. The third pulse in the vibrational echo sequence can
diffract from a population grating to produce a signal in the
vibrational echo phase matched direction. For a fixedTw, asτ
is scanned, the population grating (nonrephasing) signal will
decay with the free induction decay time of the entire initially
excited δ band. This is an important point. The FID that
determines whether a population grating is formed follows the
first pulse that excites the entireδ band prior to vibrational
relaxation and hydrogen bond breaking. The second important
point is that asτ is scanned the signal decays, but its decay is
independent ofTw because it is determined solely by theδ FID.
The dynamical line width is also independent ofTw because it
is the Fourier transform of theδ FID.

There is a second set of diagrams, rephasing diagrams, that
give rise to a true vibrational echo signal.72 These can be viewed
physically in terms of a variation in population as a function of
frequency, afrequency grating. Following the second pulse,
frequency fringes are produced, that is, alternating frequency
regions of excited states and ground states. At a frequency where
there is an excited state peak, there is a corresponding ground
state hole. Relaxation to the ground state followed by hydrogen
bond breaking will eliminate the excited state peaks but not
completely fill in the ground-state holes, preserving the ground
statefrequency gratingin the δ band. If and only if there is
fine frequency correlation will a frequency grating be created
in the photoproductγ band. If there is fine frequency correlation,
the third pulse in the vibrational echo sequence triggers a
rephasing process that gives rise to the vibrational echo signal
at both theδ and photoproductγ transition frequencies.

The importance of the rephasing diagrams to elucidating
hydrogen bond dynamics can be understood in the following
way. Thefrequency gratingwritten into the hydroxyl stretch
band sub-divides the inhomogeneous distribution of hydrogen
bond strengths by leaving some MeOD’s in the vibrational
excited state and others in the ground state, depending upon
their frequency. The frequency dependent (and hence structure
dependent) pattern of excited and grounds states in the initially
excitedδ band permits each sub-ensemble within the inhomo-
geneous distribution to be probed independently. As time
progresses, the structures of the hydrogen bonded networks
evolve and the vibrational frequency of a particularδ in the
network changes, resulting in spectral diffusion. As theTw delay
increases, the hydrogen bond networks evolve and the resulting
spectral diffusion causes the rephasing signal to decay faster as
τ is scanned. The Fourier transform of theτ scan is the dynamic
line width (a cut along theωm axis projected onto theωτ axis).
Therefore, changes in the dynamical line width display the
spectral diffusion dynamics and report the evolution in the
structure of the hydrogen bonded networks (see Figure 5).
Following vibrational relaxation, hydrogen bond breaking
preserves part of the ground stateδ frequency grating and creates
photoproductγs. If fine frequency correlation exists, the
photoproduct γ band will also consist of a ground-state
frequency grating, and it will display broadening of its dynamic
line width, which is indicative of spectral diffusion.

If only the nonrephasing diagrams contribute to the photo-
product γ signal, then coarse frequency correlation may be
observed, but the dynamical line width will be independent of
Tw. No spectral diffusion and no fine frequency correlation will
be observed. However, if the rephasing diagrams contribute to
the photoproductγ signal, then both coarse and fine frequency
correlation can be observed. In this case, the dynamical line
width of the photoproductγ band will increase with increasing
Tw, displaying the spectral diffusion dynamics, and hence the
structural evolution of the photoproductγ band hydrogen bonded
network. Spectral diffusion in the photoproductγ band is
observed as displayed in Figures 4 and 5.

