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1. Introduction

In general, the structure and the dynamics of molecular
liquids are the result of a complex interplay between thermal
excitations of the particles and the interactions between
them.[1] It is generally accepted that the short-range order of
liquids, as revealed by X-ray and neutron scattering or by
atomistic computer simulations, is largely the result of the
repulsive forces between the molecules that arise from the
exchange interaction of their electrons. In contrast, attractive
forces, which may be due to dipole–dipole, dipole–induced-
dipole, or dispersion interactions depending on the chemical
structure of the molecular constituents of the system,[2] barely
affect the particle packing and mostly serve to stabilize the
liquid under the imposed thermodynamic conditions.[3]

The complexity is, however, substantially increased if
there is a need to account for hydrogen bonding between the
molecules.[4] This is because hydrogen bonding introduces
highly specific and anisotropic interactions between pairs of
particles containing light hydrogen atoms. As a consequence
of the small mass of the proton, quantum effects may become
important, which can only be taken care of properly in very
demanding quantum-chemical/quantum dynamic treat-
ments.[5] Alternatively, a plethora of empirical models and
more sophisticated electronic structure calculations have
been developed that can be used for highly efficient classical
simulations of a wide variety of physicochemical properties
for these associated liquids.[6] As a result of its directionality,
hydrogen bonding furthermore introduces a peculiar short-
range order that is not seen in simple non-associated liquids
and that is responsible for their exceptional physical and
chemical properties.

The most important associated liquid is unquestionably
water.[7] Its O-O radial distribution function gOO(r) obtained
either from experiment or from simulation uniquely shows
that each H2O molecule is embedded on average in a coor-

dination environment composed of approximately four
neighboring particles under ambient conditions.[8] This indi-
cates an exceptionally open local structure and contrasts with
the dense packing of simple atomic liquids with coordination
numbers of roughly 12. In addition, the distance ratio between
the first two maxima of gOO(r) of liquid water (2.73 �/4.44 �)
is very close to the distance ratio between the first and second
nearest neighbors in a diamond lattice, namely,

ffiffiffiffiffiffi

3=8

q

� 0.61.
These findings present unequivocal support for the existence
of a hydrogen-bond network that retains much of the
tetrahedral ordering that is characteristic of hexagonal ice
(ice-Ih). The tendency of the H2O molecule to coordinate
four nearest neighbors in a tetrahedral fashion originates
from its chemical structure, with two lone pairs of electrons
enabling them to accept two hydrogen bonds while serving at
the same time as a double hydrogen-bond donor.

As we will see later, hydrogen bonds are highly dynamic
because they represent a rather weak type of interaction
compared to ordinary covalent bonds. Hydrogen bonds can
break and reform constantly as a result of thermal excitations.
As a result of these structural rearrangements, the hydrogen-
bond network loses the solidlike spatial periodicity and its
formation becomes a short-range phenomenon that is random
in both space and time. Therefore, only one more very weak
maximum can be distinguished in gOO(r), which corresponds
to the third nearest-neighbor peak around r = 6.80 �, before

It is fair to say that if we ever wish to understand the anomalous
properties of water, we need to study hydrogen bonds. Such a statement
is based on statistical mechanics, which tells us how to calculate the
structure and the thermodynamic properties of fluids and dense liquids
from the forces between the particles. However, in the case of complex
associated liquids, such calculations present a formidable—if not even
insurmountable—challenge, which largely reflects our still-limited
understanding of the hydrogen-bonding phenomenon itself. More
experimental research on hydrogen-bonded systems is required to
develop a comprehensive, satisfactory theory for associated liquids.
This Review gives an introduction to the latest experimental technique
currently being used to study the ultrafast structural dynamics of
hydrogen bonds, namely two-dimensional infrared spectroscopy, and
its applications to hydrogen-bonded systems of systematically
increasing complexity, starting from the single hydrogen bond of a diol
to low-dimensional extended networks of stereoselectively synthesized
polyalcohols.
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all structural correlations are finally lost.[9] The structural
rearrangements within the network are ultrafast in nature.
From early studies on depolarized Rayleigh light scattering
(DRS),[10] incoherent neutron scattering (INS),[11] and nuclear
magnetic resonance (NMR)[12] it was concluded that these
dynamics occur on a time scale of about 1 ps. The breakage
and formation of hydrogen bonds is facilitated by the large
amplitude of so-called librational degrees of freedom, which
involve only pendulum-like motions of the light hydrogen
atoms while the molecular centers-of-mass remain at rest.
These unique intermolecular motions allow the network to
respond quickly to moving charges[13] and dynamic charge
redistributions,[14] thus making this liquid a unique medium
for reactive chemical, biochemical, and electrochemical
processes.

Since the structural dynamics associated with the hydro-
gen-bond network are so fast, their direct observation in the
time domain is difficult. As powerful as they are, the
experimental techniques mentioned above simply lack the
necessary time resolution. DRS or INS can provide us with
rich structural information, but only averaged over the long
periods required to collect the scattering data. To obtain
dynamical parameters, such as a hydrogen-bond lifetime, the
scattering spectra have to be fitted to certain line-shape
functions. Unfortunately, such results are valid only within the
framework of the theory that justifies the used line-shape
function and they are reliable only to the extent that the
underlying theory is valid. Furthermore, neither of the above
methods can reveal structure–dynamics correlations. It is
actually quite important to know whether or not the lifetime
of a hydrogen bond depends on its instantaneous configu-

ration, for example, on its O�H···O bond length and bond
angle. Thus, a method is required that has sufficient time
resolution to capture hydrogen-bond dynamics and that
provides us with a high sensitivity to the geometry of the
hydrogen bond.

Time-resolved infrared (IR) spectroscopy with femto-
second (fs) laser pulses[15] is a method that perfectly fulfills
these criteria. In the past, this technique has been shown to
yield highly informative results regarding the various dynam-
ical processes that can occur in liquid water or that can be
induced in the liquid upon IR irradiation. Among such
processes are fundamental molecular dynamics such as
rotational diffusion,[16] vibrational energy relaxation[17] and
redistribution,[18] excitation hopping,[19] vibrational spectral
diffusion,[20] and hydrogen-bond breakage and formation.[21]

These experiments have often been complemented by
insightful molecular-level simulations.[22] Instead of touching
upon all these aspects of aqueous dynamics, we refer at this
point to excellent reviews in the recent literature.[23] Here, we
wish instead to introduce the basic concepts of fs-IR laser
spectroscopy and in particular its two-dimensional variant
(2DIR)[24] for exploring hydrogen-bond dynamics in real time.
As a consequence of the complexity of water, caused by the
extension and the resultant spatially stochastic nature of its
network, it is more instructive to focus on simple model
systems featuring only a single or a few hydrogen bonds. This
allows us to better reveal the spectrotemporal IR fingerprints
of the various molecular dynamical processes that can
simultaneously occur in such networks, regardless of their
size and dimensionality.

Martin Olschewski studied Chemistry at the
University of Bonn and received his diploma
in 2009. His diploma thesis focused on the
examination of vibrational energy relaxation
of azide ions in liquid to supercritical water
by time-resolved infrared pump-probe spec-
troscopy. He is currently carrying out PhD
research centered on exploring hydrogen-
bond dynamics in supramolecular systems
using 2DIR spectroscopy.

Stephan Knop studied Mechanical Engineer-
ing and Chemistry in Aachen and Bonn. He
received his diploma in 2009 for research on
the vibrational dynamics in liquid amino
alcohols. His PhD program was focused on
unraveling the vibrational dynamics in
extended hydrogen-bonded chains through
2DIR hole burning. He is now in the process
of finalizing his PhD thesis and has already
accepted an employment offer from Retsch
Technology.

Jçrg Lindner studied Physics at the University
of Hannover where he received his PhD in
1990. In 1993, he went to JILA at the
University of Colorado, Boulder, to work for
two years as a postdoctoral fellow. From
1999 to 2004 he worked at the Biomolecu-
lar and Chemical Dynamics Group at the
Max-Planck-Institute for biophysical Chemis-
try and since 2005 he has been a senior
scientist at the Institut for Physical and
Theoretical Chemistry at the University of
Bonn.

Peter Vçhringer studied Chemistry at the
University of Gçttingen where he received
his PhD in 1991. Following two years of
postdoctoral work at the University of Penn-
sylvania, he joined the University of Karls-
ruhe, where he received his habilitation in
Physical Chemistry in 1999. From 1998 to
2003 he was a research group leader at the
MPI for biophysical Chemistry in Gçttingen.
In 2004 he became full professor of Physical
Chemistry at the University of Bonn, where
since 2011 he has also been the Spokes-
person of the Collaborative Research Center
“Chemistry at Spin Centers” of the German
Research Foundation.

.Angewandte
Reviews

P. Vçhringer et al.

9636 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 9634 – 9654

http://www.angewandte.org


2. OH Vibrations as Probes for Hydrogen-Bond
Structure and Dynamics

In a general hydrogen-donor/acceptor pair X-H···A, the
intramolecular X-H stretching vibration can be used as
a sensitive probe for the structure of the hydrogen bond.
This is readily illustrated by a relatively simple quantum
chemical calculation on one of the most primitive hydrogen-
bonded model systems, the CS-symmetrical open water dimer,
H2O···HOH (Figure 1 a).[25] In the following, we focus partic-

ularly on the triply deuterated water dimer, D2O···HOD,
where the only remaining proton is exclusively involved in
forming the hydrogen bond.[26] By analyzing this specific
isotopomer, perturbations of the dimer�s vibrational struc-
ture, which can occur in the OH stretching region because of
the various couplings among the four hydroxy groups, are
entirely suppressed. As a result, the hydroxy stretching
vibration is the highest frequency mode of the system and it
represents a true local mode.

