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1. Introduction

Hydrogen bonding represents one of the funda-
mental types of chemical bonding and underlies the
structure of a large variety of molecular systems,
among them liquids, biological macromolecules, and
crystalline structures. Hydrogen bonds are charac-
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terized by a binding energy between 1 and 50 kJ/
mol, depending on the local geometry and the type
and strength of interaction between the hydrogen
donor and acceptor groups.! The strength of hydrogen
bonds is substantially smaller than that of covalent
bonds and results in structural flexibility and fluc-
tuations of hydrogen-bonded systems which are es-
sential for their chemical and/or biological function.
On a microscopic level, the function of hydrogen-
bonded systems is connected with vibrational motions
of the hydrogen-bonded groups, a breaking and re-
formation of hydrogen bonds, and/or a transfer of
hydrogen atoms or protons. Such processes cover a
multitude of time scales, with many elementary
events occurring in the ultrafast time domain be-
tween approximately 10 fs and several picoseconds.?

Vibrational spectroscopy can grasp local excitations
of hydrogen-bonded groups and thus gives insight
into local interactions and microscopic dynamics. For
this reason, infrared and Raman spectroscopy have
developed into important tools of hydrogen bond
research. In steady-state vibrational spectroscopy,
information on microscopic dynamics is derived from
the line shapes of linear absorption or Raman spec-
tra, i.e., from studies in the frequency domain. Most
hydrogen-bonded systems, however, display highly
complex and congested vibrational line shapes, point-
ing to a variety of interactions and line broadening
mechanisms involved. This fact calls for spectroscopic
tools allowing for a separation of the different inter-
actions, which is frequently equivalent to a separa-
tion of time scales on which microscopic dynamics
occur. Combinations of frequency- and time-domain
spectroscopies, e.g., multidimensional nuclear mag-
netic resonance in the time domain longer than 1 ns,
and in particular nonlinear vibrational spectroscopy
in the ultrafast time domain from femtoseconds to
picoseconds, have the potential to address the dif-
ferent microsopic processes separately.

In recent years, ultrafast nonlinear vibrational
spectroscopy has developed into an important method
to study hydrogen bonds. Photon-echo or, in general,
coherent multidimensional spectroscopy using ul-
trashort pulses allows for a separation of different
contributions to line broadening and for a measure-
ment of microsopic coupling strengths between func-
tional groups.® Quantum coherent vibrational wave
packets which represent coherent microscopic mo-
tions of hydrogen-bonded groups can be excited by
ultrashort optical pulses and followed in time by
different types of pump—probe spectroscopies with
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individual pulses or pulse sequences. Such experi-
ments also give insight into incoherent processes of
population relaxation and energy transfer. In this
article, we review recent progress in ultrafast vibra-
tional spectroscopy of hydrogen bonds in liquids. We
focus on the dynamics of coherent and incoherent
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Figure 1. Schematic potential of the A—H stretching
mode, showing the enhanced anharmonicity by formation
of a hydrogen bond A—H---B.

vibrational excitations in the electronic ground state.
For gas-phase studies of isolated hydrogen-bonded
systems, we refer to recent overviews.*~” Hydrogen-
and proton-transfer processes are beyond the scope
of this article but have been reviewed elsewhere.®®

The paper is organized as follows. In section 2, we
discuss linear vibrational spectra and the mecha-
nisms underlying their line shapes. This is followed
by an introduction to nonlinear vibrational spectros-
copy (section 3). The generation of ultrashort pulses
in the mid-infrared and techniques of ultrafast
vibrational spectroscopy are reviewed in section 4.
We then discuss the coherent response of O—H/O—D
stretching excitations, with the main emphasis on
their vibrational dephasing and on coherent low-
frequency motions (section 5). Chapter 6 is devoted
to incoherent processes of vibrational energy relax-
ation and energy transfer. Conclusions and an out-
look are presented in section 7.

2. Vibrational Spectra of Hydrogen Bonds

The present review concentrates on weak to me-
dium-strong hydrogen bonds with a distinct hydrogen
donor group A—H and an acceptor atom B, as
schematically shown in Figure 1. In such cases,
hydrogen bonding originates from an attractive in-
teraction between the hydrogen donor group and the
acceptor atom, leading to an H---B distance smaller
than the van der Waals radii of the isolated H and B
atoms. The underlying potential energy surface has
been described by attractive long-range interactions,
i.e., electrostatic, dispersion, and induction energies,
and by a repulsive short-range exchange interaction
at short distances.’®! The binding energy of weak
to medium-strong hydrogen bonds of about 4—35 kJ/
mol is equivalent to an energy per molecule between
350 and 3100 cm™* and corresponds, for O—H---O
bonds, to an O---O distance of 0.3—0.24 nm.

The attractive interaction between the hydrogen
donor group and the acceptor atom modifies the
molecular potential energy surface and has dramatic
consequences for the vibrational spectra (for a brief
review, see ref 12). In particular, the hydrogen
stretching band of the hydrogen donor group under-
goes a spectral shift to lower frequency and a
substantial reshaping of its spectral envelope. More-
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Figure 2. Infrared absorption spectra showing O—H
stretching absorption bands of (a) the free O—H group of
phenol in C,Cl,, (b) the weak hydrogen-bonded O—H group
of HOD in D,0, and (c) the medium-strong hydrogen-
bonded O—H system in acetic acid dimer [(CD3;COOH),]
dissolved in CCly.

over, new modes related to A---B motions occur at
low frequencies of up to several hundreds of wave-
numbers (cm~?). Such drastic changes of the vibra-
tional spectra have made vibrational spectroscopy
one of the most powerful techniques to identify and
analyze hydrogen bonds. In this section, we discuss
the influence of hydrogen bonds on the linear vibra-
tional spectra and introduce the relevant microscopic
interactions between different oscillators. Nonlinear
vibrational spectroscopy is reviewed in the following
sections 3—6.

2.1. The Stretching Vibration of the Hydrogen
Donor Group: Experimental Findings and
Phenomenology

The red-shift of the stretching vibration reflects a
decrease of the effective force constant of the hydro-
gen stretching oscillator. This basic effect has been
studied most extensively for O—H stretching vibra-
tions, in particular in O—H-++-O hydrogen bonds,*?~14
and representative examples are shown in Figure 2.
Free O—H groups, e.g., in diluted phenol, give rise
to an absorption band around 3600 cm™! with a
spectral width (full width at half-maximum) of 15—
20 cm™! (Figure 2a). The O—H stretching band of
water, which forms an extended network of O—H---
O hydrogen bonds, peaks at 3400 cm~2. In Figure 2b,
we show the O—H stretching band of HOD dissolved
in DO, a model system for water with a single O—H
group which has been studied in numerous experi-
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ments on ultrafast time scales. HOD:D,O is classified
as a weak hydrogen bond with an absorption maxi-
mum of the O—H stretching band at 3400 cm™, a
bandwidth of 235 cm™, and an average hydrogen
bond distance of 0.285 nm.31516

In molecular systems forming medium-strong hy-
drogen bonds, the O—H stretching band has a typical
position around 3000 cm™?, a bandwidth exceeding
500 cm™%, and shows often a fine structure ascribed
to Fermi resonances with overtones and combina-
tion levels, as well as to Franck—Condon progressions
due to anharmonic coupling to low-frequency hydro-
gen bond modes. The cyclic dimer of acetic acid has
been regarded as a prototype for medium-strong
hydrogen bonds since the landmark contribution by
Marechal and Witkowski.'” Apart from fundamental
issues regarding hydrogen bonding, the cyclic acetic
acid dimer is also a model system for hydrogen-
bonded carboxylic side groups in glutamic and as-
partic amino acids that play a key role in the
structure and function of proteins. The O—H stretch-
ing band of cyclic acetic acid dimers dissolved in
CCly is shown in Figure 2c. Such bands have been
the subject of detailed experimental’®=22 and theo-
retical work!7:2123-25 for poth the gas and liquid
phases.

A substantial fraction of the observed red-shift of
the hydrogen stretching band has been attributed to
an increase of anharmonicity of the potential energy
surface along the stretching coordinate. This effect
lowers the v = 1 state of the stretching oscillator in
energy, corresponding to a red-shift of thev=0—1
vibrational transition. The quantity A = vy=p —
2vwy=1) represents a direct measure of this so-called
mechanical anharmonicity, where »,—, and »,—; are
the spectral (peak) positions of the first overtone
and the fundamental stretching band, respectively.
Stretching oscillators of free O—H groups display a
value of A = —100 cm™?, which changes to minus
several hundreds of cm™ for hydrogen-bonded spe-
cies.

Empirical relations between the peak position of
O—H stretching bands and the length of the hydrogen
bond, i.e., the O---O distance taken as a measure of
bonding strength, have been derived from extensive
spectroscopic data, in particular for O—H---O hydro-
gen bonds in crystals.’®1426 Such relations predict
O--+O distances between 0.26 and 0.3 nm for stretch-
ing frequencies between 2800 and 3500 cm™'. This
type of correlation may be useful for solid-state
systems with a well-defined linear hydrogen-bonding
geometry. Hydrogen-bonded liquids, however, are
characterized by a multitude of binding geometries
in which the O—H stretching frequency may depend
on other geometric parameters and on interactions
with the fluctuating environment as well (Figure 3,
refs 27 and 28). For instance, recent molecular
dynamics simulations of water and HOD in D,0O
suggest that the degree of bending of the hydrogen
bond has a strong influence on the spectral position.?’

The strong broadening of the fundamental hydro-
gen stretching transition by up to approximately 500
cm~t is usually connected with an enhancement of
the spectrally integrated absorption, i.e., the oscilla-
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Figure 3. Joint probability distribution function of the O---
O distance r vs frequency w = 2nvoy from the simulation
by Lawrence and Skinner,?® and average distance and
frequency (closed squares) for a series of hydrogen-bonded
solids.’® Values for two forms of ice are shown as closed
circles. The average values for the distance and frequency
(for hydrogen-bonded HOD molecules) from the simulation
are indicated by the closed triangle. Reproduced with
permission from ref 28. Copyright 2003 American Institute
of Physics.

tor strength of the transition, by a factor of up to 20.
This behavior, together with the development of a
peculiar spectral substructure, as one finds, e.g., in
the spectra of carboxylic acid dimers (Figure 2c),
represents a challenging problem of line shape theory,
as different microscopic interactions of similar strength
have to be considered. This will be discussed in
section 2.3.

The stretching vibrations of other hydrogen donor
groups, e.g., N—H or F—H groups, also display red-
shifts and spectral broadening upon formation of
hydrogen bonds. Apart from the hydrogen stretching
vibration, bending modes involving the A—H group
and modes of the acceptor group show characteristic
but smaller frequency shifts, a behavior that is
beyond the scope of this review. A brief overview has
been given in ref 12.

2.2. Low-Frequency Vibrations of Hydrogen
Bonds

The attractive interaction between the hydrogen
donor group and the acceptor moiety leads to the
occurrence of new vibrational degrees of freedom, the
so-called hydrogen bond modes. Such modes are
connected with elongations changing the A---B dis-
tance and/or the relative orientation of the hydrogen-
bonded groups. Thus, they provide direct insight into
the structure of hydrogen bonds and into processes
of bond formation and cleavage. As such modes are
characterized by a high reduced mass of the oscillator
and a small force constant determined by the com-
parably weak attractive interaction along the hydro-
gen bond, hydrogen bond modes occur at low fre-
guencies in the range between about 50 and 300
cm™L,

In liquids, the spectral range in which hydrogen
bond modes occur is usually highly congested. Other
low-frequency degrees of freedom such as librations
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as well as interaction-induced, e.g., dipole—induced
dipole, absorption processes give rise to additional
absorption and Raman bands that frequently overlap
with the bands of the hydrogen bond modes. In
addition, a substantial spread of vibrational frequen-
cies occurs for liquids with a multitude of hydrogen-
bonding geometries, resulting in a pronounced inho-
mogeneous broadening of the vibrational bands. The
guestion to which extent motions along such low-
frequency coordinates are over- or underdamped in
a liquid environment has remained unresolved in
most cases and led to substantial controversies in the
literature.

Despite such problems, there is considerable knowl-
edge on hydrogen bond modes, from both theory and
experiment. Optical studies are based on techniques
of infrared absorption and (depolarized) Raman
spectroscopy?® in the frequency domain and on Ra-
man-induced Kerr effect spectroscopy in the time
domain.®® In addition, inelastic neutron scattering
has provided insight into such modes.3! The dielectric
function at frequencies below 20 cm™! has been
investigated by microwave and time-domain tera-
hertz spectroscopy.®?33 In the following, we briefly
discuss results for water as a prototype for an ex-
tended hydrogen-bonded network of molecules and
for carboxylic acid dimers in nonpolar solution which
represent a geometry with two coupled hydrogen
bonds of well-defined symmetry.

Liquid H,O displays a broad low-frequency Raman
spectrum with distinct peaks around 60 and 175 cm™?
and a weaker broad band with a maximum around
440 cm~! which extends up to approximately 1000
cm~1.3034 The 60 cm™* band has been attributed to a
translational motion of the hydrogen-bonded mol-
ecules including some bending component, the 175
cm~! band to a translational (stretching) motion of
the hydrogen bond. The broad band with a maximum
around 440 cm! has been assigned to different types
of librations. The broad spectral envelopes have been
interpreted in terms of rotational and translational
diffusive motions of water molecules, without, how-
ever, reaching unambiguous conclusions. Ultrafast
time-domain spectroscopies, in particular Raman-
induced optical Kerr spectroscopy, give direct access
to the microscopic molecular dynamics. For water,
time constants of 0.4 and 1.2 ps have been measured
for diffusive rotational reorientation.® It is important
to note that the extended network of hydrogen bonds
in water undergoes fluctuations on a time scale close
to the vibrational periods of hydrogen bond modes.
For instance, cleavage and re-formation of hydrogen
bonds occur within a few picoseconds, directly affect-
ing the vibrational reponse, in particular the damp-
ing of low-frequency motions.

Cyclic dimers of carboxylic acids, e.g., acetic acid
(cf. Figure 2c), display a total of six intermonomer,
i.e., hydrogen bond modes. Due to a C, symmetry axis
perpendicular to the plane of the dimer, three of these
modes are Raman active, whereas the other three are
infrared active. The low-frequency Raman spectra of
acetic acid dissolved in aprotic nonpolar solvents,
where the cyclic dimer represents the predominant
species,®® and of pure acetic acid display three broad
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bands at 55, 115, and 165 cm~.3¢ Such bands have
been attributed to an in-plane rotation of the two
molecules against each other, an out-of-plane vibra-
tion of the two hydrogen bonds, and a stretching
motion along the two hydrogen bonds of the cyclic
dimer. For pure acetic acid, this assignment has been
questioned as other dimer or oligomer geometries
may exist and give rise to additional vibrational
bands.?” The low-frequency infrared spectrum in the
gas phase consists of lines with maxima at 48.5 cm~?
attributed to a twist motion of the two molecules, at
56 cm™1, an infrared bending motion of the dimer,
and at 171 cm™, the antisymmetric dimer stretching
mode.®® The spectral envelope of the latter band
shows signatures of Fermi resonances with combina-
tion tones of the other low-frequency modes.