The two scenarios introduced above are displayed schemati-
cally in Figure 6 to illustrate the connection between the
nonrephasing and rephasing pathways and the coarse and fine
frequency correlation. Panel 1 presents a heuristic display of
the spectra of theδ andγ species (dashed lines) that are initially
excited (note, the relative amplitudes have been normalized for
clarity). δ’s with stronger than average hydrogen bonds
preferentially break a hydrogen bond, which prevents excited-
state relaxation from depleting the ground-state bleach and
preserves a subset of theδ distribution on the red side of theδ
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band.27 The preserved subset, labeledδ* in Figure 6, appears
on the low-frequency side of theδ band (solid line). The
products of theδ subset that broke a hydrogen bond are the
photoproductγ’s, labeledγ* in Figure 6. They retain some
memory of their origin, also appearing on the low-frequency
side of theγ band as the solid line. The shift of theδ* and γ*
spectra relative to the initially excitedδ andγ spectra indicates
the coarse frequency correlation that exists between the two
species. The left column of Figure 6 illustrates the situation in
which only the nonrephasing diagrams contribute to the pho-
toproductγ signal. In this case, (see panel 2a) the frequency of
a particular subset ofδ absorbers within theδ* distribution
(represented by the solid vertical line under theδ* peak) is
uncorrelated in frequency with any particular subset of photo-
productγ absorbers within theγ* distribution. Although the
frequencies of theδ* and γ* species are coarsely correlated,
the frequency of a particularδ absorber that broke a hydrogen
bond is randomized within the restricted photoproductγ
distribution. Therefore, no frequency grating is transferred to

the photoproductγ band (see panel 3a). In this situation, the
dynamical line width would be independent ofTw and no
spectral diffusion dynamics could be observed.

The experimental data clearly demonstrate that the photo-
productγ signal observed in the correlation spectra displayed
in Figures 2-4 cannot be described by the nonrephasing
diagrams because the dynamical line widths displayed in Figure
5 increase with increasingTw. The rephasing diagrams must
also contribute to the photoproductγ signal. This situation is
illustrated in the right column of Figure 6. For rephasing
diagrams to contribute to the photoproductγ signal, a particular
subset ofδ absorbers within theδ* distribution must be
correlated in frequency with a particular subset of photoproduct
γ absorbers within theγ* distribution (represented by the solid
vertical line under theγ* peak, see panel 2b). As a result of
this fine frequency correlation, the frequency grating written
into the initially excitedδ distribution is transferred to the
photoproductγ distribution (see panel 3b). The frequency
grating in the photoproductγ distribution sub-divides the
distribution and enables the sub-ensembles (different hydrogen
bonded structures) to be probed independently, which narrows
the dynamical line width measured in the correlation spectra.
Structural evolution of the hydrogen bond networks randomizes
the frequencies within the photoproductγ band and results in
spectral diffusion, which broadens the dynamical line width.
Therefore, the increasing dynamical line width displayed in
Figure 5 demonstrates that both coarse and fine frequency
correlation exist between theδ and photoproductγ species
because aspects of the structure of the hydrogen bonded network
are preserved through hydrogen bond breaking.

E. Mechanisms for Frequency Correlation.The observation
of fine frequency correlation means that the photoproductγ’s
have memory of the frequency of the original unbroken
oligomer. Aγ is the end of the oligomer piece that was created
by breaking a hydrogen bond in the original oligomer. Because
the hydroxyl stretch frequency is correlated with structure,
memory of the frequency implies memory of the original
structure that gave rise to the new oligomer fragment. Here we
will consider two likely mechanisms that could give rise to the
frequency memory. In the first mechanism, the two hydrogen
bonds associated with aδ MeOD are correlated in strength and
therefore the hydroxyl stretches of neighboringδ MeODs are
correlated in frequency. Frequency correlation is transferred
from the initially excitedδ to the photoproductγ through this
correlation. In the second mechanism, the two hydrogen bonds
are not correlated in strength. However, when a hydrogen bond
breaks, the resultingγ MeOD retains memory of the initially
excited hydrogen bond through other structural degrees of
freedom that make up the local environment and in part
determine the frequency.

The first mechanism involves the correlation of the strengths
of adjacent hydrogen bonds. The strength of a hydrogen bond
is correlated to its length,3,10-15 although the angle and donating
hydroxyl bond length can have significant influence as well.13,75,76

Therefore, the first mechanism involves correlation in the
microscopic density variations across the hydrogen bonded
network that extend over one or more MeODs. When a stronger
than average hydrogen bond in a high microscopic density
region of the network is excited and subsequently breaks, the
remaining adjacent hydrogen bond, which produces theγ, is
also a stronger than average hydrogen bond. If the hydrogen
bond strength is the overwhelming factor that determines the
frequency, then the frequency of the photoproductγ will be
correlated with the reactantδ, consistent with the observations.