At the level of theory used (RI-MP2/def2-TZVPP), the
optimized structure features a nearly linear hydrogen bond
with an O-H···O bend angle of 1738, an intermolecular O···O
distance rOO of 2.91 �, and an intramolecular donor O-H
distance rOH of 0.965 �. Next, we calculate the dimer�s
electronic energy as a function of the O-H displacement while
retaining all other internal coordinates, thereby constructing
the anharmonic OH stretching potential as shown in Fig-
ure 1b. This allows us to identify in an adiabatic approxima-
tion the vibrational eigenstates as well as the vibrational

transitions associated with the donor–hydrogen stretching
vibration.[27] For comparison, the OH stretching potential and
eigenstates of the HOD monomer in the absence of the
hydrogen acceptor are calculated in a similar fashion. The
fundamental OH stretching transition from v = 0 to v = 1 is
found at 3550 cm�1 for the dimer, while that of the monomer
is calculated to be 3706 cm�1. Both numbers are in excellent
agreement with experimental data.[28] Not only the funda-
mental transition but also all the corresponding overtones
(e.g. v = 0 to v = 2) and hot transitions (e.g. v = 1 to v = 2) are

shifted to lower frequencies relative to the mono-
mer because of the hydrogen bonding. It can,
furthermore, be noticed that the potential curve of
the dimer is much more anharmonic than that of
the monomer, thereby further enhancing the shift
of the vibrational transitions to lower frequency.

This exquisite sensitivity of the donating hy-
droxy oscillator to the presence of a hydrogen
acceptor can be understood in simple chemical
terms and from the charge-transfer character of the
hydrogen bond: as electron density is shifted from
nonbonding orbitals located at the acceptor oxygen
atom to antibonding orbitals of the hydroxy donor,
the O�H bond is weakened, the potential along the
OH distance is softened, and the OH frequency is
decreased. For the water dimer, this interrelation
can be formulated in a more quantitative fashion by
computing a so-called relaxed scan of the full 12-
dimensional potential energy surface of the system
along the intermolecular O···O distance rOO (Fig-
ure 1 c). Here, the (11) remaining nuclear degrees
of freedom were allowed to geometrically relax so
as to minimize the electronic energy at each preset
value of rOO while preserving the CS symmetry of
the dimer.

It can be seen that the motion along the O···O
distance is bound as it experiences a restoring force
(here, the binding energy of the hydrogen bond is
1875 cm�1 or, equivalently, 5.4 kcalmol�1). The
motion modulates the hydrogen-bond distance,

which is why this degree of freedom could be labeled
appropriately as the “hydrogen-bond stretching” vibration.
Fitting a Morse potential to the computational data near the
minimum yields an anharmonic frequency of 160 cm�1 for this
mode. In the spirit of the adiabatic approximation, an OH
local mode analysis can be carried out at each intermolecular
separation, thereby providing us with full information regard-
ing the dependence of the donor stretching vibrational
manifold on the geometry of the hydrogen bond holding the
two molecules together. Figure 1d shows the energy gaps (in
cm�1) corresponding to the fundamental (j 1> !j 0>) and
the first hot (j 2> !j 1>) transition of the anharmonic OH
stretching vibration as a function of the O···O distance, which
represents the anharmonic stretching vibration of the hydro-
gen bond.

It can be seen that the OH stretching fundamental ñOH

scales almost linearly with the O···O distance up to about
3.5 �. Upon further increasing the intermolecular separation,
the dependence of ñOH on rOO weakens to gradually approach

Figure 1. Results from an MP2 quantum chemical calculation of the water dimer.
a) Optimized structure indicating the intramolecular OH distance rOH and the
intermolecular OO separation rOO. b) Intramolecular OH stretching potential of the
HOD monomer (dashed gray) and of the D2O···HOD water dimer (black). The
vibrational eigenstates are indicated as horizontal lines. c) Intermolecular OO
stretching potential (circles) and fit to a Morse potential (solid curve). The gray
area represents a thermal probability density at room temperature. d) Vibrational
energy gaps corresponding to the fundamental (blue) and the first hot band (red)
as a function of the intermolecular OO separation. The gray curve corresponds to
the thermally broadened OH stretching infrared absorption spectrum.
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the spectral position of the OH stretching fundamental of the
HOD monomer in the gas phase (3705 cm�1). Similar
calculations can also be carried out along other coordinates
specifying the intermolecular configuration of the dimer, such
as the in-plane and out-of-plane O···H-O bend angles. Again,
motions along these coordinates are found to be weakly
bound and could appropriately be referred to as “hydrogen-
bond bending vibrations”. As before, specific correlations
exist between the intramolecular OH stretching transition
frequency and the intermolecular bending coordinates spec-
ifying the geometry of the dimer.

So far, we have only discussed the connection between the
OH stretching transition frequencies and the intermolecular
configuration in terms of a quantum-chemical calculation on
a simple water dimer at zero Kelvin. Such calculations have
been tested in depth by extensive high-resolution spectros-
copy on isolated hydrogen-bonded clusters in the gas phase.[29]

Although we are far from treating bulk water, some finger-
prints of the simple two-particle interactions considered so far
will still be present in the vibrational spectra of its condensed
phases. Firstly, the intermolecular degrees of freedom asso-
ciated with a bending or a stretching of hydrogen bonds are
indeed spectroscopically active. The calculations on the water
dimer suggest that these are connected with vibrational
wavenumbers around 200 cm�1 (6 THz). Thus, to observe
these modes through light absorption, far-infrared[30] (tera-
hertz) spectroscopy[31] needs to be conducted. Alternatively,
low-frequency Raman scattering can also be performed to
identify these nuclear degrees of freedom.[32]

Figure 2a displays the depolarized Raman spectrum of
liquid water just above the freezing point, which was obtained
by femtosecond optical Kerr effect (OKE) spectroscopy.[33]

As a full time-domain technique, OKE is capable of entirely
suppressing the elastic Rayleigh contribution and is, there-
fore, superior to frequency-domain light scattering for
accurately measuring the line shapes of such low-frequency
modes, in particular when the Raman cross-sections are small.
The OKE spectrum of liquid water consists essentially of
three, rather broad and almost structureless bands. A band

(R) extending from 350 cm�1 to way beyond the free spectral
range of the experiment of about 600 cm�1 originates from the
librational degrees of freedom of the liquid (i.e., the rota-
tional motion of the water particles that are hindered by
hydrogen-bonded nearest neighbor molecules; also called
“restricted rotation”). Another band (T1) centered around
180 cm�1 is caused by the “restricted” translational motion of
the water molecules in a direction parallel to the hydrogen
bond. This degree of freedom leads to a periodic stretching
and compression of the hydrogen bond and can thus be traced
back to the elementary motion of the water dimer along the
intermolecular distance rOO discussed above. Finally, a third
band (T2) with a maximum at 49 cm�1 is observed which is
also due to a restricted translation of the water molecules.
However, here the translational motion is directed perpen-
dicular to the hydrogen bonds and results in a deformation of
the noncovalent contact. It is, therefore, related to the
aforementioned bending of the hydrogen bond.

Whereas the intermolecular motions of the isolated water
dimer are purely periodic, the equivalent motions in the dense
liquid are heavily perturbed by interactions of the pairs of
hydrogen-bonded molecules with other neighboring particles.
Furthermore, the intermolecular degrees of freedom are
highly collective in nature, involving not only motions of
hydrogen-bonded pairs but also of larger structural entities
whose spatial dimensions are comparable to the next-nearest
neighbor O···O distance in the liquid.[32] By mimicking the
condensed-phase system in terms of classical molecular
dynamics and reducing the complex many-body forces to
pairwise interactions only (a one-dimensional projection of
which onto rOO is shown in Figure 1c), the influence of
thermal excitations on the vibrational spectra can be depicted
as follows. Under ambient conditions, the thermal energy is
roughly 200 cm�1, which gives rise to a distribution of
hydrogen-bond distances as indicated in Figure 1c by the
gray shaded area. This in turn, translates into an approx-
imately 100 cm�1 wide distribution of the OH stretching
fundamental frequencies and, hence, to a broad OH stretch-
ing vibrational spectrum (see gray area in Figure 1d).
Generally speaking, the very strong coupling between the
intra- and intermolecular degrees of freedom associated with
the hydrogen bond is reflected in 1) a very large shift to lower
frequencies and 2) an enormous spectral broadening of the
donor stretching resonance compared to the gas phase
spectrum. Finally, because of the charge-transfer character
of the hydrogen bond, the intensity of the OH stretching
resonance in the infrared region is dramatically increased for
the donor–acceptor complex compared to the isolated donor.

Switching now to the time domain: If we were able to
follow a single water dimer (in an ensemble of such dimers) as
a function of time, we would notice that it evolves along its
intermolecular coordinates in a highly erratic fashion. In fact,
the tagged pair performs a stochastic Brownian motion along
rOO as the other neighboring particles are intermittently
pushing and pulling at the hydrogen bond, thereby randomly
modulating the OH stretching potential of the donor, the O-H
vibrational frequency, and the corresponding anharmonicity.
This phenomenon is adequately termed “spectral diffusion”
because the OH stretching resonance of the tagged dimer

Figure 2. Vibrational spectra of liquid water. a) Intermolecular (“THz”)
spectrum of neat H2O near the normal melting point obtained from
Raman-induced optical Kerr effect spectroscopy. The spectrum is
numerically decomposed into contributions originating from librational
(R) and restricted translational (T1 and T2) degrees of freedom.
b) Intramolecular spectrum in the OH stretching spectral region of
HOD in liquid-to-supercritical heavy water at various temperatures.
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performs stochastic excursions along the frequency axis as we
continuously monitor it over time.

Having discussed the nature of the intermolecular degrees
of freedom of hydrogen-bonded systems and their coupling to
the high-frequency intramolecular stretching modes of the
donor, we now turn our attention to the infrared absorption
spectrum in the OH stretching region of monodeuterated
water, HOD, highly diluted in liquid to supercritical heavy
water, D2O (Figure 2 b). Under ambient conditions, the
spectrum is maximal at 3400 cm�1 and hence, shifted to
lower frequency by more than 300 cm�1 compared to the gas-
phase spectrum. Its full width at half maximum is about
220 cm�1. As the temperature is raised from about 300 K all
the way up to 670 K, thereby entering the supercritical phase
of the D2O solvent, the spectrum loses intensity, it gradually
shifts to higher frequencies, and the band narrows. These
effects can be easily understood from Figure 1: upon heating
the sample, the particle density diminishes and the average
interparticle distance increases. Consequently, the absorption
band shifts to higher frequencies as the density is decreased.
Kandratsenka et al.[34] established a correlation between the
OH stretching frequency and the mean nearest neighbor
O···O distance for bulk liquid water that relies on exper-
imental infrared spectroscopic data of HOD in liquid-to-
supercritical D2O, thereby essentially confirming frequency–
structure correlations for water that were derived from
various purely theoretical approaches.[20b, 22d,f] However, even
if such a frequency–structure correlation exists for a hydro-
gen-bonded system of interest, the linear absorption spectrum
(as measured by a conventional FTIR spectrometer) gives us
only an insight into the average structure and perhaps into the
distribution of structures. To get a handle on the underlying
thermally induced dynamics within this distribution of
structures, that is, the structural dynamics of the hydrogen
bond itself, we need to go beyond linear absorption spectros-
copy. To this end, time-resolved two-dimensional spectrosco-
py (2DIR) with ultrafast infrared laser pulses has been
developed and successfully applied to such problems over the
last few years.