2.3. Microsopic Interaction Mechanisms

Formation of a hydrogen bond changes the poten-
tial energy surface of the interacting molecules and
thus results in the changes in the vibrational spectra
discussed in the previous sections. In the following,
we discuss the behavior of the stretching band of the
hydrogen donor group, i.e., the red-shift of the v =
0 — 1 vibrational transition and the pronounced
changes of its spectral envelope.

Using the density matrix approach for describing
the vibrational line shapes, the vibrational absorption
coefficient for a v = 0 — 1 transition is given by

( )_Z—n 1 — ex _%
M= 3ehn@Vv?|m T TP k)| ¢
SO dte @ MM(0)D (1)
with
M(t)M(0)0

= |ul® Bxp[—i ﬂ;éw(r) dr]0
1
= i exp| - 3 [y fyBae)o(r)r, dr| - (@)

where u is the dipole moment of the vibrational
transition at frequency wo, and V and n represent the
volume and the refractive index of the liquid sample,
respectively.?® The exponential prefactor in eq 1
accounts for a finite thermal population of thev =1
level (kg is the Boltzmann constant; T is the vibra-
tional temperature). The vibrational line shape is
essentially determined by the Fourier transform of
the dipole moment correlation function M(t)M(0)C]
which is taken as an ensemble average in the absence
of an external perturbation. IM(t)M(0)Ois related
to the frequency fluctuation correlation function
Dw(r1)ow(t2)Aeq 2). Here, dw(r) represents the time-
dependent fluctuation of the vibrational transition
frequency wo.

A guantum mechanical calculation of the vibra-
tional absorption coefficient requires a Hamiltonian
including both the potential energy surface of the
hydrogen-bonded molecules and the interactions with
the surrounding solvent.17?1.23.2440 This requires an
analysis of (i) the anharmonicities of the molecular
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potential along different vibrational coordinates, (ii)
the Fermi resonances of vibrational levels shifted by
hydrogen bond formation, (iii) couplings between
different hydrogen bonds of identical or similar
geometry, and (iv) the role of fluctuating forces in the
liquid for phase relaxation, spectral diffusion, and the
resulting line shapes.

(i) Weak and medium-strong hydrogen bonds are
characterized by an enhanced but limited anharmo-
nicity of vibrational modes, and thus a description
in a normal-mode picture is appropriate in most
cases. In general, the molecular potential energy
function contains terms of third and higher order in
a single vibrational coordinate, giving rise to a shift
of the quantized vibrational levels, and higher terms
containing mixed products of different vibrational
coordinates, giving rise to both a shift of levels and
a coupling of different modes.1° The most elementary
consequence of anharmonicity consists of a decreas-
ing energy separation of vibrational states with
increasing quantum number v which results, e.g., in
a red-shift of the v =1 — 2 transition with respect
to the v =0 — 1 fundamental (Figure 1). In the early
literature, the red-shift of the fundamental vony =
0 — 1 transition upon hydrogen bonding has been
described in a semiempirical way by analytic poten-
tial energy functions invoking the hydrogen stretch-
ing coordinate and—as a second coordinate—the A---
B distance. The parameters of the potential energy
functions have been adjusted to account for experi-
mental results.*1=#3 A more sophisticated approach
starts from a highly accurate potential for the
stretching mode of the isolated, i.e., non-interacting,
molecule, including higher order terms in the stretch-
ing coordinate and in mixed products of coordinates
(see, e.g., ref 44). The parameters of such potentials
are adjusted by, e.g., fitting the gas-phase vibrational/
rotational spectra. In a second step, an interaction
Hamiltonian is introduced for the liquid.?7.28:4546

Anharmonic coupling of the high-frequency stretch-
ing motion to low-frequency hydrogen bond modes
has been invoked to explain the strong broadening
of the hydrogen stretching band upon formation of a
hydrogen bond.'”4” As the time scales of nuclear
motions along the low- and high-frequency degrees
of freedom differ by a factor on the order of 20,
anharmonic coupling has been described in terms of
a Born—Oppenheimer-like picture where the differ-
ent states of the O—H stretching oscillator define a
potential energy surface for the low-frequency modes
(Figure 4). Dipole-allowed transitions from different
levels of the low-frequency oscillator in the voq = 0
state to different low-frequency levels in the voy = 1
state lead to a progression of lines which is centered
at the pure O—H stretching transition and displays
a mutual line separation by one quantum of the low-
frequency mode (Figure 5a). With increasing separa-
tion of the lines from the center of the progression,
the absorption strength decreases because of decreas-
ing Franck—Condon factors between the low-fre-
guency levels involved. For each low-frequency mode
coupling to an O—H stretching oscillator, an inde-
pendent progression of lines occurs. It is obvious that
this mechanism results in a strong broadening and/
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Figure 4. Potential energy surfaces for the hydrogen bond
low-frequency mode in a single hydrogen bond, showing a
displacement along the low-frequency coordinate Q as
function of the quantum state of the O—H/O—D stretching
mode, q. The O—H/O—D stretching transition is accompa-
nied by changes in the low-frequency mode quantum state
governed by Franck—Condon factors.
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Figure 5. Stick spectra of the O—H/O—-D stretching
transition indicating different contributions. (a) A low-
frequency mode anharmonically coupled to the O—H/O—-D
stretching mode in a single hydrogen bond leads to a
Franck—Condon progression separated by the frequency
of the low-frequency mode in the O—H/O—D stretching
region. (b) Fermi resonance between the O—H/O—D stretch-
ing fundamental and the O—H/O—D first overtone leads
to a line splitting governed by the Fermi coupling L and
the energy mismatch A between the O—H/O—D fundamen-
tal frequency v, and the bending overtone frequency 2do.
(c) Davydov coupling between two O—H or O—D groups in
acetic acid dimer lead to an additional splitting 2V,
resulting in two Franck—Condon progressions in the low-
frequency mode.

or spectral substructure of the overall O—H stretch-
ing band, even for a small number of absorption lines
with large Franck—Condon factors.

(i) Fermi resonances between the von = 1 states
of the stretching mode and overtones or combination
bands of modes at lower frequency lead to an ad-
ditional splitting of the O—H stretching transition
into different components with a relative separation

Nibbering and Elsaesser
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Figure 6. Fermi coupling in the weak (a) and strong limits
(b) between the O—H/O—D stretching voy = 1 and the
bending don = 2 levels. In case (a), the weak Fermi
resonance facilitates an efficient relaxation channel for
energy redistribution, whereas case (b) explains the ob-
servation of additional transitions within the O—H/O—-D
stretching bands.

determined by twice the respective coupling (Figures
5b, 6). In numerous O—H---O hydrogen bonds, a
Fermi resonance occurs between the dony = 2 bending
level and the von = 1 level, giving rise to the so-called
Evans window in the O—H stretching band.*® In
addition to influencing the vibrational spectra, Fermi
resonances play an important role for vibrational
relaxation, as will be discussed in section 6.

(iii) In systems with multiple hydrogen bonds,
excitonic or Davydov coupling can occur between
different resonant oscillators.'”4® Cyclic carboxylic
acid dimers represent important model systems with
coupled O—H stretching oscillators which have been
analyzed in the pioneering work of Marechal and
Witkowski.'” In this approach, the von = 0 states of
the two O—H oscillators are considered degenerate,
and the coupling comes into play whenever one of the
oscillators is excited. The excitonic coupling V, leads
to a splitting of the vony = 1 states by 2V,. Considering
both anharmonic and excitonic coupling, the coupled
system has been described by taking into account the
C, symmetry axis of the cyclic dimer and introducing
symmetrized vibrational coordinates g, = (UV(2))-
(@ + g2) and Qigu = (LUV(2)(Qix + Qip) for the
stretching and the low-frequency modes i, respec-
tively. The symmetry operator C, (in-plane rotation
of the dimer by 180°) has the following properties:
Calvg(ag)I= +lvg(gg)Jand Clvy(qu)l= (—1)"|vu(qu)D
for the high-frequency O—H stretching mode, and
Colnig(Qig)0 = +nig(Qig)T and  Colniy(Qiu)D =
(=1)"w|n; o(Qi u)Tfor the low-frequency hydrogen bond
mode (with vy, and nj g, being the quantum numbers
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Figure 7. Schematic of the cyclic acetic acid dimer
including high- (q.2) and low-frequency (Q12) local mode
coordinates. Schematic potential energy diagrams of low-
frequency modes anharmonically coupled to the O—H/O—D
stretching motion are shown in the lower part. The
potential energy surfaces in the voy = 0 and voy = 1 states
and the two lowest vibrational levels of the low-frequency
mode are plotted versus symmetrized low-frequency coor-
dinates Qg and Q. For Qy, the resonant (Davydov) splitting
2V, in the voy = 1 state results in two series of vibrational
transition lines (blue and red arrows) from the n, = 0 and
ny = 1 levels.
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of the |vgu(Qgu)0and nigu(Qigu)d wave functions,
respectively). Evaluating the dipole selection rules,
one finds that transitions between |v,(q,)Cstates are
infrared active, whereas transitions that alter the
|vg(0g)Ustate are observed in the Raman band of the
O—H stretching mode.'”2324 The v, = 1 potential
energy surface along the gerade Qg coordinate
remains unaltered, whereas the excitonic coupling Vo
leads to a splitting of the v, = 1 potential energy
surface along the ungerade Q;, coordinate by 2V,
(Figure 7). The resulting line shape consists of two
different progressions between the n;, = 0 level of
the Q;, mode in the v, = 0 state and the n; , levels in
the v, = 1 state as well as between the n;, = 1 level

in the v, = 0 state and the nfu levels in the v, =1
state (Figure 5c). Simultaneously, the number of
quanta in the Q;y mode can be changed when the
system is excited to the vony = 1 state, introducing
an additional degeneracy of the lines in the respective
progression. It is important to note that an individual
molecule displays only one of those progressions,
depending on whether the njgo = 0o0r njo =1 level in
the v, = 0 state is populated. In an ensemble of
molecules at a sufficiently high vibrational temper-
ature, both levels are populated; consequently, both
series of lines contribute to the overall vibrational
band.

(iv) In a liquid, a hydrogen bond is subject to the
fluctuating forces exerted by the solvent bath, result-
ing in spectral diffusion and broadening of the
vibrational transition lines. Overdamped intramo-
lecular or solvent modes exert a fluctuating force on
the O—H oscillators. Depending on the modulation
strength and time scale, the spectra may vary
between a distribution of transition frequencies cor-
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responding to different hydrogen bond configurations
(inhomogeneous broadening) or a single motionally
narrowed transition (homogeneous broadening). There
are different theoretical approaches to describe this
problem. The first approach considers a direct inter-
action of the dipole moment of the hydrogen stretch-
ing mode with the local electric field exerted by the
fluctuating solvent.5*5! The second type of treatment
introduces a stochastic motion of the low-frequency
hydrogen bond modes that couple anharmonically to
the fast stretching motion.'>5253 The stochastic low-
frequency motions have been treated both as a
classical overdamped?® or underdamped>®? mode and
as a stochastic quantized degree of freedom.>® For a
comparison of the different models, the reader is
referred to a review by Henri-Rousseau and Blaise.*°
More recently, the influence of the solvent has
been treated using molecular dynamics simula-
tions.?7:28:454654 Using a highly accurate Hamiltonian
for the isolated molecule and a Hamiltonian contain-
ing Lennard-Jones and Coulomb terms for the inter-
molecular interactions, the renormalization of the
vibrational quantum states in the fluctuating solvent
has been calculated in a self-consistent way for the
system HOD in D,O.

It is important to note that the interactions (i)—
(iii) transform the hydrogen stretching oscillator into
a vibrational multilevel system with a multitude of
transition lines. The interaction with the liquid
(mechanism (iv)) leads to a substantial broadening
of the individual lines and thus washes out any fine
structures in the spectra. As a result, a quantitative
line shape analysis of linear vibrational spectra in
the liquid-phase spectra has remained difficult. A
guantitative and unambiguous theoretical calculation
of spectra is hampered by the similar strengths of
the interaction mechanisms (i)—(iv) and/or the large
number of molecular parameters required. As a
result, linear vibrational spectroscopy does not allow
for a separation of the different coupling and broad-
ening mechanisms. It is a particular strength of
nonlinear vibrational spectroscopy in the ultrafast
time domain to overcome this drawback and to
provide highly specific information on the different
couplings by separating them in the nonlinear time-
resolved response.

3. Nonlinear Vibrational Spectroscopy of
O-H/O-D Stretching Modes

The subject of this section is to indicate which
features are expected to play a role in nonlinear
vibrational spectroscopy, and to give a description of
the nonlinear signals in the framework of perturba-
tion theory.

3.1. Nonlinear O-H/O-D Stretching Excitations

Ultrafast vibrational spectroscopy not only enables
the determination of real-time dynamics of vibra-
tional states, but through the bandwidth of the laser
pulses it also has the potential to excite a collection
of the vibrational levels in a coherent superposition
and to follow the coherent nuclear motions in real
time. The multilevel character as well as the coherent
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Figure 8. Level structure implementing the voy = 0,
Von = 1, and von = 2 states of the O—H/O—D stretching
mode, as well as two levels of the hot molecule that shows
up when the voy = 1 state decays.

nature of O—H/O—D stretching excitations in hydro-
gen bonds thus have to be taken into account in the
interpretation of the observed nonlinear signals.

Nonlinear vibrational spectroscopy can be treated
in a perturbative manner, similar to nonlinear elec-
tronic spectroscopy. In contrast with the latter,
vibrational spectroscopy always has to consider the
multilevel nature of the vibrational systems (Figures
4-7). As a consequence of anharmonicity, the voy =
0 — 1 and the voy = 1 — 2 transitions are centered
at different spectral positions, separated by the
anharmonic shift of up to several hundreds of cm™2.
Since these transitions have a spectral broadening
that is of the same order of magnitude, an ultrafast
laser pulse, typically with a bandwidth of 100—200
cm™1, is likely to have spectral components that may
interact with either transition. In a theoretical treat-
ment of nonlinear vibrational spectroscopy, one thus
has to take into account Liouville space pathways
through either of these states. For instance, upon
excitation of the voy = 0 — 1 O—H/O—D stretching
transition in spectrally resolved pump—probe spec-
troscopy, one observes the voy = 0 — 1 O—H/O—-D
ground-state bleaching and voy = 1 — 0 stimulated
emission, both leading to a decrease of absorption at
the position of the O—H/O—D stretching band ob-
served in the linear absorption spectrum (Figure 8).
In addition, a transient red-shifted absorption occurs
on the voq = 1 — 2 excited-state transition. This
spectral feature decays upon population relaxation
of the von = 1 state.

