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Abstract
Ultrafast vibrational motions and the underlying microscopic couplings in
hydrogen-bonded cyclic dimers of acetic acid are studied by pump–probe and
photon echo experiments in the mid-infrared. Upon femtosecond excitation
of the O–H stretching mode, we demonstrate coherent nuclear motions along
the in-plane dimer stretching mode which persist for picoseconds. The
anharmonic coupling of the O–H stretching and the low-frequency mode is
isolated in the nonlinear vibrational response, whereas other couplings are
suppressed. Three-pulse photon echo experiments demonstrate a dephasing
of O–H stretching excitations on a femtosecond timescale and quantum beats
due to the anharmonically coupled dimer stretching mode.

1. Introduction

Single and multiple hydrogen bonds stabilize important structural motifs in Nature such as the
double-helix DNA structure [1], the α-helix and β-sheet protein conformations [2], and the
structure of hydrogen-bonded liquids such as water [3]. Hydrogen bonds are—on the other
hand—weak enough to allow structural changes on a multitude of timescales, e.g., in hydrogen
transfer processes or protein folding. Both the static and dynamic aspects of hydrogen bonds
have been investigated using a variety of experimental techniques and theoretical concepts [4].
In particular, vibrational spectroscopy gives insight into local properties of hydrogen-bonded
groups and—thus—the geometry and strength of hydrogen bonds.

Steady-state linear infrared spectroscopy has concentrated on stretching bands of hydrogen
donor groups, e.g., O–H, revealing a pronounced red-shift of the stretching frequency, very
strong spectral broadening, and peculiar spectral substructure as indicative for the formation
of a hydrogen bond. Although sophisticated theoretical models have been developed for
describing this behaviour, the spectral envelopes of most stretching bands are not understood in
detail. This lack of specific knowledge is mainly due to the occurrence of different microscopic
mechanisms of similar strength leading to rather congested vibrational lineshapes [4–7]. In
addition to intramolecular couplings, the interaction with the liquid environment plays an
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Figure 1. (a) Top: a schematic diagram of the cyclic acetic acid dimer including the high-frequency
(q1,2) and low-frequency (Q1,2) local mode coordinates. Bottom: steady-state O–H stretching
absorption of cyclic acetic acid dimers in the gas phase (upper spectrum) and in liquid CCl4 (lower
spectrum). (b) Potential energy surfaces in the vO−H = 0 and 1 states including the two lowest
vibrational levels of the low-frequency mode as a function of the symmetrized low-frequency mode
Qu . The Davydov splitting V0 leads to two different series of vibrational transition lines from the
vO−H = 0 to 1 state split by 2V0.

important role. Time-resolved nonlinear vibrational spectroscopy has the potential to separate
the different coupling processes via their different microscopic dynamics occurring in the
ultrafast time domain between approximately 10 fs and 10 ps. Such techniques have provided
substantial information on a variety of hydrogen-bonded systems [8–11]. In this paper,
we present new results on an important model system for coupled intermolecular hydrogen
bonds, the cyclic acetic acid dimer. Femtosecond three-pulse photon echo and pump–probe
experiments demonstrate pure dephasing processes on a femtosecond timescale, leading to
homogeneous broadening, as well as anharmonic coupling of the O–H stretching mode to
intermolecular low-frequency modes.

2. Lineshape of the hydrogen-bonded O–H stretching band

The O–H stretching band of the cyclic dimer of acetic acid in the gas and the liquid phase has
been investigated in great detail [4–6]. In figure 1, the gas phase spectrum and the spectrum of
dimers dissolved in CCl4 are shown, together with the molecular geometry. Upon hydrogen
bonding, the O–H stretching band displays a strong red-shift due to a reduced force constant,
a broadening, and a pronounced substructure. These spectral features have been ascribed to
the following mechanisms (see [5–7], figure 1(b)):

(i) Anharmonic coupling: anharmonic coupling of low-frequency modes to the high-
frequency stretching motion leads to the formation of vibrational sidebands and—thus—to
a broadening of the overall band. As the timescales of the low-and high-frequencymotions
are distinctly different, this mechanism has been described in a Born–Oppenheimer-like
picture, resulting in quantized levels of the low-frequency mode on potential energy
surfaces determined by the high-frequency mode, and in Franck–Condon progressions
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of vibrational lines. Direct experimental evidence for this mechanism has recently been
found in single intramolecular hydrogen bonds [10] but so far not for hydrogen-bonded
dimers.