Figure 6. Schematic illustration connecting the influence of the
nonrephasing and rephasing pathways to the experimentally observed
coarse and fine frequency correlation between theδ and photoproduct
γ bands. Panel (1): Coarse frequency correlation is observed between
δ’s and photoproductγ’s because the species preserved through
hydrogen bond breaking are spectrally distinct from the initially excited
species. Left column: Only the nonrephasing diagrams contribute to
the photoproductγ signal. Coarse frequency correlation is observed,
but the frequency of a particularδ absorber is randomized within the
photoproductγ distribution (see panel 2a). No spectral diffusion is
observed in the photoproductγ signal because no frequency grating
was transferred (see panel 3a). Right column: The rephasing diagrams
contribute to the photoproductγ signal. Coarse and fine frequency
correlation are observed because the frequency of a particularδ absorber
is not randomized within the photoproductγ distribution (see panel
2b). The frequency grating from the initially excitedδ distribution is
transferred to the photoproductγ distribution (see panel 3b) and spectral
diffusion is observed.
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There is some data that suggests correlation between the two
hydrogen bonds ofδ MeODs from the linear absorption
spectrum and the correlation spectra. When anR MeOD (a
monomer that exists at very low concentration in CCl4) accepts
a hydrogen bond, it becomes aâ MeOD.24,34,35The resulting
shift in the hydroxyl frequency is too small to be observed at
room temperature. This demonstrates that accepting a hydrogen
bond does not significantly influence the hydroxyl stretch
frequency. When aγ MeOD accepts a hydrogen bond, it
becomes aδ MeOD. The hydroxyl frequency shift when aγ
becomes aδ is ∼100 cm-1. This shift must be due to the
influence of accepting a hydrogen bond on the strength of the
donated hydrogen bond because of the lack of a shift between
an R and aâ.

It is possible that this gross affect occurs at a finer level. In
the network, if a stronger acceptor produces a stronger donor
that produces a strong accepting neighbor, there could be local
hydrogen bond strength correlation in the network and, therefore,
frequency correlation. The correlation spectra at long time in
Figures 2-4 show that the red contractedδ gives rise to a red
contractedγ. Thus, there is at least coarse frequency correlation
of this type. When theδ MeOD breaks a hydrogen bond and
the photoproductγ is produced, the structural degrees of
freedom that preserve the hydrogen bond of the photoproduct
γ cannot change instantaneously. Therefore, the photoproduct
γ will be formed with frequency correlation that is then lost by
structural evolution of the fragmented network, which gives rise
to spectral diffusion in the photoproductγ band.

The second mechanism recognizes that other structural
degrees of freedom besides the donated and accepted hydrogen
bonds may contribute to theδ andγ hydroxyl stretch transition
frequencies. In MeOD, there are the positions and orientations
of the methyl groups, as well as the configuration of other
MeOD’s that are not directly hydrogen bonded to the MeOD
of interest. For the oligomers studied here in CCl4, there is also
the local solvent configuration. In pure MeOD, the surrounding
liquid that is not directly hydrogen bonded to an initially excited
δ could be considered the solvent. When the reactantδ is broken
and the photoproductγ is formed, the other degrees of freedom
of the oligomer and the solvent will not necessarily be affected
immediately. Preservation of these other structural degrees of
freedom could produce the observed frequency correlation.

The photoproductγ peak appears red shifted 40 cm-1 relative
to theγ band in the linear absorption spectrum. This red shift
is a significant fraction of the total shift caused by the second
hydrogen bond (∼100 cm-1). Therefore, the gross memory of
the broken hydrogen bond must be comparatively strong relative
to the hydrogen bond that was initially present. It is questionable
whether the local environment can play a strong enough role
in determining the hydroxyl stretch frequency to produce this
type of coarse frequency correlation. However, the demonstrated
existence of a frequency grating in the red contracted photo-
product γ band requires a fine as well as coarse frequency
memory.