From a large collection of experimental work on the
transient spectra of O—H/O—D stretching bands
which will be discussed in detail in section 6, the
general conclusion has been drawn that the voy = 1
state does not decay directly back to the voy = 0 state
upon population (T) relaxation by directly dissipat-
ing the vibrational excitation energy to the surround-
ing solvent modes. Instead, a hot ground-state
Vou = 0' is reached in which the O—H stretching
oscillator is not excited but other modes of the
hydrogen-bonded system, e.g., O—H/O—D bending
and low-frequency hydrogen bond vibrations, contain
vibrational excess energy. The voy = 0' state shows,
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through anharmonic coupling with these excited
modes, a blue-shifted transient voy = 0' — 1" absorp-
tion that contributes to the nonlinear signal.

The anharmonic coupling of the stretching and the
low-frequency hydrogen bond modes allows for the
preparation of a quantum-coherent superposition of
several low-frequency levels by exciting the stretch-
ing motion with a broadband femtosecond pulse. For
underdamped low-frequency modes, this results in
wave packet motions of the low-frequency mode in
the von = 0 and vop = 1 states, contributing quantum
beats to the nonlinear signals. We discuss recent
studies of such wave packet motions in section 5.2.

Fermi resonances of the vony = 1 state with com-
bination or overtone states also play a role for the
nonlinear signals. When the Fermi resonance is
weak, the bend overtone is often assumed to be a
major channel for the vibrational energy redistribu-
tion by which the O—H/O—D stretching excited-state
population can relax (see section 6). Moreover, when
the Fermi resonance interaction is strong, the result-
ing coupled states split, and coherent excitation of
these split states will also result in quantum beats
in the nonlinear signals. Finally, for multiple hydro-
gen-bonded systems with spectrally overlapping O—H/
O—D stretching transitions, excitonic (Davydov) cou-
pling between the O—H/O—D stretching oscillators
results in a modification of the level structure, and
coherent excitation leads to quantum beats or mac-
roscopic polarization beats in nonlinear spectroscopy.
We will discuss in section 5.3 recent results in
photon-echo spectroscopy on the cyclic acetic acid
dimer where these effects potentially play a role.

3.2. Theoretical Description of Nonlinear
Vibrational Spectroscopy

The theoretical treatment of nonlinear vibrational
spectroscopy presented here relies on perturbation
theory and has been worked out before in the context
of nonlinear electronic spectroscopy by Mukamel.>®
The extension to nonlinear vibrational spectroscopy
has been described in a recent review by Hamm and
Hochstrasser.*®¢ From a microscopic point of view,
vibrational dephasing was first described by Ox-
toby.57~5% We also note the theoretical work by Bratos
and co-workers on infrared pump—probe spectroscopy
of water,%°7%2 and by Loring and co-workers on
vibrational photon echoes.53-% We give here only that
part of the theory necessary to understand the
essentials of nonlinear vibrational response in hy-
drogen bonds.

Double-sided Feynman diagrams are a standard
means of depicting the possible Liouville pathways
that may contribute to the total signal. In nonlinear
electronic spectroscopy, only four diagrams suffice for
the description of pump—probe and photon-echo
spectroscopy.®® Due to the multilevel structure of
hydrogen-bonded O—H/O—D stretching vibrations, 10
different diagrams in total have to be taken into
account (Figure 9).5667 Diagrams I—-1V are denoted
as rephasing pathways due to the time reversal of
the system evolution in period t; after a coherence
period t; and a population period t,. Diagrams V—X,
on the other hand, do not cause a rephasing. Dia-
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Figure 9. Double-sided Feynman diagrams that have to
be considered in nonlinear infrared experiments. Diagrams
1—-1V describe echo-generating (rephasing) Liouville space
pathways, while diagrams V—X symbolize pathways that
do not generate an echo (non-rephasing). Diagrams 1, 11,
V, and VI are diagrams for a two-level system. Diagrams
11, VII, IX, and X are also contributing in a three-level
system with excited-state absorption from voq = 1 to
Voy = 2. Diagrams IV and VIII take the process of
relaxation to a hot ground state into account. This process
is indicated by a horizontal dashed line.

grams 111, VI, IX, and X have to be implemented for
a vibrational ladder system. Diagrams 11, 111, VI, and
VIl diminish in importance upon T; (population)
relaxation. Diagrams IV and VIII have to be imple-
mented due to the five-level nature of O—H/O—-D
stretching vibrations, including the states von = O,
1, 2, 0', and 1'.%7 The intricacies of conservation or
decay of phase coherence upon T; relaxation will be
discussed in section 5.1.2.

The material response functions R,—Rx describe
the following system evolutions:

Ry = Doy (T)tt10(T2) Poatto1(0)it10(T1) 0
Ry = oy (T3)it10(T1) Pooto1(0)u10(72) U
Ry = [yo(T3)u1 (75)110(71) Pooito1 (0) U
Riv = o1 (Ta)ityo(T2)i10(71) Poattor (0)T
Ry = [y (Ta)tt10(T2)t01 (T1)110(0) pool] 3)
Rui = [y (T3)1410(0) pogttos (T1)u10(72) U
Rui = [o(73)u1(75)110(0) pogtton (1)U
Ruin = Bo1(Ta)u10(72)110(0) pogtton (7)1
Rix = o1 (Ta)it12(t2)u21(T1)110(0) pool
Ry = [yo(T3)uo1 (T1)1t10(0) pogteos (T2)U
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Here, poo represents the equilibrium density matrix
of the system and uij(r) the transition dipole interac-
tion between levels i and j at time 7. Typically it is
assumed that these four-time-point correlation func-
tions can be approximated by products of two-time-
point correlation functions with the help of the
cumulant expansion.®®® The nonlinear response
functions then become

R, = |,U10|4 glwio(ta—ty) o
exp[—g(t) + a(ty) — 9(ty) —a(t, + 1) —
gt +t,) +g(t, +t, + t3)]
R, =R, e ™

_ 2 2 _iatz Ai t3—t —t,/T
RIII__WlOl Uz’ € 3ew1o(3 1)e ATy o

exp[—g(ty) + g(ty) — g(tz) — g(t, +ty) —
g(t; + 1) + g(t; +t, + t3)]

uncorr __ —t/T 2 2 i t3—t iA't
RIV — _(1_ ek 1) |/“10| |M1’0'| ew10(3 1)e 3

exp[—g(t;) — g(ts)]

Rclzs/rr — _(1 _ e—tlel) |//L10|2 |‘u1’0'|2 eiwlﬂ(t3_tl) eiA't3 X
exp[—g(t,) + 9(t)) — 9(ts) —o(t; + 1) —

g(t, +t3) + g(t; +t, + t3)]

RV — |/l10|4 eiwio(ts—tl) %

exp[—g(ty) — g(ty) — 9(t3) +g(t, +ty) +
g(t; + 1)) —g(ty +t, + t3)]

Ry, =R, e T @)

——— 2 2 iat3 iwlo(t3+t1) —tg/Tl
Run = —lugol” lunl“ e e e X

exp[—g(ty) — g(ty) —g(ty) +a(t; +t,) +
g(t, +t3) —g(t; +t, + t5)]

e ) Jugol” Iy g €T x
iA't:
e'™ = exp[—g(t;) — 9(t3)]
—t,/T 2 2 i iA"
Ry = —(1 —e @M lt10l” g0l glonllstty) gt o

exp[—g(ty) — g(ty) — o(t3) +g(t, +t,) +
g(t, +t3) —g(t, + 1, +t5)]

iwlo(t3+2t2+t1) e i oty X

Runcorr

v = —(@ -

Rix = |/410|2 |P‘21|2 e
explg(t,) — g(ty) + g(ts) —g(t, + 1) —
g(t, +t3) — gty +t, + t3)]

RX — _|1Ll10|2 |‘u21|2 e|w10(t3+2t2+t1) el(l(t3+t2) X

explg(t)) —9(ty) +g(ty) —o(t, +t;) —
g(t; +t,) —o(t; +t, + t5)]

with the line shape function g(t)®® given by

gty = [ de' [ de” C(x") (5)
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and the transition frequency fluctuation correlation
function C(t),

C(t) = Do (t) dw(0)0 (6)

Here, wjj is the transition frequency between levels i
and j, oo = —A is the anharmonicity of the oscillator,
and A’ is the shift between the fundamental transi-
tions of the cold (voyn =0 — 1) and hot (voy =0"—1")
molecule; T; is the population lifetime of the v =1
state. The third-order nonlinear polarization P(t) that
governs the nonlinear signals is a function of the
material response functions R,—Rx and of the applied
laser fields, Ej(t):

X
POM = [ dty f; dt, [0 dt, ZRi(tl,tz,tg) x
£

Ea(t — tg) e TYE,(t — t; — 1) e T
Eit —t; — t, — t,) 87 (7)

In the case of ultrashort pulses well-separated in
time, only diagrams I—1V contribute to the signals.
In this case, the laser pulse delays r (between pulses
1 and 2) and T (between pulses 2 and 3) equal the
laser field interaction times; i.e,, t; =7, t, = T, and
t; = t. Diagrams V—X describe coherent coupling
effects during pulse overlap and, in addition, when
pump and probe pulses are well-separated in time,
describe the perturbed free induction decay that leads
to signals at negative pulse delays in frequency-
resolved pump—probe spectroscopy.t7°

An important goal in performing coherent nonlin-
ear spectroscopic experiments is to obtain the fre-
quency fluctuation correlation C(t), since this quan-
tity gives direct insight into the interactions that the
system under study has with the fluctuating environ-
ment. We come back to this important function, and
what we may learn from it, when we discuss recent
photon-echo and hole-burning experiments on hydro-
gen bonds.

Finally, we note that we have so far treated the
O—H/O—-D stretching vibration as consisting of dis-
crete quantum states with quantum number vopy,
combined with a broadening mechanism due to the
fluctuating surrounding solvent. When incorporating
the multilevel structure due to anharmonic coupling
with hydrogen bond low-frequency modes, or due to
Fermi resonances and Davydov coupling, one can
resort to a summing-over-states approach.%® As will
be discussed in section 5.2, the anharmonically
coupled low-frequency modes have frequencies com-
parable to the laser bandwidth, and to kgT. Wave
packet motions thus are due to coherent superposi-
tion of a limited number of low-frequency mode
eigenstates. As a result, semiclassical approaches,
such as the Brownian oscillator model, are less
appropriate in the description of the experiments. In
contrast, interaction with the fluctuating surround-
ing solvent, responsible for homogeneous and inho-
mogeneous broadening and spectral diffusion, can be
described using strongly overdamped solvent modes
that may be implemented using either Kubo's sto-
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chastic modulation model® or Mukamel’s Brownian
oscillator model.5®

4. Techniques of Ultrafast Vibrational
Spectroscopy

4.1. Ultrashort Infrared Pulses

Progress in ultrafast vibrational spectroscopy is
closely linked to developing sources for ultrashort
pulses in the mid- to far-infrared spectral range. So
far, spectroscopic studies of hydrogen bonds have
mainly concentrated on the wavelength range be-
tween 2.5 and 20 um (500—4000 cm™?). Resonant
nonlinear excitation of vibrational transitions re-
quires pulses with energies in the microjoule range.
Generation of such pulses is mainly based on tech-
niques of nonlinear optical frequency mixing. To a
much lesser extent, pulses from free electron lasers
have been applied. In the following, we discuss pulse
generation in this mid-infrared spectral range.

Parametric amplification, difference frequency mix-
ing, and optical rectification in solid-state materials
with a nonvanishing second-order nonlinearity y®
have been applied for generating mid-infrared pul-
ses.”t72 In such processes, pulses at center frequen-
cies wp, ws, and wi, with w; < ws < w, (p = pump, s =
signal, i = idler), interact with each other in the
nonlinear medium.”* Energy conservation requires
wp = ws + wj. In parametric generation and ampli-
fication, an intense input pulse at w, generates/
amplifies pulses at ws and w;. In difference frequency
mixing, pulses at w; = w, — ws are generated from
two input pulses at w, and ws. Optical rectification
represents a special case of difference frequency
mixing where wp = ws and w; is on the order of Awps,
the spectral bandwidth of the input pulses.

The phase relationship between the electric fields
of the three interacting pulses is determined by
the phase-matching condition k, = ks + ki, where
Kpsi = Npsi(wpsilC) are the respective wavevectors.
This phase-matching condition can be fulfilled by
adjusting the refractive indices nys; in birefringent
nonlinear media (c is the vacuum velocity of light).”*
Frequency tuning of the generated pulses is achieved
by changing the phase-matching angle through rota-
tion of the nonlinear crystal or variation of its
temperature. Even for phase-matched parametric
frequency conversion, there is a substantial mis-
match of the group velocities of the three interacting
pulses. The different group velocities limit the effec-
tive interaction length in the nonlinear medium and
determine the minimum pulse duration achieved.”
In most sources for femtosecond infrared pulses, the
peak intensities of the input pulses are between 1
GW/cm? and 1 TW/cm?, resulting in an energy
conversion efficiency into the infrared between sev-
eral 107° and several percent.

There is a limited number of birefringent nonlinear
materials suitable for phase-matched parametric
frequency mixing in the mid-infrared, the main
issues being a sufficiently broad range of infrared
transparency and high crystal quality, e.g., optical
homogeneity and the absence of scattering centers.”?
For idler wavelengths of up to 5 um, bulk and
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periodically poled LiNbO3, LilO3;, KNbOgs, 5-barium
borate (BBO), and KTiOPO, (KTP) have been used.
AgGas; represents a standard material for wave-
lengths up to 12 um, whereas AgGaSe, and GaSe
allow for parametric mixing at even longer wave-
lengths up to approximately 20 um. Data of nonlinear
materials have been summarized in ref 72.

There are different schemes for generating pulses
at megahertz and kilohertz repetition rates:

(i) Femtosecond mid-infrared pulses at megahertz
repetition rates have been derived from near-infrared
pulses which were generated with average powers on
the order of 100 mW in self-modelocked Ti:sapphire
oscillators or in optical parametric oscillators (OPOs)
synchronously pumped by mode-locked Ti:sapphire
lasers. In a conceptually simple and reliable ap-
proach, two frequency components from a single 800
nm pulse of 10—20 fs duration and A4 = 100 nm
(fwhm) bandwidth drive the mixing process. Using
the second-order nonlinearity of a GaAs surface for
non-phase-matched frequency mixing,’4’® a very
broad infrared spectrum is generated with low con-
version efficiency. Substantially higher mid-infrared
average powers in the microwatt range have been
achieved by phase-matched difference frequency mix-
ing in thin GaSe crystals, driven by 10—20 fs pulses
at an 80 MHz or—when generated in a cavity-dumped
oscillator—a 2 MHz repetition rate.”®?” The finite
acceptance bandwidth of the phase-matching process
results in a selection of input wavelengths contribut-
ing to the nonlinear process and, consequently, a
well-defined spectral envelope of the mid-infrared
pulses which are tunable between 7 and 20 um. For
crystals as thin as 30 um, wavelength components
up to 100 um have been generated.”® Depending on
the crystal thickness and the wavelength position,
the pulse durations are between 30 and 300 fs.