3. Two-Dimensional Infrared Spectroscopy

The basic ideas of 2DIR are as follows. Consider
a molecular sample with an infrared OH stretching absorp-
tion band resulting from a broad inhomogeneous distribution
of hydrogen-bonded geometries. With the term inhomoge-
neous, we refer to the notion that the individual OH
oscillators do not suffer from spectral diffusion,[35] that is,
their motion along the intermolecular coordinates is frozen
out and, as a result, their individual frequencies are strictly
temporally invariant. If a spectrally narrow laser pulse (called
the “pump pulse”, duration 300–500 fs), whose center fre-
quency nPump is tuned somewhere into this OH resonance,
interacts with the sample, some of the molecules absorb the
IR photons and are promoted to their first excited vibrational
state (v = 1). Notice, however, that only those molecules can
absorb the photons whose OH-stretching fundamental falls
within the bandwidth of the laser pulse. Therefore, and

because of the frequency–structure correlation discussed
above, the pump pulse photoselects from the broad distribu-
tion of hydrogen-bond geometries a rather narrow sub-
ensemble of molecules with fairly similar hydrogen-bond
lengths and angles.[36] Since the vibrational ground state (v =

0) of these photoselected molecules is now depleted, the
sample features a diminished absorption at the frequency of
excitation. Thus, if we measure the spectrum of the sample
immediately after photon absorption, a dip (the “ground-state
hole”[37]) is observed at the spectral position of the pump. The
spectrum of the sample is measured with a second ultrashort
infrared laser pulse (called the “probe pulse”) whose
bandwidth is ideally large enough to cover the entire linear
absorption spectrum of the sample. In addition, the arrival
time of the probe pulse at the sample can be adjusted in
a variable fashion with respect to that of the pump. The
experimental observable is then the pump-induced absorb-
ance DOD(nPump,nProbe,t), that is, the difference between the
sample�s optical density OD[38] in the presence and in the
absence of the pump, as a function of the pump and probe
frequencies as well as of the pump-probe time delay t.

In this notation, the ground-state hole (i.e. the diminished
v = 0!1 absorption) corresponds to a negative DOD. As the
pump pulse also populates the first excited vibrational state of
the OH stretching vibration, an additional signal correspond-
ing to a negative DOD appears, which is due to the stimulated
v = 1!0 emission and which is indistinguishable from the
ground-state hole. Finally, a third signal with a positive sign
exists that arises from the v = 1!2 excited-state absorption
(ESA). This signal is markedly shifted to lower probe
frequencies compared to the hole/emission because of the
intrinsic anharmonicity of the vibrational mode being
pumped and probed. The resultant total pump-induced
absorbance is displayed schematically in Figure 3a as the

Figure 3. 2DIR spectroscopy. a) Collection of a series of infrared hole-
burning spectra by tuning a narrow-band pump pulse through a vibra-
tional resonance (see text for details). b, c) Contour representation of
the 2DIR spectrum at early (b) and late (c) waiting times. Spectral
diffusion randomizes the fundamental and transient absorption fre-
quencies.
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color-gradiented spectrum for a hypothetical absorption band
centered at 3500 cm�1 (blue) and a representative pump pulse
(white) that is tuned to the low frequency edge of the
resonance. Basically, the complete 2DIR spectrum is then
successively constructed by collecting a series of such pump-
induced infrared spectra for a variety of slightly different
center frequencies of the narrow-band pump pulse at a fixed
pump-probe time delay. The full DOD(nPump,nProbe) surface is
typically displayed as a contour representation, as shown in
Figure 3a (bottom).

Since we have assumed an inhomogeneously broadened
OH stretching absorption band resulting from a static dis-
tribution of intermolecular O-H···O distances and angles, the
spectral position along the probe frequency axis of the
ground-state hole and of the stimulated emission will strictly
follow the frequency of the excitation. As a result, the 2DIR
spectral contours will be elongated along the diagonal
(nProbe = nPump; Figure 3 b). Provided the anharmonicity does
not change across the absorption profile, the contours
representing the v = 1!2 excited-state absorption will feature
the same tilt; they will, however, be shifted away from the
diagonal because of the anharmonic character of the vibra-
tion. Moreover, the calculations on the water dimer and
a careful inspection of Figure 1d already demonstrate
uniquely that a gradually approaching hydrogen acceptor
not only lowers the OH stretching frequency of the donor but
it also increases its anharmonicity. Consequently, a greater
than diagonal tilt should be observed for the anharmonically
shifted absorption in the 2DIR spectra of inhomogeneous
hydrogen-bonded systems.

So far, we have only discussed a 2DIR spectrum that is
recorded immediately after absorption of the pump photon,
that is, at a pump-probe delay of zero. But what happens if we
wait for some time to elapse before recording the pump-
induced absorbance, DOD(nPump, nProbe, t> 0)? The excess
population created by the pump pulse in the v = 1 state
must decay to recover the equilibrium distribution that
existed prior to infrared excitation. Furthermore, what
happens to the 2DIR spectrum if the fundamental frequencies
of the individual OH oscillators changes with time, for
example, because of thermal excitation and Brownian motion
of the intermolecular O···O distance? In that case, the
individual OH oscillators no longer retain their memory
regarding the energy of the photon they absorbed at time
zero.

Exploiting once more the frequency–structure correlation
of the water dimer (Figure 1d), a given hydroxy group may be
excited at time zero by a pump pulse that is centered at
3500 cm�1 because it is engaged in a hydrogen bond with the
matching intermolecular separation of 2.65 �. As a result of
the thermal motion it might find itself at some later time
engaged in a much longer hydrogen bond with an intermo-
lecular separation of, for example, 3.20 �. Hence, it will no
longer be able to absorb a 3500 cm�1 photon because its OH
stretching fundamental has responded to the different inter-
molecular configuration by adopting a v = 0!1 energy gap of
3600 cm�1. Provided this OH oscillator retains its vibrational
excitation during the time period it will, therefore, contribute
a stimulated emission signal (i.e. negative DOD) that is

frequency-upshifted from the diagonal by 100 cm�1 along
nProbe (Figure 3b). On the other hand, an oscillator that had
a fundamental energy gap at time zero of 3600 cm�1 was
unable to absorb the initial pump pulse. However, it might be
able to absorb the probe light at that frequency a little later in
time because it experienced a compression of the hydrogen
bond, which down-shifted its OH stretching resonance by
100 cm�1 during the pump-probe time delay. This oscillator
will, therefore, partially refill the hole that was initially
burned by the pump at 3500 cm�1.

In other words, the spectral diffusion associated with the
hydrogen-bond dynamics homogenizes the OH stretching
resonance with increasing pump-probe delay, thereby broad-
ening the ground-state hole and making its spectral shape as
well as position independent of the pump frequency. The
same phenomenon is also seen in the spectral region of the
v = 1!2 excited-state absorption. As a consequence, the
2DIR contours evolve from being diagonally tilted at zero
delay (indicating an inhomogeneous resonance, see Fig-
ure 3b) to vertically elongated at infinite delays (indicating
a homogeneous resonance, see Figure 3c). The rate at which
the diagonal tilt vanishes provides immediate and quantita-
tive information regarding the dynamics of spectral diffusion
and the loss of memory of the OH oscillators regarding their
frequency of initial excitation.[39]

Superimposed on this dynamical evolution of the 2DIR
line shape is a temporal decay of the amplitudes of both signal
components, the ground-state hole/stimulated emission and
the anharmonically shifted v = 1!2 absorption. The decay is
due to the finite lifetime of the v = 1 excited state and
ultimately to the repopulation of the vibrational ground state
that was initially depleted by the pump. The population
relaxation is strongly dependent on the molecular system
itself, on the details of its vibrational structure, and of course
on the choice of the solvent.[40] What also appears highly
intriguing about 2DIR spectroscopy is, therefore, its ability to
unravel the lifetime of the v = 1 state (e.g. through the
temporal decay of the v = 1!2 absorption) as a function of
the pump frequency and hence, as a function of the hydrogen-
bond geometry that is photoselected by the pump, provided
the infrared line shape is indeed broadened inhomogeneously
at early delays.