The existence of both coarse and fine frequency correlation
may be consistent with both mechanisms contributing to the
frequency correlation exhibited by theγ photoproduct, which
suggests the following physical picture. For a given hydrogen
bonded oligomer of MeOD’s, the strengths of adjacent hydrogen
bonds are correlated and the microscopic density of the network
is higher in places due to the shorter hydrogen bonds that
connect two or more MeOD’s. When a hydrogen bond breaks
and aδ becomes aγ, the microscopic density in the network
cannot immediately respond to the perturbation, which produces

the coarse frequency correlation observed along theωm axis.
In addition, other structural degrees of freedom of the network
are not immediately randomized, which produces the fine
frequency correlation. As theTw delay increases, the perturbed
network evolves away from its initial structure. The microscopic
density changes around the photoproductγ, which causes the
spectral evolution observed along theωm axis asTw increases.
The other degrees of freedom of the network and the solvent
also randomize, which erases the fine frequency correlation and
causes the dynamical line width to increase along theωτ axis.

The fine and coarse frequency correlation described in this
paper further supports the model of hydrogen bond dynamics
presented previously27 in which it was shown that the strongest
hydrogen bonds are selectively broken giving rise to the
photoproductγ band (see Figure 3 and the discussion surround-
ing it). Another mechanism, in which energy is deposited into
the networks by vibrational relaxation causing all of the
hydrogen bonds to weaken is inconsistent with fine frequency
correlation. The fine frequency correlation in particular as well
as the coarse frequency correlation demonstrates that the
hydrogen bond network around the photoproductγ retains
significant memory of the prior unbroken network. If vibrational
relaxation resulted in “heating” of the network and, therefore,
weakening of all of the hydrogen bonds, then there could be
no fine frequency correlation. Changing the frequency of every
hydrogen bond and, thus, every hydroxyl stretch cannot result
in a correlation with the selected set of hydroxyl stretches that
composed the initial excited state frequency grating. Therefore,
a heating mechanism can be ruled out as the source of the data
displayed in Figures 2 and 3. At sufficiently long times (many
10s of ps) pump-probe experiments have shown that there is
a heat induced shift in the equilibrium number of hydrogen
bonds.34,35 However, this heating effect is distinct from the
observations discussed here and in ref 27.

IV. Concluding Remarks

Vibrational echo correlation spectroscopy has been used to
examine details of the hydrogen bonding system, methanol-
OD in CCl4. Structural aspects of hydrogen bonded networks
were explicated by observing the evolution of the networks after
they were perturbed by hydrogen bond breaking. It was
determined that hydrogen bond breaking following vibrational
relaxation of a hydroxyl stretch produces a photoproduct with
frequency “memory” of the parent network.

At short time, the correlation spectrum (see Figure 2, top
panel) is dominated by the hydrogen bonded OD stretch 0-1
transition (positive going peak) and the 1-2 transition (negative
going peak). The stimulated vibrational echo signal can be
observed for times long compared to the vibrational lifetime
(∼500 fs) because of the breaking of hydrogen bonds. As shown
in Figure 2 in the lower panels, asTw is increased beyond the
vibrational lifetime, the broad diagonalδ band (MeODs that
are hydrogen bond donors and acceptors) contracts to the red
side of the line because of selective breaking of the stronger
hydrogen bonds (red side of the absorption line). As the
hydrogen bonds break, the off-diagonal photoproductγ (hy-
drogen bond donor but not acceptor) band grows in.