Optical parametric oscillators (OPOs) provide fem-
tosecond pulse trains with average powers of up to
several hundred milliwatts and a tuning range of the
signal pulses between about 1 and 2 um, depending
on the specific nonlinear material.”®~8! For the cor-
responding idler pulses, tunability between about 2
and 5 um has been demonstrated with lower average
powers. The duration of signal and idler pulses was
between 100 and 500 fs, strongly depending on the
wavelength position. Extension of the tuning range
to wavelengths up to 18 um has been achieved by
difference frequency mixing of the signal and idler
pulses from the OPO in an additional nonlinear
crystal placed outside the resonator of the OPO.82-84

A complete characterization of the mid-infrared
pulses requires measurement of their time-dependent
electric field which is possible by electrooptic sam-
pling, a technique that was originally developed for
the far-infrared around 300 um.® The infrared pulse
induces a change of the refractive index in a bire-
fringent electrooptic crystal, e.g., ZnTe, which is
proportional to its momentary electric field and
monitored through the polarization rotation of an
ultrashort probe pulse. Changing the delay between
infrared and probe pulse, the time-dependent electric
field of the infrared pulse is determined. For a
guantitative measurement, the probe pulse has to be
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Figure 10. Femtosecond infrared pulse generated by
optical rectification in a 30 um GaSe crystal. The electric
field of the pulse measured by electrooptic sampling is
plotted as a function of time. The maximum field amplitude
is approximately 1 MV/cm, the center wavelength 15 um
(frequency 670 cm™1 %),

short compared to the period of the infrared field, and
group velocity dispersion in the electrooptic crystal
has to be limited. Using 10 fs pulses at 800 nm and
ZnTe crystals of typically 10 um thickness, infrared
pulses up to a wavelength of about 7 um have been
characterized.®> Other techniques allowing a mea-
surement of the relative optical phase of the pulses,
e.g., frequency-resolved optical gating (FROG), have
also been applied for characterizing mid-infrared
pulses.®

(i) Intense near-infrared pulses generated in re-
generative Ti:sapphire amplifiers at kilohertz repeti-
tion rates have been used for pumping a variety of
parametric conversion schemes. For a recent over-
view, the reader is referred to ref 87. In the wave-
length range from 2.5 to approximately 10 um, pulses
of 50—150 fs duration and energies up to 20 uJ are
generated routinely in a number of conversion
schemes.®8~% In addition, different techniques for
generating phase-shaped mid-infrared pulses have
been proposed and demonstrated.®*~%* Very recently,
infrared pulses with an electric field amplitude up
to megavolts per centimeter have been generated
between 10 and 20 um by difference frequency mixing
of spectral components of an amplified 25 fs pulse in
a thin GaSe crystal.® Such pulses at a repetition rate
of 1 kHz have been characterized by electrooptic
sampling with 12 fs pulses from the 75 MHz repeti-
tion rate oscillator of the laser system using a novel
electronic gating technique. As an example, the time-
dependent electric field of a pulse centered at 15 um
is plotted in Figure 10, giving a width of the intensity
envelope (fwhm, pulse duration) of approximately
50 fs.

In recent years, infrared generation in free electron
lasers (FELs) has received increasing interest.® At
wavelengths between 5 and 10 um, macropulses
consisting of a sequence of 0.5 ps micropulses and
microjoule energies per micropulse have been pro-
duced using short electron bunches from a linear
accelerator. The wide tuning range and the micro-
joule energies per micropulse make FELs attractive
for spectroscopic studies. For studies of liquids,
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however, averaging of the signals over the macro-
pulse and heating of the samples due to repetitive
excitation are experimental limitations. Synchroniza-
tion of FEL pulses with pulses from an external laser
source, e.g., for two-color pump—probe experiments,
represents another issue. Recently, synchronization
of a FEL and a mode-locked Ti:sapphire laser with a
jitter of about 400 fs has been demonstrated.®’

4.2. Spectroscopic Techniques

Ultrafast vibrational spectroscopy is, in principle,
based on the same nonlinear time-resolving methods
as studies of electronic excitations. The infrared
absorption and Raman cross sections, however, are
several orders of magnitude smaller than those of
electronic transitions, and thus, intense excitation
pulses are required to generate nonlinear vibrational
excitations. For this reason, most experiments make
use of amplified femtosecond pulses with infrared
pulse energies in the microjoule range.

Pump—probe techniques have widely been applied
to study ultrafast vibrational dynamics. Here, an
intense pump pulse generates a nonlinear vibrational
excitation, i.e., a polarization on the vibrational
transition and a population change of the optically
coupled vibrational levels. The resulting change of
transmission is probed by much weaker pulses at the
same or a different spectral position and measured
as a function of the time delay between pump and
probe. The probe is usually detected in a time-
integrating way, either by integrating over the probe
spectrum (Figure 11a) or by dispersing the probe
pulse and detecting it in a spectrally resolved way
(Figure 11b). Measurements with a spectrally dis-
persed probe provide transient spectra and allow one,
e.g., to follow the evolution of spectral holes or other
features in the transient band. Changes of vibrational
population induced by an infrared pump pulse have
been monitored also by spontaneous anti-Stokes
Raman scattering of a visible or near-infrared probe
pulse or by fluorescence generated by a second probe-
induced vibronic excitation.®®® Such probing tech-
niques allow for a selective measurement of the time-
dependent population of excited vibrational states.
However, detection of the very weak Raman signals
is a major experimental challenge.

In terms of nonlinear optics, pump—probe spec-
troscopy is third-order in the electric field. A third-
order polarization is generated in the sample by two
interactions with the pump and one interaction with
the probe field. This polarization is detected through
the field radiated in the propagation direction of the
probe, and the two electric fields interfere on the
detector. It is obvious from this description that both
transient polarizations and population changes, i.e.,
real and imaginary parts of the nonlinear suscepti-
bility, contribute to the pump—probe signal. In the
slowly varying envelope approximation, i.e., for a
pulse envelope varying slowly compared to the carrier
frequency of the optical field, the spectrally inte-
grated absorption change Aa(wp) measured by a
probe pulse with center frequency wp, signal is given
by55:100
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Figure 11. Experimental configurations for nonlinear
infrared spectroscopy: (a) spectrally integrated pump—
probe; (b) spectrally resolved pump—probe; (c) homodyne
(intensity)-detected three-pulse photon echo; and (d) het-
erodyne (amplitude)-detected three-pulse photon echo.
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Here, T(wpr) and To(wpr) represent the transmission
of the sample with and without excitation, c is the
velocity of light, n(wp) is the refractive index of the
sample, and Ep(t) and PE)(t) are the time-dependent
electric field of the probe pulse and the third-order
polarization in the sample, respectively. The third-
order polarization contains the nonlinear response
of the sample induced by the pump pulse and is
theoretically described by, e.g., the formalism given
in section 3.2. For a spectrally resolved detection of
the probe pulse, the measured signal is given by

_Anwy, |E (@) Im(PO(w)/E) (o))
cn(w) Aw dw |Epr(w)|2

Ao(w) 9)

Here, Epr(w) = [2,, dt exp(iot)Ey(t) is the Fourier
transform of the time-dependent probe field, and
P®)(w) is the nonlinear polarization component at the
frequency w.
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Two-dimensional pump—probe spectroscopy of in-
frared-active vibrations represents a recently devel-
oped method which provides insight into couplings
between different vibrational oscillators.®6:101 One of
the oscillators is excited by a subpicosecond pulse of
a bandwidth comparable to the vibrational line
width, and the frequency-resolved transmission change
is probed over the full spectral range in which the
vibrational transitions of the different oscillators
occur. The pump—probe signal consists of a trans-
mission change originating from the oscillator excited
by the pump and, more importantly, from oscillators
which are not resonant with the pump but coupled
to the oscillator excited. Such “off-diagonal” signals,
which are observed onthev=0—1landv=1—2
transitions of the coupled oscillator, are a measure
of the microscopic coupling strength. Information on
the orientation of the different transition dipoles can
be derived from polarization-resolved measurements.
The couplings between different oscillators give
information on the underlying molecular structure,
e.g., the arrangement of the coupled functional
groups. This has been demonstrated for a number of
biologically relevant systems such as small pep-
tides.1%?

Femtosecond four-wave mixing techniques allow
for a direct measurement of the macroscopic nonlin-
ear polarization dynamics.131%4 Recently, two- and
three-pulse photon-echo methods have been applied
to study the coherent response of resonant vibrational
excitations in hydrogen bonds, in particular coherent
O—H stretching excitations.67.105-107 |n general, vi-
brational photon-echo spectroscopy is based on the
resonant interaction of three femtosecond pulses of
a center frequency w and propagation directions ki,
ks, and ks with the vibrational transition under study
(Figure 11c,d). There is a time delay z, the so-called
coherence time, between pulses 1 and 2, and a delay
T, the population time, between pulses 2 and 3. Thus,
photon-echo spectroscopy is intrinsically multidimen-
sional in the time domain. Interference of pulse 2
with the polarization generated by pulse 1 in the
sample generates a transient frequency grating from
which pulse 3 is scattered into the phase-matched
directions —k; + k; + kz and +k; — ky; + Ks. The
diffracted signal is either homodyne-detected in a
time-integrated way or heterodyne-detected by con-
voluting it with the field from a fourth phase-locked
pulse which serves as a local oscillator. For an
optically thin sample, small diffraction efficiency, and
perfect phase-matching, the slowly varying amplitude
approximation gives the following expression for the
homodyne-detected intensity lnom:

2

_ W 2 e 3) 2
lhom = 5~ (w)cl SO, dt POz, T)| (10)
Here, | represents the interaction length in the
sample and P®(t) the third-order polarization de-
pending on the time delays r and T. For heterodyne
detection with a local oscillator of identical frequency
w, the signal lyet is given by
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lyer = % f_mw Re[E[o(DE(1)]

0 —(ol) 7, dt Im[E; POtz T)] (11)

where E o(t) and Eg(t) are the electric field originating
from the local oscillator and the nonlinear polariza-
tion, respectively.%®

Different types of four-wave-mixing measurements
bring out different aspects of the ultrafast vibrational
dynamics, depending on the particular choice of the
two time delays 7, the coherence time, and T, the
population time:

(i) Transient grating scattering, in which pulses 1
and 2 of zero mutual delay (r = 0) generate a
population grating, and the signal diffracted from
this grating is measured as a function of the popula-
tion time T. The measured signal decay gives insight
into population relaxation, i.e., the lifetime of the
excited vibrational states, and/or other relaxation
processes affecting the grating amplitude, e.g., rota-
tional diffusion.

(i) In a two-pulse photon echo (2PE), the popula-
tion time is set to zero (T = 0); i.e., the second and
third pulses interact with the sample simultaneously.
The signal is measured as a function of the coherence
time 7 and gives insight into the overall decay of the
macroscopic coherent polarization in the sample. For
a homogeneously broadened ensemble of oscillators,
the coherent response follows a free-induction decay.
The homodyne-detected two-pulse photon-echo signal
peaks at r = 0 and decays with T,/2 (T, is the
dephasing time). In contrast, inhomogeneous broad-
ening results in a photon-echo-like behavior, i.e., a
finite shift 7max 0f the maximum signal to positive
values and a decay with T,/4.

(iii) In a three-pulse photon echo (3PE), both time
delays 7 and T are varied in order to monitor the
polarization dynamics in a more complete way.
Three-pulse photon echoes allow for a distinction of
different dephasing processes and the underlying
couplings.108

(iv) In a three-pulse echo peak shift measurement
(BPEPS), one determines for each value of T the
coherence time tmax(T) at which the photon-echo
signal is maximum. The decrease of tmax(T) with T
indicates the decrease of inhomogeneity in the optical
response by spectral diffusion processes. It has been
shown for two-level systems that the echo peak shift
mimics the frequency fluctuation correlation function
for time delays T at which the temporal overlap of
the three optical pulses is negligible.109.110

5. Coherent Response of O—H/O-D Stretching
Vibrations

In this section, recent results in infrared photon-
echo®7:105107.111112 gnd transient hole-burning spec-
troscopy'®122 are discussed that have revealed much
information on the coherence properties of O—H/O—D
stretching vibrations. We first describe experiments
on the important system of HOD in D,O in section
5.1. HOD in D,;0O is expected to show ultrafast
structural dynamics of hydrogen bonds, similar to
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water. The dephasing of coherent O—H/O—D stretch-
ing excitations by the fluctuating force of the envi-
ronment should reflect such structural fluctuations.
On the other hand, population relaxation of O—H/
O-D stretching excitations in HOD in D,O should
be different from those of water because of the
different vibrational level schemes and couplings. In
the following, we address both the coherence decay
of the O—H/O—D stretching vibration as probed by
two-pulse photon-echo spectroscopy and spectral dif-
fusion of the O—H/O—D stretching transition studied
in three-pulse photon-echo and hole-burning spec-
troscopy. This discussion of experimental results is
complemented by recent theoretical studies that aim
to connect the experimental findings to microscopic
mechanisms.?7:284546.123124 Resylts on the coherent
evolution of low-frequency wave packet motions
which are observed in medium-strong hydrogen
bonds with ultrafast infrared pump—probe spectros-
copy are presented in section 5.2.112125-128 Next we
turn to recent photon-echo studies of molecular
systems with medium-strong hydrogen bonds,06112.129
demonstrating the relevance of the multilevel struc-
ture of the vibrational transition for understanding
the observed signals.