During the last couple of years, 2DIR spectroscopy has
advanced enormously in terms of theoretical understanding
and instrumentation.[24b] The above “dynamic hole-burning”
experiment that was originally developed by Hamm et al.[41]

and that relies on tuning a narrow-band pump pulse through
the linear absorption profile of the sample has the drawback
of a relatively poor time resolution, as dictated by the Fourier
theorem. To improve this aspect it is advantageous to replace
the narrow-band (rather long) pump pulse by a coherent pair
of much shorter broadband excitation pulses,[42] thereby
providing a frequency comb for excitation whose fringe
spacing is given by the reciprocal of the interpulse delay t1. In
such an approach, the time period t2 between the second
excitation pulse and the probe pulse adopts the role of the
pump-probe delay of the hole-burning experiment and is
often denoted “waiting time”. Collecting with interferometric
precision a set of pump-probe spectra for each interpulse
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delay and subsequently Fourier transforming along t1

retrieves the full 2DIR spectrum for a preset waiting time t2.
A detailed comparison between the two techniques, that is,
2DIR hole-burning versus Fourier-transform 2DIR spectros-
copy, has been made by Cervetto et al.[43] A photograph
displaying the 2DIR spectrometer at Bonn University is
reproduced in Figure 4. It clearly highlights the instrumental
complexity of this cutting-edge technique, and it demon-
strates that there is still a long way to go before this powerful
technique becomes a standard analytical tool in chemical
research. Nevertheless, a first commercial spectrometer that
is based on acousto-optic pulse shapers and that can be
interfaced to ultrafast mid-infrared laser sources has recently
become available.[44]

4. A Pair of Weakly Coupled Hydrogen-Bonded
Hydroxy Groups

To better understand the influence of hydrogen bonding
on the vibrational spectra of systems as complex as bulk liquid
water, it is quite instructive to systematically increase the
complexity of the hydrogen-bond network itself. Let us,
therefore, begin with a simple hydrogen-bonded “dimer” of

hydroxy oscillators. The noncovalent contact can be repre-
sented by the intramolecular hydrogen bond of a diol such as
1,8-dihydroxynaphthalene (DHN). To suppress any perturb-
ing interactions of the system with the surroundings as much
as possible, a nonpolar solvent such as carbon tetrachloride
can be chosen. The FTIR spectrum in the stretching region of
this compound and the structural data obtained from DFT
calculations are displayed in Figure 5a,b, respectively. The

molecular geometry of DHN is fully planar and the param-
eters of the inter-hydroxy configuration suggest a binding
energy of the hydrogen bond that is similar to that of the
water dimer. Indeed, at the DFT level RI-BP86/def2-TZVPP,
the fully planar C2v-symmetrical DHN conformer that fea-
tures two free OH groups is roughly 2180 cm�1 higher in
energy than the global minimum conformer shown in Fig-
ure 5b.

The FTIR spectrum consists of two well separated OH
stretching bands: a rather narrow high-frequency band that
originates from the hydrogen-accepting hydroxy group
(denoted a-OH or “free” OH) and a broader band at lower
frequencies that is undoubtedly due to the hydrogen-donating
hydroxy group (d-OH or “bound” OH). The shift to lower
frequencies and the width of the d band are fully in line with
the above considerations on the water dimer. The 2DIR hole-
burning spectrum at the earliest waiting delay of 600 fs is
shown in Figure 5c. It displays two negative bands (a01 and
d01) along the diagonal axis that correspond to the ground-
state holes/stimulated emissions of the two oscillators a and d.
Spectrally downshifted by roughly 180 and 220 cm�1 along the
probe axis, their corresponding excited-state absorptions (a12

and d12) appear as positive signals. All four peaks are
significantly tilted toward the diagonal, thus indicating
substantial inhomogeneous broadening and incomplete spec-
tral-diffusive homogenization of the absorption band after
600 fs.

Figure 4. Fourier-transform fs-2DIR spectrometer. An ultrafast Ti:sap-
phire laser system synchronously pumps two independently tunable
mid-infrared light sources (a and b). During operation, their pulse
energies and spectra are continuously monitored by diagnostics (c). A
Mach–Zehnder interferometer (d) generates a coherent pair of ultra-
short pump pulses that can be variably delayed in (e) with respect to
an ultrashort probe pulse. The three pulses are spatially overlapped in
the sample (f). The probe pulse is spectrally dispersed in a grating
monochromator (g) and its frequency-dependent intensity is measured
by an array detector (h). The thermodynamic conditions of the sample
(pressure and temperature) can also be independently controlled (i).

Figure 5. 2DIR spectroscopy of 1,8-dihydroxynaphthalene. a) Linear
OH stretching absorption spectrum. b) DFT-optimized geometry and
hydrogen-bonding structural parameters. c) and d) 2DIR spectra after
600 fs and 2.0 ps, respectively. e) and f) Corresponding simulated
spectra and peak assignments.

2D IR Femtosecond Spectroscopy
Angewandte

Chemie

9641Angew. Chem. Int. Ed. 2013, 52, 9634 – 9654 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


After 2.0 ps, the 2DIR spectrum has changed considerably
(Figure 5d). Firstly, the diagonal elongation of the v = 0!
1 band of the free OH has completely vanished, while some
small residual tilt of the corresponding band of the bound OH
is still discernible. This indicates that the hydrogen-donating
hydroxy oscillator suffers from different spectral diffusion
dynamics than the free hydroxy group that serves as an
acceptor. We can interpret this finding through a different
reorientational mobility of the two OH moieties under
thermal conditions. While the a-OH group can undergo
quite a wide range of out-of-plane torsional excursions, the d-
OH group is conformationally locked by the hydrogen bond.
Secondly, we notice that the amplitudes of both the hole/
emission band and the excited-state absorption band of the
bound hydroxy group have decayed relative to those of the
free hydroxy group. Notice that the two spectra shown in
Figure 5c,d are both normalized to the diagonal band of the
a-OH. This observation clearly shows that the v = 1 state of
the bound hydroxy group has a shorter lifetime than that of
the free hydroxy group. Apparently, it seems as if hydrogen
bonding accelerates the vibrational relaxation dynamics.

Most amazingly, another distinct and unexpected negative
band (aX) is observed upon pumping the free OH and probing
near the bound OH (i.e. at nPump = 3585 cm�1 and nProbe

� 3460 cm�1). An explanation for this prompt “cross” peak
requires the two hydroxy oscillators to be mutually coupled
and that they share a common vibrational ground state. In
other words, exciting the a band depletes not only the v = 0
state of the acceptor but also that of the donor or,
alternatively, the vibrational excitation of the a-OH is also
experienced by the d-OH. To be more quantitative, the
magnitude of the coupling can also be estimated from
quantum-chemical calculations. To this end the electronic
energy V(ra,rd) of DHN is calculated in the vicinity of the
equilibrium geometry as a function of the two OH bond
distances ra and rd. While the second derivatives @2V(ra,rd)/
@ra

2 and @2V(ra,rd)/@rd
2 are proportional to the square of the

harmonic frequencies na and nd of the two local OH
oscillators, the mixed partial derivative @2V(ra,rd)/@ra@ra is
proportional to their coupling b.[45, 27] At the DFT level of
theory stated above, we find an interaction energy of �8 cm�1

for the two OH stretching oscillators of DHN. In light of the
total splitting of the two infrared bands of 133 cm�1, this
coupling is rather small and the two stretching vibrations
should be considered as local modes. The interaction is,
however, sufficient to slightly, but noticeably, delocalize the
vibrational excitation and, thus, to give rise to this peculiar
cross-peak.

The 2DIR spectra can be simulated within the framework
of nonlinear response functions as developed by Mukamel[35]

and by using the local mode description. This approach
provides an intuitive interpretation of the individual diagonal
and cross-peaks in terms of stretching anharmonicities D, as
well as the various intermode couplings b. Since the inter-
action between the two OH oscillators is mutual, the question
might be asked as to why the other cross-peak dx does not
appear when the pump and probe frequencies are swapped.
An inspection of the vibrational level scheme of DHN
derived from such model simulations (Figure 6) reveals that

this cross-peak is almost perfectly suppressed by an equally
intense induced absorption (dC) arising from a transition of
the lower one-quantum state (whose character is mostly
“bound-OH fundamental”) to the upper state of the two-
quantum manifold (essential character of a fundamental
excitation in each of the two oscillators).

The model simulations provide further, more quantitative
information regarding the line-broadening dynamics as well
as the vibrational relaxation dynamics. The random fluctua-
tions of the vibrational energy gaps that give rise to spectral
diffusion are usually treated as a stochastic Gauss–Markov
process that is characterized by a correlation time tc and
a mean-squared amplitude of the frequency excursions dn2.
For DHN, one finds that the bound OH oscillator retains its
memory regarding the initial frequency of excitation for more
than a picosecond (tc = 1.4 ps), while the free OH resonance
is completely homogenized within a few hundred femto-
seconds (tc = 0.7 ps). The vibrational lifetimes of the two
oscillators are 0.7 ps and 6.4 ps for the bound and free OH
groups, respectively.

5. A Pair of Fully Decoupled Hydrogen-Bonded
Hydroxy Groups

The previous section has demonstrated that local OH
stretching oscillators can be coupled and that their vibrational
excitation can be partially delocalized. This intermode
interaction exists even though the two vibrating bonds do
not share a common atom, as is the case, for example, in
monomeric water molecules, where this kinetic energy
coupling contributes significantly to the splitting into sym-
metric and antisymmetric OH stretching fundamentals.[46] It

Figure 6. Vibrational level diagram of DHN in the local mode repre-
sentation. Anharmonicities D of the bound and free local OH stretch-
ing modes and their mutual coupling b can be extracted from the
2DIR spectrum. The vertical arrows on the right indicate the various IR
transitions between the fundamental and overtone levels. Their thick-
ness symbolizes the squared magnitude of the corresponding transi-
tion dipoles and, hence, the 2DIR peak intensities. The numbers
indicate transition wavenumbers in cm�1.
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seems reasonable to assume that the contribution of the
potential energy to the coupling depends on the relative
alignment of the two hydrogen-bonded hydroxy groups and
that we can actually tune this coupling by modifying the
spatial configuration of the noncovalent contact.

The formation of a hydrogen bond is increasingly
facilitated as the donor–acceptor distance decreases and as
the angle between the two OH groups decreases. In DHN,
these are almost perfectly parallel, spanning an angle of about
38. In the closely related aromatic diol, 1,2-dihydroxybenzene
(DHB or catechol), this angle is opened up to 548 (Figure 7),

thereby causing the O-H···O bend angle to decrease to about
1158. At the same time, the donor–acceptor separation as
measured by the O···O and OH···O distances goes up
dramatically. Compared to DHN, the weakened hydrogen
bond of DHB is also reflected in a much shorter OH bond
length of the donor and, consequently, in a much higher OH
stretching frequency of the donor, as expected. This is fully
confirmed upon inspection of its infrared spectrum. Once
again, two absorption bands are observed; however, now the
donor resonance is shifted to a higher frequency by more than
100 cm�1 relative to that of DHN. As a result, the donor–
acceptor splitting becomes less than 50 cm�1, thus indicating
that the hydrogen-bonding interaction has indeed been
enormously reduced. The question is now: what are the
consequences of the modified donor–acceptor alignment for
the 2DIR spectrum?

As shown in Figure 7c, the early time 2DIR spectrum
features the expected diagonal peaks of the two types of
oscillators. The bleaching/emission peaks (a01 and d01) appear
at the proper fundamental frequencies, while the absorptive
transitions to the two-quantum states (a12 and d12) appear
anharmonically shifted to lower probe frequencies by about
180 cm�1. The contours of all four signals are diagonally tilted.