(ii) Davydov or excitonic coupling: in general, there exists a coupling V0 between the two
O–H stretch oscillators in the dimers. Taking into account both anharmonic and Davydov
coupling, a complex lineshape results. This is visualized with the help of figure 1(b)
showing the vibrational energy as a function of the coordinate Qu = (Q1 − Q2)/21/2

where Q1,2 are the local low-frequency coordinates of the two hydrogen bonds. The
excitonic coupling V0 leads to two potential minima in the vO−H = 1 state which are
shifted by 2V0. There are two separate progressions originating from the vQ = 0 and 1
levels in the vO−H = 0 state. On the basis of this model, the gas phase O–H stretching
band of acetic acid dimers has been reproduced quantitatively, assuming a frequency of
110 cm−1 for the low-frequency mode, an anharmonic coupling α = 1.5, and a Davydov
splitting of V0 = −90 cm−1 [5]. Later work [6], however, suggests much smaller V0-
values and other sets of parameter values reproducing the spectra equally well. Thus,
there is no unambiguous information to be extracted from the steady-state spectra.

(iii) Fermi resonances between the O–H stretching mode and overtones or combination
bands may introduce additional splittings within the O–H stretching band, leading to
characteristic dips of absorption denoted as Evans windows [7].

(iv) Homogeneous and inhomogeneous line broadening: overdamped intramolecular or
solvent modes exert a fluctuating force on the O–H stretching vibration that, depending
on the modulation strength and timescale, may vary between a distribution of transition
frequencies (inhomogeneous broadening) or a single motionally narrowed transition
(homogeneous broadening).

In the following, we present results from ultrafast pump–probe and photon echo
experiments, allowing a separation of different contributions to the overall lineshape.

3. Experiment

In the pump–probe experiment, we studied a solution of 0.8 M acetic acid (CD3COOH, 99%
deuteration grade) in CCl4 which is held between two CaF2 windows with a 100 µm thick
spacer. This sample is excited by an intense mid-infrared pump pulse, promoting dimers
(CD3COOH)2 from the vO−H = 0 to 1 state in which one of the O–H stretching oscillators is
excited. The resulting change of vibrational absorption is monitored by a weak probe pulse as
a function of the pump–probe delay. The probe pulse is spectrally dispersed after interaction
with the sample and detected with a 2 × 16-element HgCdTe array (spectral resolution 4–
9 cm−1). Femtosecond mid-infrared pulses tunable throughout the O–H stretching band were
generated by parametric frequency conversion of regeneratively amplified pulses from a mode-
locked Ti:sapphire laser with a repetition rate of 1 kHz [12]. The pulse duration was 110 fs,
the spectral pulse width approximately 140 cm−1 (FWHM).

Three-pulse photon echo experiments were performed in the so-called box configuration:
thee overlapping beams with wavevectors k1, k2, and k3 were focused onto the sample and
nonlinear signals diffracted from the transient grating in the sample were detected in the
directions k3 +k2 −k1 and k3 −k2 +k1. The photon echo signals were measured as a function
of the coherence time τ , the delay between the two pulses generating the transient grating in
the sample, and as a function of the population time T , the delay between the second and the
third pulse which is diffracted from the sample. Three mid-infrared pulses of up to 3 µJ energy,
100 fs duration, and parallel polarization were used in the experiments. A 0.2 M solution of



S132 K Heyne et al

Figure 2. (a) Transient difference absorption spectra for time delays of 0.52, 2, and 10 ps between
pump and probe pulses. The change of absorbance �A = − log10(T/T0) is plotted versus probe
frequency (T, T0: sample transmission with and without excitation). The arrows indicate the
probe position of the transients shown in (b). Dashed curve: inverted absorption spectrum.
(b) Upper panels: absorbance change as a function of pump–probe delay at fixed probe frequencies.
Numerical fits of the incoherent dynamics are shown as smooth curves. The oscillatory part of the
transients is plotted in the lower panels.

acetic acid in CCl4 was pumped through a 200 µm thick flow cell in order to suppress thermal
accumulation effects induced by the intense infrared pulses. The photon echo signals were
detected with a cooled InSb detector (homodyne detection).