5.1. Dephasing and Spectral Diffusion of the O-H
Stretching Vibration of HOD in D,0

5.1.1. Dephasing of the O—H Stretching Vibration of HOD
in Dzo

Photon-echo spectroscopy has been the standard
technique to elucidate the homogeneous and inho-
mogeneous contributions to the absorption line shape
for decades. The two-pulse photon-echo sequence
determines the coherence decay after the first field
interaction (coherence time t;, cf. Figure 1), where
the second evolution period is set to zero (population
period t; = 0). Any phase memory not disturbed by
the fluctuating environment rephases during the
third period (coherence time t3). A macroscopic photon
echo is then detected as a function of the delay time
7 between the two pulses, directly probing the coher-
ence loss of the system (we refer to Figure 9 for the
Liouville space pathways). The first picosecond in-
frared photon echo, using a free electron laser,
obtained on a metallocarbonyl compound, was re-
ported in 1993 by Zimdars et al.*® It took several
years of laser development until the first femtosecond
infrared photon echo on a hydrogen-bonded O—H
stretching mode, of HOD in D,0, was detected with
a tabletop laser system.'% In the latter study of
Stenger et al., where 130 fs pulses and homodyne
detection of the diffracted signal were used, an
extremely rapid coherence decay of 33 fs was ob-
served for the O—H stretching mode, independent of
the excitation frequency (Figure 12). In the simplest
approach, based on a Bloch model, the data were
described by a homogeneous line-broadening mech-
anism with a dephasing time of 90 fs, contributing
about half of the total line width of the O—H
stretching band. On the time scale of the two-pulse
photon-echo experiment, the remaining part of the
line broadening was treated as being inhomogeneous.
As discussed in ref 105, a more sophisticated model-
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Figure 12. Integrated two-pulse photon-echo signal as a
function of pulse delay time recorded at three spectral
positions in the O—H stretching band of HOD:D,O, repre-
sented as solid dots. The open circles indicate the time
resolution as determined with a CaF, sample. The solid
line is a global fit of the water data, and the dashed line is
a fit of the instantaneous response. All curves show an
intensity echo signal decay with a slope of 33 fs (dash—
dotted line). Reproduced with permission from ref 105.
Copyright 2001 American Physical Society.

ing by a transition frequency correlation function
with (a) a Gauss—Markov modulation process with
a correlation time of 30 fs and (b) a spectral diffusion
process with a time constant of 700 fs gave fitting
results reproducing the data equally well. Experi-
ments with an improved pulse duration of 70 fs and
heterodyne detection, reported by Yeremenko et al.,
confirmed the extremely fast decay of vibrational
coherence and led to a similar bimodal fitting with
time constants of 130 and 900 fs.1%7

The extremely fast dephasing of the O—H stretch-
ing excitation represents a major difference from the
stretching vibrations of free O—H groups. The dephas-
ing time of stretching excitations of free O—H/O—D
groups has not been the subject of photon-echo
studies yet. Assuming a predominant homogeneous
broadening, one estimates a lower limit for the
dephasing time of about 1 ps from the line width of
10 cm™. In ref 105, the much faster dephasing in
hydrogen bonds was rationalized by using the vibra-
tional dephasing theory pioneered by Oxtoby.>” De-
veloping the interaction potential between the O—H
oscillator and the surrounding solvent in powers of
the vibrational coordinate q of the O—H stretching
oscillator, one derives for the fluctuating transition
frequency shift dw(t)

Row(t) = (g3 — doo)F(t) + [(@%)11 — (@)eelFa(t) +
.. (12)

where g;; and (g?);i (i = 0, 1) are matrix elements to
be taken in the voy = 0, 1 states, and F ,(t) are the
fluctuating forces of the solvent. The first term,
describing the influence of the linear force exerted
by the solvent, disappears for a harmonic oscillator
with (g1 — Qgoo) = O; i.e., the energy levels of a
harmonic oscillator are modulated in the same way
by the linear force, resulting in a constantv=0—1
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transition frequency. In contrast, the transition
frequency in an anharmonic oscillator is affected by
Fi(t). It has been shown for two very different
anharmonic systems, weakly interacting liquid N,%7
and strongly interacting CN~ in water,**! that this
term dominates dephasing indeed. In this limit, the
(pure) dephasing rate 1/T; is proportional to the
product of the anharmonicity A of the vibration and
the time integral of the correlation function of the
linear force exerted by the solvent:

Al oo

TS O
( 2) hza)Z/,L 0

[F,(F,(0)0dt  (13)

where w and u are the vibrational frequency and
dipole moment, respectively. Comparing the anhar-
monic shifts of non-hydrogen-bonded O—H stretching
modes of A < 100 cm™! 132 with that of hydrogen-
bonded O—H vibrations (A = 270 cm™! 1), such
numbers account in a semiquantitative way for the
much higher dephasing rates in hydrogen-bonded
systems. In a microscopic picture of solute—solvent
coupling, the increase of the O—H stretching anhar-
monicity as a consequence of hydrogen bonding
makes the oscillator attackable by the fluctuating
force F(t) and gives rise to extremely fast dephasing.
It should be noted that similar conclusions have been
reached by Piryatinski et al.??3

5.1.2. Spectral Diffusion of the O—H Stretching Vibration
of HOD in D,O

Determination of the full transition frequency
fluctuation correlation function, C(t), is necessary for
understanding the structural fluctuations of the
hydrogen-bonded network. Experimental approaches
to elucidate C(t) are three-pulse photon-echo and
transient hole-burning spectroscopy. In particular,
both techniques are sensitive to spectral diffusion,
the process of diminishing the inhomogeneous dis-
tribution existing at time t = 0 by solvent motions.
Any persistence of C(t) for longer times thus indicates
structural correlation of the liquid at the same times.
When one pumps an inhomogeneously broadened
transition with a laser pulse whose bandwidth is
smaller than the spectral width of that transition,
only a fraction of the molecular ensemble is promoted
to the first excited state (Figure 13). Here, a popula-
tion distribution in the excited state is created
(particle) that mirrors the hole left in the ground-
state population distribution. In pump—probe spec-
troscopy, the interactions with the laser field occur
in such a way that no evolution occurs during the
first coherence time period, t; = 0 (Figure 9). For
systems with an excited state and a ground state
displaced along the solvation coordinate representing
the solute—solvent interaction, the particle and hole
will subsequently move to their respective energetic
minima when the surrounding solvent reacts to the
nonequilibrium population distributions during the
population period, t,. The sign of the displacement
determines the direction in which these particle and
hole relaxations will occur. This effect is known as
the dynamic Stokes shift and has been observed and
analyzed for electronic transitions (Figure 13a). If,
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Figure 13. Two prototypical cases that may occur in a
transient hole-burning experiment. A fraction of the inho-
mogeneous distribution along a solvent coordinate is
promoted to the voy = 1 excited state at the frequency of
the applied laser pulse, forming a particle in voy = 1 and
leaving a hole in the voy = 0 ground-state distribution. In
(a), the particle adapts to the new equilibrium configuration
over the course of time due to solvent rearrangement, in a
fashion similar to that by which the hole rearranges. In
(b), the particle and hole eventually wash out due to solvent
fluctuations.

on the other hand, the noninstantaneous population
distributions are washed out due to the fluctuating
solvent environment, spectral diffusion occurs, mean-
ing that a certain subset of solute—solvent configura-
tions are eventually randomly distributed over all
possible situations (Figure 13b). An experimental
configuration that directly probes the time evolution
of the nonstationary particle and hole distributions
is transient hole-burning, where a broadband probe
pulse monitors the transient absorbance changes
after narrow-band excitation of the pump pulse; i.e.,
the nonlinear polarization is self-heterodyne-detected
during coherence period ts.

Gale et al.''’"11° and Woutersen et al.'’?® have
measured transient pump—probe spectra using in-
dependently tunable 150—200 fs pump and probe
pulses (65—70 cm~! bandwidth). Gale et al., using a
band moment analysis, observed a shifting of the
transient absorbance change toward the center of the
O—H stretching band with a time constant of 700 fs,
regardless of where the pump frequency is tuned.
Woutersen et al. observed a more delayed rise when
pump and probe tuning frequencies were farther
apart. A time constant of 500 fs for a vibrational
dynamic Stokes shift was deduced from this study.
In a more recent combined effort of the Bakker and
Gale groups, pump—probe results clearly show how
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Figure 14. Transient spectra of 0.5 M HOD dissolved in
D,0 in a hole-burning experiment measured at four pulse
delays after pump excitation at 3580 cm~1. The solid curves
represent calculated spectra obtained with a modified
guantum-mechanical Lippincott—Schroeder model. The
dashed curve is the experimental linear absorption spec-
trum of the O—H stretching vibration of HOD:D,O. Repro-
duced with permission from ref 122. Copyright 2002
American Institute of Physics.

the red-shift of the hole, when pumping at the high-
frequency side of the O—H stretching band, is ac-
companied by a broadening®?? (Figure 14). The latter
fact, together with the previous observations, dem-
onstrates that spectral diffusion is the dominating
mechanism (above a mere Stokes shift in one direc-
tion) that occurs on a subpicosecond time scale. The
different line shapes of the voy = 0 — 1 and the
Vou = 1 — 2 transitions derived from hole and
particle contributions to the transient absorbance
changes have been analyzed with a refined Lippin-
cott—Schroeder model for the vibrational system
where the O—H stretching and O—H---O hydrogen
bond modes are coupled. A spectral diffusion time
constant of 950 + 100 fs was derived for the O—H
stretching mode in both voy = 0 and vony = 1 states,
with an additional fast component of 170 4 40 fs in
the excited von = 1 state, ascribed to hydrogen bond
contraction after O—H stretching excitation.

Different observations have been made in studies
by Laenen et al.!'37116 This is likely due to the
somewhat larger pulse durations applied. The use of
1 ps pulses of smaller bandwidth aimed at analyzing
the spectral substructure of the O—H stretching band
of HOD:D,O; i.e., does this band consist of several
sub-bands, each representing a different hydrogen-
bonding structure? Laenen et al. claim the existence
of three distinct hydrogen-bonded water struc-
tures:'13114 an ice-like tetrahedral geometry, a par-
tially hydrogen-bonded species (both with a spectral
line width of 60—80 cm™1), and an even more loosely
bound form (with a spectral width of 140 cm™1). In
later reports,''>116 four spectral components were
ascribed to either local tetrahedral ice-like or more
weakly bound hydrogen-bonded structures, and to
two combination bands in the O—H stretching spec-
tral region. In light of the results of the two-pulse
photon-echo study by Stenger et al.,'% suggesting a
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Figure 15. (a) Experimental three-pulse photon-echo peak
shift data for laser pulses centered at 3300 (solid line), 3400
(dashed line), and 3500 cm~! (dotted line). (b) The calcu-
lated signals, where the correlation function was assumed
to consist of three components governed by a homogeneous
dephasing, T, = 90 fs, and two Kubo terms with correlation
times of 700 fs and 15 ps (adapted from ref 67).

homogeneous line width of about 120 cm™?!, and
transient hole-burning results by the Gale and Bak-
ker groups, showing a substantial spectral diffusion
on subpicosecond time scales, the conclusions of
Laenen et al. are likely due to overinterpretation.
Apart from the problem of coherent coupling effects
between pump and probe pulses (due to diagrams
V—X in Figure 9)'3* that erroneously may suggest
dynamics at early delay times, it remains hard to
substantiate experimental evidence of distinct struc-
tural features at delay times longer than 1 ps. We
come back to this problem in the next subsection
when discussing recent numerical studies. On the
other hand, HOD:D,O is not fully relaxed on a time
scale of 1-2 ps, as is indicated by recent three-pulse
echo experiments on HOD:D,0.%”

From Figure 12, it is clear that the two-pulse
photon echo has its maximum at positive delay times
(+45 fs). Such an echo peak shift is indicative of
inhomogeneity in the transition. The two-pulse pho-
ton echo is a limiting case of the three-pulse photon
echo with the second time period, t;, where popula-
tion terms evolve in time, equal to zero. When
probing the maximum of the three-pulse photon-echo
signal as a function of the coherence time t; for
different population periods t,, a decay of the echo
peak shift (S3PEPS) reflects a decay of the inhomo-
geneity due to spectral diffusion. From previous work
on electronic transitions of dye molecules in solution,
it has been shown that the 3PEPS decay directly
reflects the time behavior of C(t).10%110 This technique
was also demonstrated in the infrared in experiments
on the azide ion in water.’® In Figure 15, we show
the 3PEPS signals obtained at three distinct spectral
positions in the O—H stretching band of HOD:D,0.%"
After a rapid decay for all three spectral positions
within the time resolution of the experiment, the
3PEPS signal decays further on the high-frequency
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end and at the center of the band. On the low-
frequency part of the band, however, the 3PEPS
signal appears to increase again, reaching a maxi-
mum around a delay time of 2 ps, after which it
decays again. The experimental results, which clearly
do not mimic a continuously decaying C(t), can be
explained by taking into account the five-level struc-
ture of hydrogen-bonded O—H stretching vibrations
(Figure 8). In the extensive survey by Stenger et al.,%’
several cases have been inspected where the influ-
ence of long-tail components in C(t) and phase
memory conservation vs phase memory loss upon T;
relaxation from voy = 1 — 0' have been looked at. It
is clear from this analysis that the observed 3PEPS
signals (within the frame of Kubo's stochastic modu-
lation model) point to a C(t) with temporal compo-
nents at sub-100 fs, 700 fs, and 5—15 ps, together
with a loss of phase memory upon T; relaxation from
Vou = 1 — 0'. The relaxation channel shown sche-
matically in Figure 8 combines a complex sequence
of relaxation steps (see also section 6), including
transient population of the O—H and O—D bending
modes, 3¢ equilibration of the vibrational system,3’
and thermal diffusion. This crude simplification is
justified by (i) the fast time scale of the whole
sequence of processes and (ii) the fact that the photon
echo giving rise to the peak shift behavior originates
from the original bleach, and not the transient
products.

A recent photon-echo study with improved time
resolution®! has revealed an underdamped oscilla-
tory contribution to the 3PEPS signal, ascribed to
motions of the hydrogen bond mode. This small,
underdamped oscillatory component has been pre-
dicted by molecular dynamics simulations.?7:2846.123.124

In summary, photon-echo and transient hole-burn-
ing spectroscopy on the O—H stretching vibration of
HOD:D,0 suggest that C(t) decays on three distinct
time scales, with time constants of <100 fs, 700—950
fs, and 5—15 ps. The main result of all experiments
is that memory on the O—H stretching frequency is
preserved for extended times, hinting at relatively
long-lived structural correlations of the hydrogen
bonds in liquid water. In this context, we note that
polarization-sensitive infrared pump—probe spectros-
copy has revealed a rather slow polarization anisot-
ropy decay of the O—H stretching transition of HOD:
D,0O that occurs with time constants 7., = 2.6 ps
(Vo = 0) and 7t = 4.2 ps (Vou = 1) at 298 K.138-141
Clearly, the hydrogen-bonding networks in water
inhibit free rotation, and thus randomization, of
liquid structure on these time scales. The question
of how to interpret this finding in more microscopic
detail is treated in the following section.

5.1.3. Theoretical Studies on Dephasing and Spectral
Diffusion of HOD in D,0O

The femtosecond infrared experiments on HOD:
D,0O give direct access to the temporal behavior of
the transition frequency correlation function C(t). A
central question consists of linking the correlation
function C(t) to structural relaxation of water on a
microscopic molecular level. As indicated in section
2.1, the transition frequency of the O—H stretching
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vibration is correlated to the hydrogen bond distance
and thus is connected to hydrogen bond strength, as
deduced empirically from a large range of hydrogen-
bonded systems in the solid-state.'>1%26 |n a standard
interpretation of the femtosecond infrared experi-
ments described above, this correlation between O—H
stretching frequency and hydrogen bond length is
used for a single molecular species in the liquid state.
In this case, the more red-shifted an O—H stretching
vibration in a particular HOD molecule absorbs, the
more strongly this molecule is hydrogen-bonded
through its O—H group to neighboring water mol-
ecules. The decay of C(t) is then interpreted as a
decay of correlation in hydrogen bond distance (and
in hydrogen bond strength). Two different reasons
for this decay are commonly proposed: either C(t)
indicates the time scale of fluctuations of hydro-
gen bond lengths!05117-119.122 gor it gives access to
the hydrogen bond reorganization time scale due
to a continuous process of breaking and forma-
tion.67.107.113114 Earlier molecular dynamics simula-
tions'*?7149 dealt with the calculation of average
hydrogen bond lifetimes for pairs of hydrogen-bonded
molecules and how structural networks are reorga-
nized. Since these average hydrogen bond lifetimes
appear to have values similar to those found for the
characteristic decay constants for C(t), hydrogen bond
breaking and formation is often assumed to play a
major!314 put sometimes not the only8”197 role in
the dynamics.