Most importantly, however, no prompt cross-peaks are
discernible, thereby confirming that the two OH stretching
oscillators are indeed fully decoupled. A DFT potential along
the two local stretching coordinates further corroborates this
conclusion. After 3 ps, the 2DIR spectrum has not changed by
much, with the exception of the shapes of the contours, which
have become more vertically elongated as a result of spectral
diffusion (see Section 2). The 2DIR spectrum after 10 ps is,
however, quite astonishing. Off-diagonal peaks, which were
clearly absent at early times, now begin to show up (at nPump =

3615 cm�1, nProbe = 3569 cm�1, and at nPump = 3569 cm�1 and
nProbe = 3615 cm�1) and they even continue to increase relative
to the diagonal peaks as the waiting time is further increased.
Similar “delayed” cross-peaks are noticeable in the v = 1!2
region, but because of the short lifetime of the d-OH stretch,
their intensity is heavily suppressed.

The origin of the delayed appearance of these cross-peaks
needs to be clarified. Let us consider the “northwestern”
cross-peak in the fundamental region: The diol is pumped at
3615 cm�1, which depletes its vibrational ground state and
gives rise to the diagonal peak at nProbe = 3615 cm�1 where the
vibrational excitation of the a-OH contributes a stimulated
emission signal. An emission that peaks at the resonance of
the d-OH at nProbe = 3569 cm�1 can only occur if the vibra-
tional excitation is transferred during the waiting delay from
the free OH stretch to the bound OH stretch. Likewise, the
gradual appearance of the “southeastern” cross-peak signals
that vibrational excitation is transferred in the opposite
direction from the bound OH stretch pumped at 3569 cm�1 to
the free OH stretch emitting at 3615 cm�1. There are basically
two distinctly different mechanisms that can account for the
transfer of vibrational excitation from one mode to the other.

Referring to the vibrational manifold of the uncoupled
anharmonic local modes shown in the energy level diagram of
Figure 6, the two fundamental quanta of the a- and d-OH (i.e.
j 01> and j 10> , respectively) are energetically very close. In
fact, their energy gap is less than the thermal energy. A
spontaneous uphill transition from j 10> to j 01> can occur if
the required, but missing, energy is supplied by a low-
frequency mode of the solvent or of the diol itself. In the first
case, we speak of vibrational energy transfer (here, from the
solvent to the solute) and in the second case, we speak of
intramolecular vibrational energy redistribution. Similarly,
a spontaneous downhill transition from j 01> to j 10> can
occur if the released excess energy is absorbed by a low-
frequency mode of the solvent or solute. This sort of energy
relaxation does not occur immediately, but instead requires
some finite time,[46a,b] which is why the intensity of the
emissive and absorptive cross-peaks would grow with an
increasing waiting delay.

An alternative mechanism is based on the relaxation of
the molecular structure of the diol rather than on the
relaxation of its vibrational energy. Imagine at time zero,
the free OH stretching vibration is excited and we would
detect its stimulated emission and ground-state hole exactly at
the diagonal frequency. During a finite waiting time there is,
however, the possibility that the hydrogen bond breaks and
that the free OH converts into a bound OH. In turn, this
process might cause the hydroxy group that initially served as

Figure 7. 2DIR spectroscopy of catechol. a) Linear OH stretching
absorption spectrum. b) DFT-optimized geometry and hydrogen-bond-
ing structural parameters. c)–e) 2DIR spectra after 600 fs, 3.0 ps, and
10.0 ps, respectively. f)–h) Corresponding simulated spectra based on
a chemical exchange between bound and free OH groups.
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the hydrogen donor to transform into a new free hydroxy
group. During this rearrangement, the hydrogen bond has
reversed its direction and we, therefore, call it a hydrogen-
bond reversal, or “flip-flop”.[47] After the rearrangement, the
hydroxy group that was initially excited at 3615 cm�1 as a free
a-OH will now be seen in stimulated emission as a bound d-
OH at 3569 cm�1, provided the vibrational lifetime of the a-
OH is sufficiently long for the structural relaxation to occur.
Of course, the reverse process of exciting an initial d-OH and
probing it as a final a-OH will also take place with equal
probability. Apparently, the “flip-flop” process causes a spec-
tral diffusion of the OH resonance between two discrete
states namely, a-OH and d-OH. Spectral diffusion occurring
in such a discrete basis of states is also called “chemical
exchange”.

Whether or not such a structural “flip-flop” isomerization
is at all possible depends on the topology of the multidimen-
sional potential energy surface (PES) of the diol. There are
essentially only two nuclear degrees of freedom that are of
particular relevance for the hydrogen-bond reversal of
catechol. These are the two CC-OH torsions, and considering
that the CCO and COH bend angles never deviate much from
their equilibrium values, they uniquely define the relative
angular orientation of the two OH groups.

Figure 8a displays the potential energy of catechol as
a function of these two dihedral angles q1 and q2 (level of
theory RI-BP/def2-TZVPP). The PES is a highly complex,
corrugated landscape with numerous minima and maxima.
For q1 = 1808 and q2 = 08, the molecule assumes its global
minimum structure 1, which we assign (arbitrarily) to a right-
to-left-oriented hydrogen bond in Figure 8b. For q1 = 1808
and q2 = 1808, the two OH dipoles point in opposite directions
and the hydrogen-bond interaction between them is fully
eliminated. Nevertheless, the fully planar structure (not

shown) having two free hydroxy groups at the same time
corresponds to a local PES minimum, which is energetically
higher by about 3.9 kcalmol�1 (or equivalently, 1350 cm�1)
than structure 1. Nonplanar structures with two free OH
groups are inherently unstable and they give rise to very high
energy barriers of about 11.5 kcalmol�1 (approximately
4000 cm�1).

What is most intriguing about the PES is a rather deep
valley that interconnects right-to-left hydrogen-bonded con-
figurations such as 1 with those that have a left-to-right
oriented hydrogen bond such as 1* (Figure 8b). The latter
structure is energetically degenerate with 1 and emerges from
it by simply swapping the two dihedral angles q1 and q2. These
two otherwise identical configurations are separated by a true
saddle point on the multidimensional PES (i.e. by a transition-
state structure �) at q� = q1 = q2 = 37.58. A motion of the
molecule in the vicinity of the saddle point that is directed
along the bisector q1 = q2 can be described as a conrotatory
dual CC-OH torsional isomerization in which the two
hydroxy groups rotate synchronously and in the same sense
(e.g. both clockwise or counterclockwise). A motion near the
saddle point that occurs perpendicular to the bisector, that is,
q1 = 2q��q2, is equivalent to a disrotatory dual CC-OH
torsional isomerization, where the synchronous rotation of
the two OH groups occurs in the opposite sense (i.e. one OH
turns clockwise and the other one counterclockwise).

The minimum energy path within this valley constitutes
the reaction coordinate x for the hydrogen-bond flip-flop and
it is highlighted in the full PES by the white arrow. A one-
dimensional cut through the PES along the flip-flop coor-
dinate is presented in Figure 8c together with the Boltzmann
density at room temperature. In this representation, the PES
reduces to a simple double-well potential and the transition
state projects onto the peak of an intermediate barrier. After
correction for the zero-point energy, the threshold for the
hydrogen-bond reversal along the flip-flop coordinate
amounts to a mere E0 = 3.0 kcal mol�1 (or equivalently,
1000 cm�1), thus suggesting that the system is fully fluxional
at room temperature.

To test this notion, we calculate a thermal rate constant
kTST(T) by using canonical transition-state theory (TST).[48] To
this end, we conduct a normal mode analysis of the optimized
structure as well as of the transition state. This provides us
with their harmonic frequencies, which we need to compute
the vibrational partition functions Q1 and Q� of structures
1 and �. From Equation (1), where kB is Boltzmann�s
constant, h is Planck�s constant, and T is the temperature,
and realizing that for symmetry reasons the forward and
backward rates are equal, we obtain a characteristic time tex =

1/2kTST(T) of 22 ps at 300 K between left-to-right- and right-
to-left-oriented hydrogen bonds.

kTSTðTÞ ¼ ðkBT=hÞ ðQ1=Q�Þ expð�E0=kBTÞ ð1Þ

Furthermore, the motions along the flip-flop coordinate
strongly couple to the two OH stretching vibrations of
catechol. This is demonstrated by performing at a vibrational
analysis of the instantaneous geometry of the molecule at
every value of x (Figure 8d). Deep in the potential wells, the

Figure 8. Hydrogen-bond flip-flop in catechol. a) Potential energy sur-
face relevant to hydrogen-bond reversal from DFT calculations.
b) Snapshots of catechol along the flip-flop coordinate. c) One-dimen-
sional cut through the surface along the flip-flip coordinate and
classical Boltzmann density P(x) (gray). d) Instantaneous OH stretch-
ing frequency as a function of the flip-flop coordinate and mapping
onto the linear absorption spectrum.
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hydroxy stretches are fully decoupled and they are best
described as local modes. In contrast, directly at the barrier
top, the two OH oscillators become symmetry-degenerate
and any finite coupling between them fully delocalizes the
vibrations such that they are best described as symmetric and
antisymmetric normal modes of the transition state. Most
importantly, the unique interrelation between the OH
stretching frequency and the instantaneous geometry of the
molecule along the flip-flop coordinate is responsible for
spectral diffusion and vibrational line broadening, as well as
for a dynamical exchange between the OH stretching vibra-
tional resonances of free and bound OH groups by virtue of
the hydrogen-bond flip-flop dynamics.