4. Results and discussion

Results of the pump–probe experiments are presented in figure 2. In figure 2(a), the change
of absorbance �A is plotted as a function of probe frequency for different delay times.
The spectrum taken at a delay time of 0.52 ps shows a predominant decrease of absorption
(bleaching, negative sign) between 2600 and 3100 cm−1 and an enhanced absorption (positive
sign) on the low- and high-energy tails of the steady-state band (dashed curve). The enhanced
absorption at low frequencies decays within the first 2 ps whereas the absorption increase at
high frequencies persists substantially longer.

In figure 2(b), time-resolved signals are plotted for the two spectral positions indicated
in figure 2(a). For a temporal overlap of pump and probe pulses, i.e. around delay zero, one
finds a strong signal caused by the third-order nonlinearity of the solvent and/or windows of the
sample cell, exceeding the ordinate scale of figure 2(b). For positive delay times, i.e. sequential
interaction of pump and probe with the sample, a rate-like increase or decrease of absorption
is observed which is superimposed by strong oscillations (upper panels in figure 2(b)). To
extract the pronounced oscillatory signals, the incoherent absorption changes were fitted by a
rate equation model (smooth curves in the upper panels of figure 2(b)) which will be discussed
in detail elsewhere, and subtracted from the total signal. The resulting oscillatory components
in the lower panels of figure 2(b) exhibit an oscillation period of 220 fs, a damping on a
timescale of 2–3 ps and—at 2770 cm−1—clear signatures of a beating pattern on the oscillation
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Figure 3. (a) The steady-state low-frequency Raman spectrum of CH3COOH (13). (b) The Fourier
spectrum of the oscillatory signal measured at 2770 cm−1, displaying two components at 145 and
170 cm−1.

amplitudes. This is also evident from the Fourier transform of this oscillatory transient in
figure 3(b), displaying two prominent contributions at 145 and 170 cm−1.

The decrease of absorption in the transient spectra (figure 2(a)) is due to the pump-
induced depletion of the vO−H = 0 ground state and to stimulated emission from the transient
excess population of the vO−H = 1 state. The latter also underlies the enhanced absorption at
frequencies below 2550 cm−1 which is caused by the vO−H = 1 → 2 transition. The vO−H = 1
population decays within the first 2 ps, transferring the excess energy provided by the pump
photon into other vibrations. After this process, the dimer with a heated vibrational manifold
populates the ground state. The heating results in a weakening of the intermolecular hydrogen
bonds—an effect that has been observed also in other hydrogen-bonded systems [10]—and a
concomitant blue-shift of the O–H stretching absorption, underlying the enhanced absorption
above 3100 cm−1. The hot ground state of the dimer cools down to its initial temperature by
an intermolecular transfer of excess energy to the solvent within tens of picoseconds, leading
the slow decay of both transients in figure 2(b).

Superimposed on such incoherent signals are pronounced oscillations (figure 2(b)) which
display frequency components of 145 and 170 cm−1 (figure 3(b)) throughout the O–H stretching
band. Such coherent signals are due to the generation of vibrational wavepackets in the
vO−H = 0 and vO−H = 1 states by the broadband pump pulse: within the spectral (electric
field) envelope of the pump, several lines of the progressions in the low-frequency mode (cf
figure 1(b)) are driven coherently, creating a superposition of several levels of the low-frequency
mode in the vO−H = 1 state. A similar wavepacket is generated in the vO−H = 0 state through
an impulsive resonantly enhanced Raman process within the pump bandwidth. The coherent
motion of the wavepackets modulates the length of the two hydrogen bonds in the dimer
and—thus—the O–H stretching absorption as shown in figure 2(b). The wavepacket motion
is damped by vibrational dephasing on a comparably slow timescale of several picoseconds,
clearly demonstrating the underdamped character of the low-frequency mode.

It is interesting to compare the Fourier spectrum of the oscillations with the low-frequency
Raman spectrum of acetic acid (see [13], figure 3(a)). We attribute the oscillations to the
165 cm−1 Raman mode which is connected with an in-plane dimer stretching motion. The



S134 K Heyne et al

Figure 4. (a) The transient grating signal from the acetic acid solution. The intensity diffracted
from the sample is plotted on a logarithmic scale as a function of the population time T . (b)
Normalized two-pulse photon echo signals from the acetic acid solution (solid curve) and the pure
solvent CCl4 (dash–dotted curve) measured at a frequency of 2830 cm−1. The diffracted intensity
is plotted as a function of the coherence time τ (population time T = 0).

double-peak structure in the Fourier spectrum of figure 3(b) points to different frequencies and
phases of the coherent wavepacket motion in the vO−H = 0 and 1 states. Upon excitation to
the vO−H = 1 state, the hydrogen bonds become shorter, i.e. stronger (negative origin shift in
figure 1(b)), suggesting a frequency upshift from 145 cm−1 in the vO−H = 0 to 170 cm−1 in
the vO−H = 1 state.