Such concepts have been critically assessed in
recent theoretical studies.?”28:454654123.124 Diraison et
al. have studied the D,O liquid solvent response to
vibrational excitation of the solute H,O% using a
mixed quantum-—classical method, with the intramo-
lecular degrees of freedom of H,O treated quantum
mechanically and the rotational—translational de-
grees of freedom as well as the solvent computed by
classical molecular dynamics simulation. The re-
sponse functions of the three vibrational normal
modes of H,O (asymmetric stretching, symmetric
stretching, and bending vibrations) all show a bimo-
dal behavior with about equal magnitudes and with
time constants of 50 and 800 fs, ascribed to rear-
rangements in the hydrogen bond network after
vibrational excitation. In this study, hydrogen bond
breaking and formation was not included.

In a more advanced modeling by Rey, Mgller, and
Hynes?” and Lawrence and Skinner,?84546.123,124,150
different aspects of microscopic dynamics have been
addressed, in particular the validity of the presumed
one-to-one correlation between the O—H stretching
frequency von and the OH-+-O hydrogen bond length
Ro-o. Both groups have found a large dispersion in
Ro-o for a given value of voy in the case of HOD:
D,0, much larger than the already scattered data
obtained on the series of hydrogen-bonded solids.
Figure 3 shows the resulting correlation calculated
by the Skinner group?®!% (a similar behavior has
been reported by the Hynes group?’). For HOD:D,0,
a substantial dispersion has also been found in the
correlation between O—H stretching frequency vou
and the OH---O hydrogen bond bending angle aon-o,
defined as the angle between the O—H bond and the
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Figure 16. Probability distribution of the O—H stretching
frequency for HOD:D,O pairs with the O---O distance R =
0.28 £+ 0.01 nm and its separation into different bending
angles o at intervals (taken from ref 27).

O-:-0 bond vectors (Figure 16). Lawrence and Skin-
ner argue that, due to the much weaker correlation,
it is less meaningful to interpret frequency fluctua-
tions as being due to angular motions.*° In contrast
Rey, Mgller, and Hynes deduce from this finding that
the latter dispersion actually makes the interpreta-
tion of the O—H stretching frequency voy as a one-
to-one corresponding structural probe the most prob-
lematic.?”

C(t) is found by both groups to decay first on a sub-
100 fs time scale (time constants given by Rey et al.
as 66 fs on the high-frequency side and 31 fs on the
low-frequency side of the O—H stretching band and
as 40 fs by Lawrence and Skinner), followed by a
weak recurrence at 140—170 fs (corresponding to a
frequency of 200—240 cm™1!), and a subpicosecond
component (time constants given by Rey et al. as 863
fs on the high-frequency side and 496 fs on the low-
frequency side and as 500 fs by Lawrence and
Skinner). Whereas Rey et al. ascribe the fast com-
ponent with the recurrence to underdamped motion
of the low-frequency O—H---O stretching mode,
Lawrence and Skinner give hydrogen bond length
fluctuations as the main reason for this initial fast
decay. These authors have also reproduced the
vibrational line shape and spectral shift, where they
have explored the Gaussian nature of the frequency
fluctuations*® and have critically assessed the model-
ing of the two- and three-pulse photon echo by use
of Kubo's stochastic modulaton model.'?3124 Both the
Hynes and Skinner groups have analyzed the sub-
picosecond component to be due to hydrogen bond
breaking and (re-)formation dynamics. When regard-
ing water as consisting of different species with
different instantaneous degrees of hydrogen bonding,
Lawrence and Skinner have decomposed the O—H
stretching band into four components, where a par-
ticular HOD molecules is part of either four, three,
or two hydrogen bonds.’® Although this is reminis-
cent of the ansatz of Laenen et al.,**3116 we note here
that structural fluctuations and breaking and forma-
tion of hydrogen bonds occur definitely on subpico-
second time scales, in such a way that exchanges
between these structures are expected to take place
on the same time scale. On the other hand, the
photon-echo peak shift study by Stenger et al.5” has
shown an extended tail in C(t) decaying with a time
constant of 5—15 ps, from which we conclude that if
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hydrogen bonds are broken on a subpicosecond time
scale, these bonds have a finite probability to re-form
to similar structural features as before they are
broken, only to lose correlation completely after a
large number of hydrogen bond breaking/re-forma-
tion cycles. Until now, molecular dynamics studies
have been performed only to delay times of 1—1.5 ps.
In addition, the five-level scheme of Figure 8 has not
been implemented so far, and so the slower picosec-
ond dynamics needs further theoretical consideration.

5.2. Wave Packet Motions of Low-Frequency
Modes in Medium-Strong Hydrogen Bonds

In this section we discuss recent ultrafast infrared
pump—probe measurements on intra- and intermo-
lecular medium-strong hydrogen bonds where wave
packet motions of low-frequency hydrogen bond
modes have been demonstrated after coherent excita-
tion of the O—H stretching bands.%2125-128 Coherent
motion of vibrational wave packets of low-frequency
modes have been observed in numerous studies on
vibronic transitions. Impulsive stimulated Raman
scattering with excitation off-resonant with respect
to the electronic transitions leads to the coherent
preparation of wave packets in the electronic ground
state.’®! Excitation resonant with electronic transi-
tions leads to the coherent preparation of wave
packets both in the electronic ground and excited
states,'% where the efficiency of the latter process is
usually larger for the case of long electronic excited-
state lifetimes.?>271% When the excited-state lifetime
is short compared to the coherence decay times of the
wave packet motions, the ground-state contributions
to the observed signals become more dominant. In
addition, vibrational coherent wave packet motion
has also been observed for cases where the coherence
is driven by rapid nonradiative processes, where
wave packets are observed in product states.'55 158
For electronic two-level systems, inspection of the
amplitude and phase of the oscillatory pump—probe
signals due to wave packet motions!®® has shown
that, in the case of off-resonant impulsive stimulated
Raman scattering, a 180° phase jump occurs at the
center frequency of the excitation pulse. The initial
phase for the off-resonant, impulsively driven, ground-
state wave packet is 90°. In contrast, for the case of
resonantly enhanced coherent low-frequency mode
excitation, the phase jump of 180° occurs at the
maximum of the absorption band. By scanning over
the whole absorption band, a total phase change of
360° occurs, whereas the phase flip for the excited-
state wave packet near the emission maximum is
180°. The excited-state wave packet has a phase of
either 0 or 180°, whereas the phase of the resonantly
driven ground-state wave packet depends on the
detuning of the excitation and detection frequencies
relative to the 0—0 transition, and on the displace-
ment sign of the potential energy surfaces, resulting
in varying values between 0 and 360°.

It is very important to investigate whether in the
case of hydrogen-bonded O—H/O—D stretching modes,
where similar potential energy surfaces for low-
frequency modes have been defined as for vibronic
systems (see section 2), coherent wave packet motions
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Figure 17. Schematic representation of the wave packet
generation upon coherent excitation of the O—H/O-D
stretching modes in hydrogen bonds, showing the excited-
state wave packet (a) and the ground-state wave packet
(b) in a single hydrogen bond. Due to Davydov coupling
and transition dipole selection rules in cyclic acetic acid
dimer, no wave packet between n; and n, states can be
generated. In panel (c), only wave packets in either of these
states of the Q, mode can occur, whereas the Q4 mode
shows the standard behavior for wave packet generation.

can also be generated (Figure 17). The observation
of such wave packets would represent an indepen-
dent time-domain confirmation of the anharmonic
coupling between the hydrogen stretching mode and
low-frequency hydrogen bond modes. Moreover, the
coherent time-domain response of the coupled system
sheds new light on the highly controversial issue of
to what extent the low-frequency motions are over-
or underdamped. Since the Franck—Condon progres-
sions are more pronounced the larger the displace-
ment of the potential energy surfaces is, i.e., the
larger the anharmonic coupling between O—H/O—D
stretching and hydrogen bond modes, medium-strong
hydrogen bonds represent interesting test cases to
explore such phenomena.

Recently, underdamped low-frequency wave packet
motions have been observed along moderately strong
intramolecular hydrogen bonds with well-defined
geometries, namely in phthalic acid monomethyl
ester (PMME-H),*?" its deuterated analogue (PMME-
D),*?5 and the deuterated analogue of 2-(2'-hydroxy-
phenyl)benzothiazole (HBT-D).1?6 The wave packet
motions have been detected in femtosecond infrared
pump—probe spectroscopy as coherent modulations
of the pump—probe signals on the O—H/O—D stretch-
ing transition, where the probe transmission was
detected either spectrally integrated'?’ or after spec-
tral dispersion using a monochromator and detector
array.!12125126,128 The wave packet motions have a
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Figure 18. (a) Stationary absorption spectrum of HBT-D
in toluene with spectra of excitation pulses centered at 2120
(dotted line) and at 2300 cm~! (dashed line). (b) Phase of
the oscillatory contributions for the red (squares) and blue
(dots) excitation pulses. A phase jump by 180° occurs at
the center of the absorption band, independent of the
excitation pulse. Reproduced with permission from ref 126.
Copyright 2001 Elsevier Science.

dephasing time on the order of 1-2 ps. In all cases,
oscillatory contributions due to a single coherently
excited low-frequency mode have been detected.
Comparison of the observed frequencies of these
oscillatory pump—probe signals with standard far-
infrared and Raman spectra and a vibrational analy-
sis of these molecular systems by quantum chemical
calculations have shown that the coherent wave
packet motions are due to a 100 cm™! out-of-plane
hydrogen bond deformation mode (PMME-H/PMME-
D) or a 120 cm~* in-plane hydrogen bond deformation
mode (HBT-D). Whenever a particular low-frequency
vibration exhibits a large modulation of the hydrogen
bond distance, the anharmonic coupling with the
O—H/O—-D stretching vibration is also substantial,
and thus a major contribution to the coherent modu-
lations in pump—probe spectroscopy occurs. Due to
the short lifetime of the voy = 1 state, the wave
packet generated via a resonantly enhanced Raman
process in the von = 0 state dominates the oscillatory
pump—probe signal. For HBT-D, this behavior is
evident from a phase jump of the oscillations by 180°
at probe frequencies close to the center of the O—D
stretching band (Figure 18). In the case of PMME-
H/PMME-D, however, wave packet motions in the
Voniop = 1 state have been identified by probing on
the vonop = 1 — 2 transition (Figure 19). Quantum
chemical calculations on PMME-H/PMME-D show
that, besides the 100 cm™* out-of-plane deformation
mode, several other modes couple significantly to the
O—H/O—D stretching mode.'?7.160-164 These other
modes, including the O:--O hydrogen bond stretching
mode and the O—H/O—D bending mode, have fre-
guencies above 300 cm™%, and thus a coherent excita-
tion is not possible within the spectral bandwidth of
130 fs infrared pulses.

Acetic acid dimer, a prototype for medium-strong
intermolecular hydrogen bonds, has only recently
been studied with ultrafast infrared spectroscopy.
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Figure 19. Decay of the excited-state vop = 1 — 2
absorption of PMME-D showing an excited-state wave
packet (dotted line) recorded at 2028 cm~*. For comparison,
the temporal behavior of the excited-state stimulated
emission vop = 1 — 0 frequency component obtained with
a singular value decomposition procedure is shown as a
solid line (T, = 400 fs), together with the spectral repre-
sentation in the inset (adapted from ref 125).

Such experiments have given insight into coupling
between the two carbonyl groups in the dimer*® and
into vibrational relaxation processes.'®® Oscillatory
contributions to pump—probe signals due to two
hydrogen bond modes have very recently been ob-
served in different isotopomers of the acetic acid
dimer, (CD3;COOH), (protonated dimer), (CH3;COOD),
(deuterated dimer), and (CD3COOH)—(CD3;COOD)
(mixed dimer)12128.129 (Figure 20). Besides a weakly
contributing 50 cm~! mode, strongly coupled in-plane
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hydrogen bond deformation and stretching modes
modulate the pump—probe signal with frequencies
around 150 cm™2. It should be noted that the coupling
to more than one low-frequency mode represents a
fact that is essential for a correct modeling of the
linear O—H/O—D stretching absorption and has not
been considered so far.

In the cyclic acetic acid dimer with two identical
hydrogen bonds, i.e., the isotopomers (CD3;COOH),
and (CH3;COOD),, the resonant (Davydov) coupling
of the oscillators leads to an energy splitting of the
Von = 1 states. The dipole selection rules for this case
have have been discussed in section 2.3, and result
in two separate progressions of vibrational lines
originating from the n;, = 0 and n;, = 1 levels in
the v, = O state (blue and red arrows in Figure 7).
Since the macroscopic pump—probe signal is deter-
mined by the time evolution during the population
period t;, where the molecular systems are in popula-
tion states given by the diagonal elements of the
density matrix, only one sort of coherent superposi-
tion is possible in an individual molecule, depending
on whether the n;, = 0 or n;, = 1 level is populated
for a particular low-frequency mode i. The two
resonantly (Davydov) split polarization components
originate from different molecules, giving rise to
independent additive contributions to the pump—
probe signal (Figure 17c). As a result, there is no
guantum beat between lines belonging to different
progressions; i.e., oscillatory signals reflecting the
resonant coupling V, are absent for a sequential
interaction between pump and probe. This conclusion
is supported experimentally by pump—probe signals
of the mixed dimer CD3;COOH—-CD3;COOD, where
any resonant coupling of stretching oscillators is
absent. Such signals display the same oscillatory
features as those from the dimers with two identical
hydrogen bonds. It should be noted that the ground-
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Figure 20. (Left) Pump—probe signals obtained on (CH3;COOD), in CCl, for three detection frequencies. (Center) The
oscillatory components (obtained after subtraction of the incoherent dynamics) showing a pronounced beating pattern.
Fourier transformation of these traces indicates three frequency components, ascribed to a weakly contributing 50 cm~1
mode, and to strongly coupled hydrogen bond deformation and stretching modes around 150 cm~!. Reproduced with

permission from ref 128. Copyright 2003 Elsevier Science.
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Figure 21. (a) Two-pulse photon-echo results obtained on
the O—H stretching transition of the mixed CD;COOH—
CD3COOD (solid line) and pure (CH3COOH), (dash—dotted
line) acetic acid dimers with femtosecond pulses centered
at 2940 cm~1. The temporal resolution is indicated by the
instantaneous signal response obtained on the pure solvent
CCly (dashed line). (b) Three-pulse echo peak shift showing
a rapid diminishing and oscillations due to a coherent
excitation of the low-frequency modes. Reproduced with
permission from ref 129. Copyright 2003 American Physical
Society.

state wave packets are induced via a resonantly
enhanced Raman process in the Q;y modes.