Finally, to extract a rate constant for the exchange
dynamics from the experimental 2DIR data, the nonlinear
response function formalism can be employed again together
with a simple kinetic model that describes the interconversion
between the two structures with oppositely oriented hydrogen
bonds (Figure 7 f–h). The simulations retrieve an exchange
time of 19 ps, which is indeed in excellent agreement with the
ab initio rate constant derived from TST and the DFT
potential. Altogether, the data on catechol displayed in
Figures 7 and 8 represent a very nice example of the utility of
2DIR spectroscopy as an ultrafast laser-based variant of
chemical-exchange spectroscopy,[49] which was established
a long time ago in the context of nuclear magnetic reso-
nance.[50]

We close this section by drawing the analogy of the flip-
flop motion of catechol to the disrotatory in-plane hydrogen-
bond exchange motion of the hydrogen fluoride dimer, which
has been analyzed in great detail in terms of tunneling
splittings by Quack and Suhm.[51]

6. Extended Chains of Hydroxy Groups

So far, we have only discussed systems with isolated
hydrogen bonds. In nature, hydrogen bonding is often
a cooperative phenomenon that leads to the formation of
extended networks such as in liquid water or in ice. To
systematically study the effects of such a network formation
on the vibrational dynamics of OH stretching oscillators,
various research groups have studied oligomeric alcohol
clusters dissolved in nonpolar liquids.[52] In particular, for
concentrations above 0.05m, ethanol forms hydrogen-bonded
chains and rings in carbon tetrachloride solution. As shown in
Figure 9, the aggregation can easily be verified in the infrared
spectrum, where different types of hydroxy groups can be
distinguished. The OH groups of residual monomers (a) and
OH groups of aggregates that dangle into the nonpolar
solvent (b) give rise to a very sharp band at 3620 cm�1. A
weaker, slightly lower frequency band centered at 3500 cm�1

is typically assigned to hydroxy groups that terminate chain
aggregates as hydrogen donors (g). The most prominent band
has a maximum around 3320 cm�1 and is assigned to OH
groups (d) that serve as both hydrogen donors and acceptors
in the interior of the aggregates.

Research on these clusters has mostly focused on the
dynamics of vibrational relaxation following an initial funda-

mental OH stretching excitation.[52d–g] Lifetimes below 1 ps
were found and a vibrational predissociation was proposed as
the relaxation mechanism (see below). A particular compli-
cation arises in oligomeric alcohols in nonpolar solvents from
the fact that an excited OH stretching oscillator is always in
spatial proximity with other non-excited oscillators. More-
over, excited and non-excited hydroxy groups may experience
very similar hydrogen-bond configurations. As a result, their
OH stretching fundamental energy gaps may become instan-
taneously degenerate, whereupon the vibrational excitation
can very quickly hop from one molecule to another. Such
a resonant transfer of vibrational energy is dipole-induced
(just like in Fçrster�s resonant transfer of electronic energy)
and leads to a rapid loss of memory regarding the frequency
of the initial excitation.[52d,19] Furthermore, we have already
seen that OH stretching excitations can be (partially)
delocalized over two OH groups of a single molecule,
provided the intramolecular hydrogen-bond configuration
gives rise to a considerable coupling between the two local
modes. The question may then be raised as to whether the OH
stretching vibrations of intermolecular aggregates are actually
strictly localized on an individual molecule or already
delocalized over many particles.[17d, 18a,22n,o, 53a–c] Lastly, the
system of alcohol oligomers is stoichiometrically not well
defined and it is impossible to distinguish between the various
clusters of different sizes. In addition, cyclic aggregates
coexist with chain oligomers, neither of which can be uniquely
discriminated. Therefore, molecular systems would be ideal
that allow for full control over the size of the hydrogen-bond
network (i.e. the number of hydroxy moieties) as well as over
the network dimensionality (i.e. one-dimensional wires, two-
dimensional rings or grids, or full three-dimensional meshes).

Figure 9. FTIR spectrum of a 0.2m solution of ethanol in carbon
tetrachloride. Various types of hydroxy groups of ethanol monomers
and oligomers contribute to the OH stretching region of the spectrum.
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Paterson and Scott[54] developed an iterative, boron-
mediated aldol-based strategy to assemble extended poly-
propionates, such as those shown schematically in Figure 10.
For our purposes, the molecules can be thought of as
saturated hydrocarbons bearing a stereoregular 1,3-anti-
methylation pattern. The repulsive interactions between the
bulky methyl substituents are responsible for a strong pro-
pensity of the alkanes to adopt an extended linear-chain
conformation rather than a randomly coiled conformation,
which would otherwise prevail under ambient conditions.

We imagine for a moment all of the C atoms of the
stretched alkane backbone to be lying in a plane perpendic-
ular to the paper plane. Hydroxy groups are now attached to
every remaining carbon atom along the alkane chain in either
a 1,3-syn or a 1,3-anti arrangement. In the former case, all the
hydroxy groups are located on the same side of the backbone
plane and are, therefore, oriented favorably for formation of
an extended hydrogen-bond network. In contrast, in the latter
case, alternating hydroxy moieties are located on opposite
sides of the backbone plane and consequently, a network
formation is expected to be strongly inhibited. Paterson and
Scott carried out NMR spectroscopic studies to test for the
presence of hydrogen-bonding interactions in these sys-
tems.[54] Each hydroxy proton of an all-syn-polyol was found
as a distinct and well-separated singlet, thereby fully con-
firming the existence of a well-defined unique intramolecular
hydrogen-bond network. In other words, each hydroxy proton
experiences its own characteristic chemical environment that
is stable on the NMR time scale. Quite in contrast, all the OH
protons of the all-anti-polyols collapse into a single NMR
signal, which indicates that such a well-defined and stable
network does not exist in these diastereomers.

The DFT-optimized structures (RI-BP86/def2-TZVPP)
for the homologous series of Paterson�s all-syn-polypropi-

onates are displayed in Figure 11. As an example,
let us discuss the tetrol structure (b) in more
detail. All four hydrogen-bonded contacts are
very similar, with a very short O···O distance of
(2.65� 0.06) �, that is, similar to DHN. In
addition, adjacent OH bonds are neatly lined up
and span angles of 88, 158, and 188. A slight
curvature of the hydrogen-bonded array is likely
to reflect some residual dispersion interaction
between 1,5-syn-oriented methyl groups. The
oxygen atom of the benzyl ether residue (a
leftover of the chemical synthesis) serves as
a terminal hydrogen acceptor such that a free
OH group is prevented. Scanning along the four
local OH stretching coordinates provides har-
monic local (“site”) frequencies of 3481 cm�1,
3463 cm�1, 3423 cm�1, and 3482 cm�1. Further-
more, nearest neighbor intermode couplings of
�(20�2) cm�1 are obtained and there is even
a significant next-nearest neighbor coupling of
�3 cm�1. Thus, and in contrast to DHN, the
magnitude of the interaction between the modes
is similar to the difference in their site frequen-
cies and we can expect the formation of more
delocalized excitations such that the OH stretch-

ing vibrations of the tetrol can also be suitably described as
collective normal modes.[55]

The results of a normal mode analysis are compiled in
Figure 12 (upper panels). Once again focusing on the tetrol,
the lowest frequency normal mode arises when all four OH
oscillators move periodically in phase. It has a frequency of

Figure 10. Paterson-type arrays of hydroxy groups (OH wires) can be understood as
saturated hydrocarbons that are guided into an extended linear-chain conformation
through a repetitive 1,3-anti-methylation pattern. A simultaneous 1,3-syn-hydroxylation
favors the formation of a collective hydrogen-bond network, whereas a 1,3-anti-
hydroxylation inhibits the formation of such a network. For simplicity, methyl groups
are depicted as gray balls. The residues R’ and R’’ represent a methyl and a benzyl
group, respectively.

Figure 11. DFT-optimized structures of the series of all-syn- (top) and
all-anti-polypropionates (bottom): diol (a,e), tetrol (b,f), hexol (c,g),
and octol (d,h). Note, the octols have not been synthesized yet. All
hydrogen atoms except hydroxy hydrogen atoms are removed for
clarity.
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3407 cm�1 and carries most of the infrared oscillator strength.
In contrast, the highest frequency mode is formed when the
four OH vibrators move periodically out of phase. It has
a frequency of 3494 cm�1 and is only weakly IR active. What
we are phenomenologically describing here is basically
a linear chain of coupled oscillators, and the physics of the
chain excitations is highly reminiscent of exciton states of
coupled electronic chromophores[56] such as in Scheibe�s J-
aggregates or in chlorophyll assemblies of photosynthetic
pigments.[57] It is not at all unreasonable to label the above all-
syn-polyols as “V-aggregates” or “vibrational aggregates”.[58]

However, the mechanism of the coupling in electronic
aggregates is pure transition dipole–dipole interaction
between optical chromophores, whereas in our chains of
hydroxy groups there is hydrogen bonding in addition to
dipole–dipole coupling between the infrared chromophores
(i.e. the OH oscillators). In the point-dipole approximation,
the strength of the dipole–dipole coupling scales with the
inverse cube of the distance and depends on the relative
angular orientation between the two interacting units.[57] One
speaks of vibrational excitons (a term originating from solid-
state physics)[59] when the assumption is made that the dipole–
dipole coupling mechanism suffices to describe the interac-
tion between spatially nearby hydroxy oscillators. In the
context of 2DIR spectroscopy, such a model has been
originally introduced to describe the vibrational excitations
of coupled carbonyl groups in extended peptide chains.[41,60] In
the context of hydrogen-bonded Paterson-type chains of
hydroxy oscillators, the quality of the exciton model has also
been assessed recently by using geometrical parameters of the
chain from DFT calculations.[55b] It turns out that the dipole–
dipole interaction energy can account for about 50–70% of
the coupling between hydrogen-bonded OH groups in the
stereoselectively synthesized linear OH arrays. The exciton
model is also very well developed for numerical simulations
of the OH vibrational spectroscopy of liquid water.[22n,o,53a–c]

The presence of thermal excitations will lead to fluctua-
tions of the structure of the linear chain, which in turn will

translate into fluctuations of the OH “site” frequencies and
into fluctuations of the intermode couplings. To get an idea of
the structural variations of such systems under ambient
conditions, one can carry out classical molecular dynamics
(MD) simulations. Representative slices of dynamical trajec-
tories obtained from such computer experiments (Langevin-
MD, AMBER) are shown in Figure 13 for the all-syn- (left

column) and for the all-anti-tetrol (right column). It must be
emphasized that there are actually more than 120 different
backbone conformations of the all-anti diastereomer that lie
within an energy of 6 kcal mol�1 in the classical force field.
Structural transitions between different backbone conformers
occur on a time scale of about 1 ns and are, therefore, slow
compared to fluctuations of the relative orientations of the
hydroxy groups defining the hydrogen-bond network. There-
fore, Figure 10 compares two MD trajectories where the
polyol backbone was fully extended.