The data demonstrate that the hydroxyl’s with absorption on
the red side of theδ band (strong hydrogen bonds) create a
photoproductγ band that is frequency correlated with the
initially excitedδ band. The photoproductγ band is created on
the red side of the equilibriumγ inhomogeneous distribution.
The red shifted spectrum of the photoproductγ shows that there
is coarse frequency correlation between the reactantδ’s and
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the photoproductγ’s. As time progresses, the photoproductγ
band broadens along theωm axis. Spectral evolution along the
ωm axis, which can be observed in a frequency resolved pump-
probe experiment, cannot discriminate between coarse frequency
correlation (see Figure 6, left column) and fine frequency
correlation (see Figure 6, right column) in the generation of
the photoproductγ’s. However, the time dependent correlation
spectra provide a second frequency axis, theωτ axis. Spectral
diffusion is observed along theωτ axis (see Figures 4 and 5).
The observation of spectral diffusion shows that the frequency
grating created in theδ excited state by the application of the
first two excitation pulses is transferred, at least to some extent,
to the photoproductγ band by hydrogen bond breaking.
Therefore, there is fine frequency correlation in the photoproduct
γ band. The frequencies are not randomized by hydrogen bond
breaking. Therefore, there is structural memory of the parent
hydrogen bonded oligomer by the oligomer fragment formed
by hydrogen bond breaking
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Appendix I: Method for Modeling the Correlation
Spectra

The vibrational echo correlation spectra were quantitatively
simulated by describing them as the sum of overlapping
2-dimensional Gaussian peak shapes having the following form27

The summation is over all 2-dimensional peaks that contribute
to the correlation spectrum. The parametersAi describe the
amplitudes of the 2-dimensional peaks. The terms including the
angleθ reflect a 45° coordinate transformation from the (ωm,ωτ)
plane to the (ωd,ωa) plane (the plane constructed from the
diagonal and anti-diagonal axes). This transformation allows
the diagonally elongated peak shapes to be described by a simple
2-dimensional Gaussian function. The positionsωm,i and ωτ,i

reflect the position of theith peak in the (ωm,ωτ) plane. The
widths of the peaks along the diagonal and anti-diagonal are
represented byσd,i andσa,i, respectively. The diagonal and anti-
diagonal widths for theith peak are constrained to produce a
total line width equal to the corresponding linear line width,
fwhmi, which we obtain by fitting the FTIR spectrum of the
sample (see Figure 1).27 The constraint is enforced in the fitting
procedure by the following relationship betweenσd,i, σa,i and
fwhmi

Consequently, for each peak, only one independently adjustable
parameter is used to determine the 2-dimensional shape of the
peak. The only exception is the 1-2 transition of theδ band in
the Tw ) 125 fs correlation spectrum. This peak shape is
distorted by the red edge of the laser spectrum. Consequently,
this highly constrained model was not used to fit this peak. The
full width at half-maximum of the Fermi resonance and its cross-

peaks with theδ band are determined from a best fit to the
Tw ) 125 fs correlation spectrum (see Figure 4, top row).

The best fits to the correlation spectra are obtained by
minimizing the integral over the square of the residual volume27

resulting from subtracting the 2-dimensional Gaussian fit,
SFit(ωm,ωτ), from the experimental correlation spectrum,
SCorr(ωm,ωτ). The residual volume is weighted by the absolute
magnitude amplitude of the correlation spectrum and normalized
by the total volume raised to the appropriate power. This
evaluation scheme emphasizes the peaks in the correlation
spectrum over the wings and the area containing no signal. Much
of the area in the 2-dimensional frequency map contains no
signal. Small amounts of noise in these areas can grow to
dominate the sum of the squares of the residuals due to the
large area over which they are integrated. This problem is
avoided by weighting the residuals according to eq A3.

The fitting procedure uses two complimentary experiments
to constrain the best fit of the 2-dimensional correlation spectra,
the linear absorption spectrum (see Figure 1) and the IR pump-
probe spectra (not shown). The calculated 2-dimensional fit is
projected onto theωm axis by integrating over theωτ axis to
calculate the pump-probe spectrum,SP(ωm), corresponding to
the fit27

The 2-dimensional fit is constrained to reproduce the IR pump-
probe spectrum when projected onto theωm axis. High quality
fits to the correlation spectra haveR2 values of<0.2 (see eq
A3).
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