5.3. Dephasing of O—H Stretching Vibrations in
Medium-Strong Hydrogen Bonds

Molecular systems with medium-strong hydrogen
bonds exhibit O—H/O—D stretching vibrational bands
with extensive spectral broadening exceeding 500
cm~1.131516 This also occurs for systems with a well-
defined geometry. Apart from the Franck—Condon
progressions that, based on the pump—probe spec-
troscopic results, are expected to underlie the line
shape, other mechanisms should be responsible for
this broadening. The low-frequency hydrogen bond
modes that couple strongly to the O—H/O—D stretch-
ing modes are found to be underdamped and thus
cannot account for the strong broadening.%® Infrared
photon-echo spectroscopy provides, as in the case of
HOD:D,0, insight into this problem.'® In contrast
to the line shape of the weakly hydrogen-bonded
HOD, the decay of the macroscopic O—H/O—D stretch-
ing polarization is dominated by multilevel quantum
beats, originating from the anharmonic coupling of
the O—H/O—-D stretching mode to several under-
damped low-frequency modes of the hydrogen bonds.
This is the conclusion drawn from experiments on
the cyclic acetic acid dimer (the symmetric dimer
(CH3COOH); and the mixed dimer CD3;COOH—-CD3-
COOD)212° (Figure 21) and should also hold in
retrospect for the previously studied system PMME-
H.1% The O—H stretching line shape of the cyclic
acetic acid dimer results from transitions in a mul-
tilevel vibrational system. It is determined by an-
harmonic coupling to at least two low-frequency
modes, of which the hydrogen bond stretching mode
has a frequency dependent on the quantum state of
the O—H stretching vibration. In addition, Fermi
resonances with overtones or combination levels of
the C—0, C=0, and O—H bending vibrations may
contribute to the line shape,?* as well as Davydov
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coupling between the O—H stretching oscillators. The
interference of different nonlinear interaction path-
ways involving the anharmonically coupled low-
frequency modes leads to a multilevel quantum beat.
Due to the =1 ps dephasing time of the low-frequency
coherences, such quantum beats give rise to the
complex nonexponential decay and recurrences of the
photon-echo signals. Theoretical calculations of the
photon-echo signals which are based on a density
matrix approach and take into account the low-
frequency hydrogen bond modes at 50 and 150 cm~?
account for the experimental result.'?® Additional
oscillatory contributions to the signal could be caused
by macroscopic polarization beats due to the Davydov
coupling of the two O—H stretching oscillators. In
such a case, the electric fields radiated by the
excitonically split polarizations on different molecules
interfere on the detector and give rise to an additional
oscillation with a frequency vp; = 2Ve/h (h is Planck’s
constant) that should be on the order of 50 cm~1. The
similarity of the photon-echo data for the symmetric
dimer (CH3COOH), and the mixed dimer CD;COOH—
CD3COOD, where Davydov coupling is absent, sug-
gests that multilevel quantum beats dominate the
overall polarization decay.

Three-pulse echo peak shift measurements (3PEPS)
on PMME-H% and (CH3;COOH),*?° show a rapid
decay within the pulse duration, after which negli-
gible 3PEPS signal remains (Figure 21b). This indi-
cates that additional inhomogeneous broadening
processes can be discarded, as may be expected for
these hydrogen-bonded systems with well-defined
geometry. In contrast to the 3PEPS signal from HOD:
D,0, no additional interference effects occur due to
the five-level system nature of the O—H stretching
oscillator, since all phase memory is rapidly lost; i.e.,
the frequency fluctuation correlation function C(t) has
fully decayed within the first 200 fs.

Another feature shown by the 3PEPS signals is an
oscillatory modulation by the coherently excited low-
frequency hydrogen bond modes that are also respon-
sible for the oscillatory contributions in the pump—
probe signals. Coherent modulations of 3PEPS signals
have been observed previously for electronic transi-
tions of dye molecules in solution.67168 The wave
packet motions of the coherently excited low-fre-
guency modes modulate the shape of the three-pulse
echo signals due to the quantum beats.®° In the case
of the modulations of the infrared 3PEPS signals, the
same mechanism applies. When taking into account
the effects of quantum beats and the fact that no
additional significant inhomogeneity exists for the
cyclic acetic acid dimer, a homogeneous dephasing
time of T, = 200 + 30 fs is derived. This is found to
be consistent with transient hole-burning results that
show a spectral hole width of =50 cm~*. Assuming a
single transition to contribute to the spectral hole,
one estimates a transverse dephasing time T, =
1/(xI") = 200 fs (I is the full width of spectral hole).
If more than one transition contribute, the individual
T, would be longer; i.e., hole burning allows for the
estimation of a lower limit of T, only. The rather fast
homogeneous dephasing can be caused by the com-
bined effect of strong anharmonicity of the O—H
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stretching mode and solvent fluctuations, in a line
of argument similar to that used for HOD:D,0.57:67
In contrast to a small system such as HOD, however,
one also has to consider for the larger acetic acid
dimer or PMME-H/PMME-D the dephasing induced
by higher-order coupling with other intramolecular
modes. For instance, for PMME-D it has been shown
that a coupling that is quadratic in the O—D stretch-
ing coordinate and linear in intra- and intermolecular
modes leads to an ultrarapid dephasing on the order
of 100 fs.163.164

6. Vibrational Energy Redistribution and
Relaxation of O—H/O-D Stretching Vibrations

When a molecular vibration is excited, the molec-
ular system responds to this nonequilibrium situation
by redistributing the excess vibrational energy ini-
tially present in this vibration toward other modes
(intramolecular vibrational energy redistribution,
IVR) and by dissipation to the surrounding solvent
modes (vibrational energy relaxation, VER). IVR and
VER have been the subject of many studies for
several decades, especially in the context of radia-
tionless transitions of electronically excited states.17017t
Here, after internal conversion to the electronic
ground state, the interest lies in the VER process of
excess energy to the solvent.®8172173 For isolated
molecules in the gas phase, IVR can occur in the
coherent limit if the initially excited vibronic state
is coupled to a limited number of dark states. This
results in intrinsic recurrences in populations of the
excited states.174175

Numerous studies on vibrational relaxation in the
electronic ground state have been performed by use
of time-resolved vibrational spectroscopic techniques,
such as infrared-pump/infrared-probe, coherent anti-
Stokes Raman scattering (CARS), and infrared-
pump/anti-Stokes Raman-probe.®173.176-182 Mych ef-
fort has been put into the investigation of VER of
small (di- or triatomic) molecules in solution or in
protein surroundings,’”180 where a direct link with
theoretical studies is the main target.57:131.183.184 |n
hydrogen-bonded O—H/O—D stretching vibrations,
IVR and VER have been studied extensively, and the
typical time scales for such processes are much
shorter than for other types of vibrations. A similar
shortening of the relevant time scale was found for
hydrogen-bonded pyrrole complexes.’®® IVR and VER
in HOD:D,0 and H,0 will be discussed in section 6.1,
where the main characteristics of population relax-
ation of hydrogen-bonded O—H/O—D stretching vi-
brations are presented. We then treat recent work
on ions dissolved in water in section 6.2, and popula-
tion relaxation in medium-strong hydrogen bonds in
section 6.3. Work on alcohols is summarized in
section 6.4.

6.1. Population Relaxation Dynamics in HOD:D,0
and H,O

A large amount of work has been devoted to
vibrational relaxation of O—H/O—D stretching modes
in water. The first results on time-resolved infrared
spectroscopy on the O—H stretching mode of HOD:
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D,O were reported 12 years ago by Graener et al.'33
A lifetime of the O—H stretching mode of T(von) =
8 £ 2 ps was deduced from transient absorbance
changes induced with 11 ps infrared pulses, conflict-
ing with a saturation study with picosecond laser
pulses by Vodopyanov,8 where a value of T1(von) =
0.5 ps was derived. Today, the accepted value for
HOD:D,0 is between 0.5 and 1 ps.1137117.187-189 The
O—H/O—D stretching mode lifetime depends on tem-
perature. The T, value increases with temperature,
being about twice as large in liquid D,O as in solid
D0 ice.'®” The lifetime of the O—D stretching mode
of HOD in H,O is twice as long: Ti(vop) = 1.8
ps,11%121.136 whereas the bending mode was estimated
to have a lifetime of 0.6 ps < T1(0nop) < 1.2 ps.t36
The question now to be answered is how the vibra-
tional energy of about 3400 cm™! in the form of one
O—H stretching quantum in HOD is redistributed/
dissipated toward the other vibrational modes of
HOD, to those of the solvent D,O, and to the
hydrogen bond modes (175 cm™! stretching and 60
cm™! bending).®® In addition to the fundamental
levels of these vibrations, also the don = 2 overtone
state has to be considered a relaxation pathway since
it is often isoenergetic with the vony = 1 stretching
state.

In the lifetime study by Nienhuys et al. on HOD:
D,0,®8 a transient blue-shifted absorption of the
O—H stretching mode was found that appears
with a time constant identical to the population
relaxation time T;(vou) Of the initially excited O—H
stretching voy = 1 state. Since this study, the five-
level scheme of Figure 8 has often been used to
describe the population relaxation dynamics of the
O—H stretching vibration in hydrogen-bonded sys-
tems,112126,127,137,190-192 Nljenhuys et al. argue that the
hydrogen bond low-frequency modes are the main
acceptors of the O—H stretching vibrational excita-
tion energy. Due to the ultrafast relaxation, this
excess energy is redistributed efficiently into these
low-frequency modes, making them highly populated,
with a weakening of the hydrogen bond as a conse-
guence. The weakened hydrogen bond manifests
itself through a transient O—H/O—D absorption that
shows up blue-shifted compared to the original
spectral position of the voy = 0 — 1 transition. This
blue-shifted band thus appears with a time constant
identical to the T;(voun) lifetime. Upon vibrational
cooling due to energy dissipation to the solvent on a
much longer time scale, the transient blue-shifted
O—H/O—D stretching band decays on the order of
several tens of picoseconds. The observed increase of
Ti(von) with temperature is ascribed to a decrease
of hydrogen bond strength with temperature, making
the anharmonic couplings between the O—H stretch-
ing mode and the hydrogen bond low-frequency
modes weaker, where the latter function less ef-
ficiently as accepting modes.187.188

Although now the transient blue-shifted absorption
has been observed in a large collection of molecular
systems, the reason for the rapid O—H stretching
population relaxation as given by Nienhuys et al.
differs from conclusions of other groups, where the
Oon = 2 overtone state of the HOD bending mode is
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Figure 22. Anti-Stokes Raman transients for HOD in D,O
obtained after pumping the O—H stretching vibration.
About 10% of the O—H excitation generates O—D stretch-
ing excitations after its decay. The spectra in the bending
region show that equal amounts of bending excitations in
HOD and D,0O are observed, with a quantum yield of the
bending excitations via the stretching decay of 1.2 < ¢ <
2.0 (taken from ref 136).

assumed to couple the most efficiently with the O—H
stretching vibration (Figure 6a). Gale et al. found a
decrease of the O—H stretching excitation lifetime
the closer the excitation occurred to the frequency
position of this doy = 2 overtone state.'®® In addition,
theoretical studies by Rey and Hynes'®® and by
Lawrence and Skinner5194.19 have found that the
Von = 1 — don = 2 pathway is actually an important
one. We refer to the review paper by Rey, Mgller, and
Hynes for more details on the calculations of vibra-
tional relaxation of HOD:D,0.* The most direct
experimental evidence that energy relaxation (at
least partially) occurs through the bending vibrations
is due to Deak et al.,’® who have studied the IVR
and VER processes using infrared-pump/anti-Stokes
Raman-probe spectroscopy (Figure 22). Here it was
found that the bending vibration was excited with a
gquantum yield between 1.2 < ¢ < 2.0, meaning that
relaxation through the bending vibration is the most
important channel. Interestingly, excitation of the
bending and stretching vibrations of the solvent D,O
was also detected, hinting at a rapid energy transfer
to the solvent. Further studies have to be pursued
to investigate whether the energy redistribution
might occur to both bending overtone and low-
frequency hydrogen bond modes, and what relative
efficiencies and time scales are associated with these
pathways. We note that the five-level scheme can be
used as a general description of the population
relaxation dynamics of O—H/O—D stretching vibra-
tions, where the intermediate state is to be under-
stood as being due to nonequilibrium excitations of
any or a collection of the other vibrational modes in
the molecular system. For HOD:D,O these are the
HOD bend, torsion, or hydrogen bond low-frequency
modes or the low-frequency solvent continuum.
When the O—H concentration is increased to 1 M
or more, a decrease of the rotational anisotropy decay
has been ascribed to the effect of Forster resonant
excitation energy transfer, through a dipole—dipole
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interaction mechanism, that is possible when H,0
molecules are nearest neighbors in the liquid. In the
case of pure water, the anisotropy decay was found
to be faster than 100 fs, from which Woutersen and
Bakker conclude that interactions of higher order
than dipole—dipole play a significant role.*®” Reso-
nant intermolecular vibrational energy transfer be-
tween bilinearly coupled harmonic O—H stretching
oscillators has been found, in a quantum mechanical
wave packet study of clusters of water molecules in
solid and liquid phases, to be responsible for such fast
time scales.'®® In a more extended two-color pump—
probe study,¥71% [ock et al. revealed that the
population relaxation in H,O occurs with two char-
acteristic time scales, 260 fs, which was attributed
to T, population relaxation of the voy = 1 state at
room temperature (increasing to 320 fs at 358 K), and
550 fs, attributed to thermalization where the von =
0' intermediate state relaxes back to the vou = 0
ground state. The faster T, relaxation time in H,O
compared to HOD:D,O was ascribed to a better
resonance condition for the don = 2 overtone state
in the case of H,O. In contrast, Pakoulev et al. have
deduced from an infrared-pump/anti-Stokes Raman-
probe study that the process with the fast 0.26—0.32
ps time constant is due to a spectral diffusion process,
and the population lifetime T;(von) = 0.7 ps.t*° In the
latter study, several reasons have been given for the
faster spectral diffusion process in H,O (compare
with the 0.5—1.0 ps time constant found for HOD:
D0, see section 5.1). It can be due to faster breaking
and formation times of hydrogen bonds since O—H-:-O
bonds are weaker than O—D...O hydrogen bonds, the
von frequency is affected by four hydrogen bonds
rather than two in HOD:D,O, and in experiments
with H,O the temperature jump due to the strong
absorption of the infrared excitation pulse is much
larger than that in HOD:D,O.