Figure 13 a,b display the four CC-OH torsional angles as
a function of time. Since the motion along the backbone
torsions is slow on the 50 ps window of the time slice, the set
of angles gives a quick overview of the relative alignment of
the OH moieties in the network. In particular, for the all-syn
diastereomer, when two hydroxy groups are parallel to each
other, their corresponding dihedral angles are similar and the
hydrogen bond between them is fully formed. In contrast,
when they point in opposite directions the two CC-OH
torsions differ by about 1808 and the hydrogen bond is
broken. Whenever all four dihedral angles are similar, the
entire network is intact. The MD simulations demonstrate
that the all-syn-polypropionates undergo mostly fluctuations
with small amplitudes and that breakage of the hydrogen
bond is a relatively rare event. In the time slice shown in

Figure 12. Normal-mode analysis of the stereoselectively synthesized
polyalcohols and their FTIR spectra in nonpolar liquid solution at
room temperature. Note the continuous spectral shift of the band with
increasing chain length of the all-syn species, which is absent in the
all-anti diastereomers.

Figure 13. Time slices of Langevin molecular dynamics trajectories of
the all-syn- (left column) and all-anti-tetrols (right column). The
simulation temperature was 300 K and the friction coefficient was
0.1 ps. a) and b) Time-dependent torsional angles. c) and d) Torsional
probability distributions.
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Figure 13 a, such occasional events can be observed from
816 ps onwards where initially the two OH groups 3 and 4
(Figure 13 for the numbering convention) suffer from a spon-
taneous hydrogen-bond flip-flop, thereby breaking the non-
covalent contact between OH-2 and OH-3. Within 2 ps, the
full network is re-established, but after another 2 ps the
terminal hydroxy group reorients by approximately 1608, thus
cleaving the hydrogen bond between OH-3 and OH-4 over
a time period of about 700 fs. Around 825 ps, another network
disruption can be observed involving OH-1 (and to some
extent also OH-2) and lasting for about 800 fs.

Inspecting the complementary time slice for the extended
conformer of the all-anti-tetrol (Figure 13 b), we note that the
fluctuations are of much larger amplitude and occur
extremely rapidly compared to the all-syn diastereomer.
Indeed CC-OH torsional transitions occur multiple times in
a period as short as 1 ps, thus indicating that the hydrogen
bonds are very weak, that they are highly fluxional and that
their lifetime is shorter than 500 fs. A numerical analysis of
these trajectories yields, for example, probability distributions
along the torsional degrees of freedoms as exemplified for the
two tetrols in Figure 13c,d. From these one can easily extract
CC-OH torsional free energy landscapes. The MD simula-
tions are fully in line with the NMR results. They confirm that
the all-syn-polypropionates adopt unique structures exhibit-
ing an extended hydrogen-bond network that is stable on
a nanosecond timescale, whereas their all-anti counterparts
are highly fluxional within the CC-OH torsional potentials
such that a structurally well-defined hydrogen-bond network
cannot be identified. Furthermore, whereas the all-syn-
polyols strongly prefer a stretched backbone conformation
that supports the collective hydrogen-bond network, the all-
anti diastereomers can thermally access a large number of
distinctly different backbone conformers at room temper-
ature, each of which features its own structural dynamics
related to the noncovalent OH···OH-contacts.

Let us now go back to Figure 12 (bottom panels) and
inspect the experimental OH stretching infrared spectra of
these polyols under ambient conditions. In the case of the all-
syn-polyols, the OH stretching region is dominated by
a broad, structureless, and strongly red-shifted band resulting
from hydrogen-bonded hydroxy groups (d-OH). Free OH
groups are very weakly discernible only for the all-syn-diol
around 3624 cm�1. Importantly, the dominating d resonance
shifts markedly to lower frequencies with increasing network
length. This behavior is perfectly reproduced by the DFT
calculations and reminds us of the bathochromic shift of the
lowest electronic transition of J-aggregates with increasing
delocalization length of the exciton.[57] However, the exper-
imental spectra of the polyols are highly broadened, having
spectral bandwidths well in excess of 100 cm�1. In light of the
couplings of about 20 cm�1 between neighboring OH groups,
it must be concluded that the stretching vibrational excita-
tions are mostly localized on the individual hydroxy sites.
Therefore, an “exchange” narrowing (as is typical for J-
aggregates) is not observed for the vibrational resonances
upon increasing the chain length.[56]

The infrared spectra of the all-anti-polyols greatly resem-
ble the spectrum of ethanol oligomers with a pronounced

d band and a slightly weaker a/b peak. The splitting into two
bands indicates that hydrogen bonding is still possible but also
that it is indeed inhibited by the unfavorable stereochemistry.
As opposed to the all-syn-polyols, a gradual shift to lower
frequency with increasing chain length is not observed. This
behavior is also reproduced in the DFT calculations, which
reveal nearest neighbor couplings for the extended backbone
conformers of no more than 10 cm�1, that is, roughly half of
the OH···OH interactions in the all-syn diastereomers.

The different coupling strengths obtained for correspond-
ing diastereomers has an impact on the dynamics of both
vibrational relaxation and vibrational spectral diffusion. In
the left column of Figure 14, a series of 2DIR hole-burning

spectra are shown for the all-syn-hexol together with its FTIR
spectrum. At early waiting delays, a diagonally elongated
ground-state hole/stimulated emission is seen. In addition,
a diagonally stretched excited-state absorption is also
observed and appears to be anharmonically shifted by about
200 cm�1. Note that this value is similar to the anharmonicity
of uncoupled local hydroxy oscillators, thereby signaling that
despite of the favorable stereochemistry, the OH stretching
excitations of the all-syn-hexol are predominantly local in
character at room temperature.

As the waiting time is increased, the induced v = 1!2
absorption decays (indicating vibrational relaxation) and the
diagonal tilt vanishes (indicating spectral homogenization).
The transition from an inhomogeneously broadened 2DIR
line shape at early waiting delays to a homogeneously
broadened one at later delays is further emphasized by the
ellipse added to the 2DIR spectrum at 3.5 ps, whose long
principal axis is aligned mostly parallel to the pump-fre-
quency axis. Furthermore, the form of the contours of the
2DIR bleaching/emission peak at early waiting times is highly

Figure 14. Two-dimensional infrared spectra of the all-syn- (left
column) and all-anti-hexol (right column) in liquid CDCl3 at room
temperature recorded at various waiting delays. The top panels display
the linear FTIR spectra of the two compounds.
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interesting. Spectral holes burned into the high frequency
wing of the OH stretching band (say at 3450 cm�1) appear to
be much broader than those burned into the low-frequency
wing (e.g. at 3300 cm�1). This behavior is highlighted by the
white contour representing the pump and probe frequency
pairs, where the differential optical density has decayed by
a factor of two relative to the maximal bleaching/emission
signal located on the diagonal at nPump = nProbe = 3380 cm�1. It
can be seen that this 50% contour has the peculiar shape of
a semicircle that is titled by 458. The arc of the semicircle
extends well into the spectral region to the left of the diagonal
while its base closely follows the diagonal. The appearance of
the contours can be understood in light of the results
discussed in Section 4.

From systems with two coupled hydroxy groups, such as
DHN, we have learned that a pair of bleaching cross-peaks is
to be expected and which appears promptly with the laser
excitation. However, it was also noticed (see Figures 5 and 6)
that one of these cross-peaks (namely dX, that is, pumping d-
OH and probing a-OH) is concealed by an absorptive
transition (dC) from the pumped d-OH fundamental to the
combination level. In the case of an assembly of a larger
number N of coupled OH oscillators, the vibrational manifold
consists of a ground state, N fundamental states bearing one
quantum of excitation (one-exciton states), and N(N+1)/2
states with two vibrational quanta (two-exciton states). The
latter set of levels is composed of N overtone states bearing
two quanta in the same mode and N(N�1)/2 combination
states bearing two quanta in different modes.

Assuming the N site frequencies to be statically distrib-
uted across the linear OH stretching band, the 2DIR
spectrum in the fundamental region of the assembly will
feature N diagonal peaks and N(N�1) cross-peaks. As well as
these N2 bleaching/emission signals, there will be N2(N+1)/2
absorptive signals, namely, N transitions from the fundamen-
tals to their overtones states, N(N�1) allowed, and N2(N�1)/2
forbidden transitions from the fundamentals to the combina-
tion tones. Provided the local anharmonicities are much
larger than the site-frequency splittings, which in turn are
smaller than the couplings, the set of fundamental cross-peaks
and the set of allowed absorptions from the one-exciton
manifold to the combination levels will largely cancel each
other in the spectral region below the diagonal of the 2DIR
spectrum (i.e. where nprobe> npump). Since such cancellation
effects do not happen for nprobe< npump, the v = 0!1 region of
the 2DIR spectrum becomes asymmetrically distorted with
respect to the diagonal. In the presence of dynamical line
broadening, cross- and diagonal peaks will strongly overlap
and will ultimately merge into a single unresolved bleaching/
emission peak that decays much more rapidly below the
diagonal than above.

The temporal evolution of the 2DIR spectrum of the all-
anti hexol is displayed in the right column of Figure 14.
Focusing first on the data taken at a waiting delay of 500 fs, it
can be noticed that the spectral holes burned into the d-OH
resonance of the all-anti-hexol are much narrower than those
of the all-syn-hexol. We can attribute this finding directly to
the diminished couplings between adjacent hydroxy groups in
reversing the stereochemical arrangement of the OH groups

from 1,3-syn to 1,3-anti. In the limit of vanishing couplings, no
fundamental cross-peak would survive. Although not as
pronounced as before, the asymmetric shape of the 2DIR
contours with respect to the diagonal is nonetheless discern-
ible in the unfavorable stereochemistry. Disregarding the
presence of the a-OH resonance, the two sets of 2DIR spectra
are strikingly different in their line-broadening dynamics.
Whereas the fundamental region of the all-syn-hexol is
completely homogenized after 3.5 ps, the bleaching/emission
peak of the all-anti diastereomers remains diagonally tilted
(cf. white ellipse). This long-lived inhomogeneity is a direct
consequence of the conformational diversity of the hydro-
carbon backbone when the OH groups are improperly
configured and is revealed as such by the 2DIR data only
because transitions between different backbone conformers
are slow compared to the OH stretching vibrational lifetimes.