Oscillatory signals due to the Davydov splitting V0 (figure 1(b)) are completely absent
in the pump–probe signals. The two Davydov-shifted progressions originate from different
molecules in which either the vQ = 0 or 1 level in the vO−H = 0 state is populated. The
pump–probe signal is proportional to the sum of polarization components from these two
subsets of molecules, i.e. there is no polarization interference that could give rise to beats
with a frequency corresponding to 2V0. This observation underlines the inherent strength of
nonlinear spectroscopy in separating different microscopic couplings.

We now present the first three-pulse photon echo results for O–H stretching excitations of
carboxylic acid dimers. In a transient grating scattering experiment at 2830 cm−1, i.e. close to
the centre of the O–H stretching band, the first two pulses with zero mutual delay (coherence
time τ = 0) generate a population grating from which the third pulse delayed by the population
time T is scattered. This signal (figure 4(a)) measured as a function of T exhibits the
incoherent population kinetics of the O–H stretching oscillator and is superimposed by coherent
oscillations due to the anharmonically coupled low-frequency mode. Both the incoherent
decay kinetics and the oscillation period of 220 fs are in very good agreement with the pump–
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probe data. In figure 4(b), photon echo data taken at the same spectral position are shown. The
intensity diffracted into the direction k3 +k2 −k1 is plotted on a logarithmic scale as a function
of the coherence time τ , the delay between the two pulses generating the transient grating
(solid line). The measurements were performed with a population time T = 0, corresponding
to a two-pulse photon echo. One finds a very fast decay of the coherent O–H stretching
polarization resulting in a decrease of the photon echo signal by four orders of magnitude
within 700 fs, much faster than the population decay in figure 4(a). Thus, the decay of the
macroscopic O–H stretching polarization is dominated by pure dephasing processes whereas
the population decay makes a minor contribution. Similarly fast photon echo decays have been
observed with other hydrogen-bonded systems such as water and phthalic acid monomethyl
ester [11, 14]. The photon echo signal in figure 4(b) displays weak oscillatory features which
are evident from the slight modulation of the decay and the shoulder around τ = 450 fs.
Within the experimental accuracy, the period of the oscillatory signal is identical to that in the
pump–probe and transient grating data and points to a quantum beat caused by the wavepacket
motion along the anharmonically coupled low-frequency mode.

The broadband femtosecond pulses generate coherent polarizations on a multitude of lines
of the vibrational progressions within the O–H stretching band. Thus, the photon echo decay
is a complex superposition of the polarization decays on such individual transitions which
are modulated by the low-frequency wavepackets. Under such conditions, extraction of a
dephasing time from the overall photon echo decay requires a detailed theoretical modelling
which is beyond the scope of this paper. A lower limit of the dephasing time of individual
transitions can, however, be estimated from the pump–probe data in figure 2(a) displaying
pronounced spectral holes. The spectral position of such holes remains the same for tens of
picoseconds, i.e. spectral diffusion within the band plays a minor role. In this case and for the
very weak saturation of the absorption in our experiments, the width of the spectral holes is
determined by the homogeneous linewidth of the underlying transition. The spectral holes in
figure 2(a) show a width of about 50 cm−1 corresponding to a dephasing time T2 � 200 fs.

In conclusion, our results give important new information on the microscopic couplings
between vibrational excitations in hydrogen-bonded dimers. Anharmonic coupling of the
fast O–H stretching motion to intermolecular low-frequency motions of the cyclic acetic acid
dimer allows the generation of coherent wavepacket motions along a low-frequency mode
which modulates the length of the hydrogen bonds. This low-frequency dimer stretching mode
is underdamped and—thus—wavepacket motion persists for several picoseconds. This may
in future allow for optically controlling nuclear motions and inducing elementary chemical
reactions such as hydrogen transfer by repetitive interaction with phase-shaped ultrashort
pulses. The photon echo experiments show a fast homogeneous dephasing of the O–H
stretching mode superimposed by quantum beats due to the coherent low-frequency motions.
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