A more detailed analysis of the O—H stretching
and bending Raman bands of H,O has led to the
claim that the O—H stretch band can be decomposed
into two sub-bands.81182 Vibrational relaxation in the
larger red-shifted sub-band (with T, = 0.55 ps) occurs
through the pathways voy = 1 — don = 1 (with a
relative efficiency 1/3) and voy = 1 — von = 0 (with
a relative efficiency 2/3). The blue-shifted sub-band
(T, = 0.75 ps) decays predominantly via voy = 1 —
Von = 0. The bending 6oy = 1 state decays directly
to the ground state with T; = 1.4 ps.

The influence of temperature, pressure, and the
ice—water phase transition on the O—H stretching
lifetime has been explored to some extent. Such
phenomena are discussed in the review by Rey,
Mgller, and Hynes'®¢ and in ref 200.

6.2. Population Relaxation Dynamics of Water
Molecules in lon Solvation Shells

When ionic compounds are dissolved in water, a
separation occurs between the ions due to solvation
by water molecules. The interest here lies in the
interaction mechanisms of solvation, where the pos-
sibility of hydrogen-bonding interactions in the sol-
vation shells around the ions have to be character-
ized. Kropman and Bakker have measured the
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Figure 23. Room-temperature isotropic pump—probe
scans of 6 M solutions of KF, NaCl, NaBr, and Nal, and
biexponential fits describing the population relaxation. The
pump frequency was 3450 cm~1, and the probe frequency
was 3200 cm~1. For a solution of KF, the decay is almost
identical to that of pure HOD:D,0. Reproduced with
permission from ref 203. Copyright 2003 Elsevier Science.

dynamics of O—H stretching bands of 0.1 M HOD:
D,0O with added molar amounts of the salts KF, NaCl,
NaBr, Nal, and MgCl,.2°1202 They have found in
infrared-pump/infrared-probe experiments that the
addition of the salts leads to components in the
response with long temporal characteristics, ascribed
to the dynamics of HOD molecules in the first
solvation shell around the ions. The vibrational
lifetime of the O—H stretching mode of HOD in the
proximity of an ion depends on the nature of the
anion, with the largest value for 1=, whereas for F~
the lifetime is almost identical to that of bulk HOD:
Ti(von) =3.1(17),2.9(Br7), 2.6 (Cl7),and 0.8 ps (F")
at 300 K202203 (Figure 23). In contrast, Laenen and
Thaller have reported an extended lifetime of the
O—H stretching mode with a value depending on the
nature of the cation.?%4-2% Kropman and Bakker have
shown that the conclusions of Laenen and Thaller
are erroneous due to insufficient detection sensitivity
and that only the anion has a strong influence on the
vibrational lifetime.?°” The temperature dependence
of T1(vown) of HOD bound in the solvation shell around
an anion shows a decrease with temperature, in
contrast to bulk HOD (see section 6.1). The facts that
in transient hole-burning experiments spectral shifts
have been detected with characteristic correlation
times of 15—25 ps,201:202 and that the anisotropy decay
also has an extended temporal component of 12 ps,2%8
indicate that the hydrogen-bonded network around
the ion has less structural flexibility than in bulk
water. From a determination of the orientational
correlation time of water molecules in Mg(ClO,),,
NaClO,4, and Na,SO, solutions, the conclusion has
been drawn that these changes in the hydrogen-
bonding network extend only to the nearest solvation
shell, and that bulk water is not affected.?®® In the
case of HOD molecules dissolved in a 10 M solution
of NaOD:D-,0, the observed dynamics of the O—H
stretching mode in an alkaline environment shows
two components for the vibrational lifetime decay,?*°
ascribed to HOD bound to DO (T1(Von) = 600 fs) and
HOD bound to D,O molecules or OD~ ions partici-
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pating in proton transfers between HOD and OD~
or deuterium transfers between OD~ and D,O
(T1(von) = 160 fs). The large difference in decay times
indicates a slow exchange between the two compo-
nents and is ascribed to a rigid hydrogen-bonded
network.

6.3. Population Relaxation in Medium-Strong
Hydrogen Bonds

The population relaxation dynamics of O—H/O—-D
stretching vibrations in medium-strong hydrogen
bonds show a behavior similar to that of HOD:D,0
(see section 6.1). The observed features have been
explained with the five-level scheme of Figure 8. A
red-shifted excited-state absorption vopop = 1 — 2
has been reported for PMME-D*?* and acetic acid
dimer.112128.129.165 B|ye-shifted transient absorption of
the hot ground-state von = 0' — 1' has been observed
in the cases of PMME-H,'?” PMME-D,'?® HBT-D,*?6
(CD3COOH),,'85 (CD3COOH),, (CH3CO0D),,*?® and
CD3COOH—-CD3COOD? (Figure 21). In all these
studies, the population relaxation time of the O—H/
O—D stretching mode is typically a fraction of the
value for HOD:D,O. The population relaxation ap-
pears for PMME-H and HBT-D to be <200 fs,?6:127
very close to the time resolution in these studies. For
PMME-D, a value of Ti(vop) = 0.4 ps has been
given.'® A very recent two-color pump—probe study
of acetic acid dimers has given a lifetime of 200 fs
for the v = 1 state of the O—H stretching oscillator.?!!
We note that these values for acetic acid dimer are
different from those found in an earlier study with a
time resolution of 2.5, ps where a value Ti(von) = 4
ps was claimed.'%®> For the O—H bending vibration,
a lifetime of 250 fs was measured.?'! Clearly, more
work has to be pursued to elucidate the population
dynamics in the acetic acid dimer. After the popula-
tion relaxation, the investigated molecular systems
typically show a simultaneous decay of the Vouop =
0 — 1 ground-state bleach and hot ground-state
absorption Vopiop = 0 — 1' on a time scale of 10—20
ps, indicating vibrational cooling by energy dissipa-
tion to the solvent.

A difference between weak and medium-strong
hydrogen bonds is the stronger Fermi resonance
interaction between the O—H/O—D stretching vibra-
tion and combination or overtone levels (in particular
due to the O—H/O—D bending mode). The resulting
infrared absorption line shapes for medium-strong
hydrogen bonds show multipeak structures that
may—at least partially—be due to level splittings by
the Fermi resonances (Figure 6b).?! In contrast to the
population dynamics of O—H/O—D stretching modes
in weak hydrogen bonds, where incoherent popula-
tion decay to dark overtone levels is assumed, here
it is more appropriate to consider the coherent
picture, where the vonop = 1 stretching and the
doniop = 2 bending levels mix strongly to form two
optically allowed states.”® Recurrences in population
are not expected for condensed-phase systems due to
the perturbing influence of the fluctuating solvent.
Recent studies on the O—H/O—D stretching band of
carboxylic acid dimers in the gas phase show the
importance of Fermi resonances for the vibrational
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line shape.??25212-214 Revealing IVR dynamics of
isolated carboxylic acid dimers will be important for
comparison with the IVR dynamics in solution where
the fluctuating solvent disturbs the phase of the
O—H/O—D oscillator on a fast time scale. It should
be noted that the room-temperature O—H band of
acetic acid dimers in solution is broadened (cf. Figure
2), whereas gas-phase spectra of cold isolated dimers
display narrow transition lines.?? Moreover, the
solvent can act as an additional acceptor of vibra-
tional energy when the O—H/O—D stretching oscil-
lator relaxes and the vibrational excesss energy is
redistributed (see also ref 196).

Although experimental studies still have to be
pursued to elucidate the vibrational couplings un-
derlying IVR in medium-strong hydrogen bonds,
theoretical work on medium-sized organic molecules
such as PMME has indicated that one can treat the
hydrogen bond vibrational system as consisting of the
OH/OD stretching, bending, and hydrogen bond low-
frequency modes that are strongly coupled to each
other,160-162 with the rest of the vibrational manifold
as an intramolecular bath. These additional intramo-
lecular modes, together with solvent modes, induce
dephasing and vibrational relaxation on time scales
<1 ps through higher-order coupling with the hydro-
gen bond vibrational system.163.164.215

6.4. Hydrogen Bond Cleavage in Alcohols

Alcohols form oligomers in nonpolar solvents, where
the size of the complexes depends on the concentra-
tions. The O—H/O—D stretching band shows several
sub-bands due to internal hydrogen-bonded OH/OD
groups, overlapping because of their bandwidth, as
well as an isolated band due to terminal non-
hydrogen-bonded O—H/O—D groups. We note here
that the same transient spectral features are to be
expected for hydrogen-bonded O—H/O—D vibrations,
e.g., in HOD:D,O (section 6.1) or in medium-strong
hydrogen bonds (section 6.3). In other words, the red-
shifted excited-state absorption and the blue-shifted
transient absorption of the hot ground-state contrib-
ute to the pump—probe signals as defined for the five-
level system in Figure 8. In alcohols, however, it has
been argued that an additional relaxation path
should occur: a channeling of the vibrational excita-
tion energy into the hydrogen bond with a bond
fission as a consequence.?'® This argument has been
put forward on the basis of a comparison of the
energy of one O—H stretching quantum with the
hydrogen bond binding energy. Infrared-pump/infra-
red-probe spectroscopy of the O—H stretching band
of hydrogen-bonded O—H groups has been performed
on a variety of alcohols, ranging from silanols?*7~219
and oligomers of methanol,??° ethanol,?'6221-223 gnd
sterically hindered 2,2-dimethyl-3-ethyl-3-penta-
nol??4-226 in nonpolar solvents to ethanol in deuter-
ated ethanol.??” From these studies, a fast relaxation
time for hydrogen-bonded O—H stretching vibrations
has been found (T1(von) = 0.45—0.6 ps for metha-
nol;??% note that longer lifetimes have been derived
for ethanol in studies with longer pulse durations???),
much shorter than that of a non-hydrogen-bonded
O—H groups, where the lifetime T;(von) = 8 ps.??8
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Recombination time scales after hydrogen bond cleav-
age are reported to be on the order of 9 ps for
methanol.??® The excitation dynamics of the C—O
stretching vibration of methanol and ethanol mono-
mers has also been studied, where a lifetime of 3.2
ps has been derived from the data.'®* Recent studies
of the OD stretching band of oligomers of methanol-
d, ethanol-d, and 1-propanol-d in nonpolar solution
have concentrated on the energy transfer after exci-
tation of the terminal non-hydrogen-bonded O—D
group??23% and of the hydrogen-accepting and -do-
nating O—D groups.?31232 A kinetic model has been
used to fit spectrally integrated signals, from which
hydrogen bond breaking and recombination times
have been derived. An infrared photon-echo study has
shown that frequency correlation exists between the
initially excited O—D stretching vibration and the
frequency-shifted O—D stretching band formed by
hydrogen bond breaking.?3® Polarization-dependent
studies have shown an orientational relaxation faster
than 200 fs in the case of ethanol, ascribed to a fast
O—H excitation transfer over the oligomer.??® Orien-
tational relaxation of isolated O—D stretching vibra-
tions of deuterated methanol within oligomers has
shown rotational diffusion contributions with 1.7 and
17 ps time constants, whereas the fast decay on
subpicosecond time scales in isotopically pure meth-
anol-d oligomers indicates the vibrational excitation
transfer.23

Vibrational energy transfer of alcohols after excita-
tion of the C—H stretching®>2% and the O—H stretch-
ing modes has also been investigated.?*” In particular,
the infrared-pump/anti-Stokes Raman-probe tech-
nique clearly shows how energy is redistributed
among the different vibrational modes.?3® In particu-
lar, the OH stretching excitation appears to be
redistributed among all other modes, whereas redis-
tribution after CH stretching excitation follows a
more direct pathway.?36237

7. Conclusions and Prospects

The extensive experimental and theoretical work
reviewed here demonstrates the potential of nonlin-
ear vibrational spectroscopy for reaching a micro-
scopic understanding of hydrogen bonds in liquids.
This field is of substantial current interest, with new
developments in ultrafast technology and spectros-
copy, e.g., toward multidimensional methods, and an
extension of research to complex hydrogen-bonded
systems going on. A number of important generalized
conclusions result from the work performed so far:

(i) O—H and O—D stretching excitations in weak
hydrogen bonds display vibrational dephasing and
spectral diffusion in the subpicosecond time domain,
with the fastest decay components in the sub-100 fs
regime. The fast dephasing is markedly different
from that of free O—H/O—D stretching vibrators and
is linked to the enhanced anharmonicity of the
hydrogen-bonded oscillators, which makes them more
sensitive to the fluctuating forces exerted by the
liguid environment. Theoretical molecular dynamics
simulations of HOD in D,0, considering vibrational
three-level systems in a fluctuating environment,
account for this fast dephasing. Two- and three-pulse
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photon-echo studies and molecular dynamics simula-
tions have provided insight into the frequency fluc-
tuation correlation function of this system, and a
number of fast femtosecond and slower picosecond
components have been derived. The interpretation of
such results is still somewhat conflicting.

(i) The dynamics of coherent O—H stretching
excitations in medium-strong hydrogen bonds is
strongly influenced by the multilevel character of the
vibrational system resulting from anharmonic cou-
pling to low-frequency modes. This coupling leads to
multilevel coherences strongly affecting the decay of
the macrosopic coherent polarization. For cyclic
dimers of acetic acid, the O—H/O—D stretching bands
consist of progressions of homogeneously broadened
lines with a 200 fs dephasing time and negligible
inhomogeneous broadening. As a result, spectral
diffusion is practically absent.

(iti) Low-frequency wave packet motions along
underdamped hydrogen bond modes have been in-
duced via ultrafast broadband excitation of the O—H/
O—D stretching oscillators in medium-strong intra-
and intermolecular hydrogen bonds. Such motions,
which modulate the length and the strength of the
hydrogen bonds, are damped with picosecond dephas-
ing times, i.e., much slower than the coherence decay
on the O—H/O—D stretching oscillators.

(iv) The population lifetimes of hydrogen-bonded
O—H/O—-D stretching oscillators are subpicosecond,
in a range from about 200 fs for medium-strong to
nearly 1 ps for weak hydrogen bonds. The pathways
of population relaxation are understood only in part;
both Fermi resonances with overtones and combina-
tion tones, including in particular the O—H/O—-D
bending modes, and the coupling to low-frequency
hydrogen bond modes seem to be relevant. The
dissipation of vibrational excess energy results in the
formation of a hot ground state characterized by a
blue-shifted O—H/O—D stretching absorption. Even-
tually, the hot ground state cools by energy transfer
to the surrounding liquid within tens of picoseconds.

(v) Cleavage and re-formation of weak hydrogen
bonds occur in the subpico- to picosecond time domain
and are thus relevant for the relaxation of vibrational
excitations.

The extension of such studies from liquids to
biologically relevant systems such as hydrogen bonds
in proteins represents an important direction of
research which will help to unravel the structure—
function relationships of biomolecules. In addition,
ultrafast hydrogen bond dynamics is highly relevant
for hydrogen- and proton-transfer processes both in
the electronic ground state and in vibronically excited
molecules. The observation of comparably long-lived
coherences in low-frequency hydrogen bond modes
may help to implement optical control of such reac-
tions by interaction with coherent infrared pulses
and/or pulse sequences.
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