This brings us to the dynamics of the vibrational
relaxation of the networks. Figure 14 demonstrates that the
anharmonically shifted absorption decays within a few ps
because of the finite lifetime tvib of the v = 1 states. It seems
that the all-anti-hexol features a slightly longer lifetime than
its all-syn counterpart, which is in agreement with the findings
presented above on the simpler diols that vibrational
relaxation accelerates upon hydrogen bonding. Since the all-
anti-polyols feature weaker hydrogen bonds than all-syn-
polyols, there even seems to be a direct correlation between
the strength of the noncovalent contact and the v = 1 lifetime.
From what we have learned in Section 2 regarding the
correlation between the OH stretching frequency and the
hydrogen-bond geometry, we are led to raise the question of
whether or not it is even possible to quantify this correlation
by measuring the vibrational lifetime as a function of the
pump frequency. The time-dependent 2DIR spectra enable us
to do exactly this, namely, by plotting as a function of time the
pump-induced optical density—integrated over the probe-
frequency window covering the excited state absorption—for
a variety of selected pump frequencies. Representative results
of such an analysis are collected in Figure 15 for the two
diastereomeric hexols. A complementary analysis for the
tetrols was previously published in Ref. [55b].

It can be seen that the decay of the v = 1 induced
absorption of the all-syn-polyol depends only weakly on the
pump frequency. Tuning the pump pulse all the way through
the resonance causes tvib to change by no more than 30 %.
Thus, the vibrational relaxation dynamics appear almost
homogeneous with respect to the excitation frequency. In
contrast, the vibrational lifetime of the all-anti-polyol is
a highly sensitive function of the spectral position of the pump
pulse within the OH stretching absorption band. More
precisely, tvib decreases from 1.8 ps to 0.8 ps (i.e. by more
than a factor of two) when tuning the excitation pulse from
the high to the low-frequency edge of the resonance. There-
fore, the dynamics of vibrational relaxation appear heteroge-
neous with regard to the excitation frequency. This totally
distinct behavior of the two diastereomeric alcohols can again
be rationalized by the different inter-hydroxy couplings.

Above, it was concluded that in solution at room temper-
ature, the OH stretching excitation should be considered as
being localized on individual OH groups regardless of the
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stereochemistry. The hopping time, that is, the average time it
takes the excitation to jump from one local hydroxy site to
another, can be crudely estimated from the coupling b

through Fermi�s golden rule of thop = (kBT/h)/(2pcb)2, where
kB denotes Boltzmann�s constant, h is Planck�s constant, and c
is the speed of light. Using the DFT results for the couplings
and a temperature T of 300 K, the vibrational excitation can
be expected to reside on an individual OH vibrator for about
440 fs in the all-syn-polyols or for roughly 1.8 ps in the all-anti
diastereomers. Thus, depending on the stereochemical
arrangement of the OH groups, excitation hopping within
the v = 1 OH stretching manifold may or may not efficiently
compete with vibrational energy relaxation and recovery of
the v = 0 ground state. In addition, our notion of 2DIR hole
burning may break down simply because the vibrational
excitation can substantially randomize among all the OH

groups constituting the hydrogen-bonded chain even within
the duration of the narrow-band (and, hence, temporally
long) pump pulse. In simple terms, heterogeneous relaxation
dynamics are observed for all-anti-polyols because the inter-
hydoxy couplings are small and the residence time of the
excitation on a local site is long. As a result, the narrow-band
pump can photoselect from the inhomogeneously broadened
resonance a sub-ensemble of OH oscillators, each of which
relaxes with its own unique vibrational lifetime. Accordingly,
narrow-band ground-state holes arise in the 2DIR spectrum
at early waiting delays. In contrast, homogeneous relaxation
dynamics are observed for all-syn-polyols because the inter-
hydroxy couplings are large and the residence time is short.
Consequently, the narrow-band pump is no longer able to
photoselect individual OH oscillators and broad-band
ground-state holes are seen in the early 2DIR spectrum. In
the limiting case where the vibrational couplings are much
larger than the local OH stretching relaxation rates, the 2DIR
experiment gives a canonically averaged vibrational lifetime
that should be entirely independent of the excitation fre-
quency. The averaging is caused by rapid OH stretching
excitation hopping as described above—a process that is
formally equivalent to intraband relaxation in electronic
aggregates.

Finally, the mechanism of vibrational relaxation needs to
be discussed. The series of 2DIR spectra (cf. Figure 14)
display a characteristic absorption that is shifted to higher
probe frequencies compared to the diagonal bleach/emission
signal and whose amplitude grows with increasing waiting
delay. The gradual appearance of a blue-shifted absorption
indicates that vibrational relaxation leaves the hydrogen-
bonded network in a heavily perturbed state with weaker and
longer noncovalent contacts. When integrating the 2DIR
spectrum at 3.5 ps over the pump-frequency axis, a conven-
tional pump-probe spectrum can be calculated (projection
slice theorem).[24b] It turns out that this projected spectrum
matches a thermal difference spectrum that can be independ-
ently obtained by subtracting two FTIR spectra recorded at
different temperatures. The correspondence between these
two different types of spectra provides strong evidence that
the pump-induced excess OH stretching vibrational energy is
fully redistributed among all the vibrational degrees of
freedom of the molecules in a canonical fashion. The resultant
temperature jump can be crudely estimated using the
harmonic frequencies from the DFT calculation. A
3400 cm�1 photon thus raises the vibrational temperature of
the tetrols by about 80 K and of the hexols by about 60 K. The
question then is: how can the vibrational energy redistribute
so rapidly?

One mechanism originally proposed by Staib and
Hynes[61] for vibrational energy relaxation in hydrogen-
bonded dimers is based on a predissociation mechanism in
which the OH stretching energy is effectively dumped into the
O···O stretching coordinate of the dimer (see section 2). The
flow of energy from the high-frequency intramolecular mode
to the low-frequency intermolecular mode is facilitated by
a non-adiabatic coupling between the v = 1 OH stretching
state initially prepared by the pump photon and the O···O
“translational” continuum associated with the v = 0 OH

Figure 15. Decay of the excited-state absorption v =1 as a function of
the pump frequency for the all-syn- (a) and the all-anti-hexol (b) in
a semilogarithmic representation. c) OH stretching vibrational lifetime
as a function of the pump frequency.
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stretching ground state where the dimer can ultimately break
apart. Such a predissociation is possible because the binding
energy of the dimer on the adiabatic v = 0 potential energy
surface is lower than the photon energy (ca. 3400 cm�1) that is
used to resonantly drive the intramolecular OH stretching
fundamental with an infrared pulse at time zero. In our
polyalcohols, an O···O “translational” continuum cannot exist
because the hydrogen-bonded chain is supported by a hydro-
carbon backbone that prevents the hydroxy groups from
falling apart completely. However, the OH stretching coor-
dinate may also couple to the low-frequency CC-OH tor-
sional degrees of freedom. The torsional barriers are signifi-
cantly smaller than average OH stretching frequency and,
therefore, breakage of a hydrogen bond through the CC-OH
torsional continuum following a non-adiabatic transition
between v = 0 and v = 1 is energetically feasible. Unfortu-
nately, such a mechanism has not yet been explored theoret-
ically. The original predissociation model utilized the ana-
lytical Lippincott–Schroeder potential energy function[62] to
quantify the predissociation rate for a general hydrogen-
bonded dimer and, therefore, considered only the coupling
between the high-frequency OH stretch and the low-fre-
quency O···O stretch. Furthermore, it even predicted
a dependence of the vibrational lifetime on the frequency of
the pump pulse, as seen in Figure 15, because the less
vibrational energy that has to be transferred to translational
degrees of freedom, the more efficient becomes the breakage
of the hydrogen bond. However, for oligomers of aliphatic
alcohols dissolved in nonpolar solvents, the theory yielded
inverse predissociation rates that were about an order of
magnitude smaller than the vibrational lifetimes reported by
several experimental groups.[52d,f,g]

Kwac and Geva studied the hydrogen-bonded structure
and dynamics of methanol oligomers in liquid CCl4 solutions
by means of more sophisticated mixed quantum-classical
molecular dynamics simulations.[63] The hydroxy stretching
coordinate was treated fully quantum mechanically, while the
remaining degrees of freedom were treated classically. The
infrared spectrum was computed by on-the-fly diagonaliza-
tion of the adiabatic Hamiltonian to obtain the time-
dependent energy gap between the OH stretching ground
and fundamental states. In addition, a vibrational lifetime was
calculated from a Fermi�s golden rule rate constant for the
nonradiative transition from the first excited state to the
ground state, which compares quite well with the experimen-
tal OD stretch lifetime of deuterated ethanol oligomers in
CCl4 solution. Unfortunately, the role of a mid-IR-induced
predissociation of the hydrogen bond in the relaxation of
vibrational energy within chains of hydrogen-bonded hydroxy
oscillators has not been further explored in these studies.

Finally, a highly intriguing concept of vibrational energy
relaxation in hydrogen-bonded systems was very recently put
forth by Hamm and Stock,[64] who stressed the equivalence
between electronic and vibrational relaxation dynamics when
true crossings of adiabatic (electronic or vibrational) potential
energy surfaces occur. Such vibrational conical intersections
may arise upon coupling two high-frequency modes (such as
OH stretches or COH bendings) with a minimum of two low-
frequency modes (such as hydrogen-bond stretches or bend-

ings or CC-OH torsions). In this picture, the ultrashort mid-
infrared laser pulse drives the fundamental transition of one
of the high-frequency modes and launches a nuclear wave
packet in its first excited state. The motion of the wave packet
is directed along the low-frequency coordinates and takes
place on the two coupled adiabatic surfaces representing the
two fundamental states in the high-frequency vibrational
coordinates. Thus, the population in the initially prepared
excited state can be efficiently funneled through the conical
interactions to the energetically lower lying high-frequency
fundamental. Figure 8 d gives an example where the existence
of a conical intersection between two high-frequency OH
stretches (the a- and d-OH of a diol) can be predicted by
virtue of their coupling to the two low-frequency CC-OH
torsions that facilitate their dynamical exchange through
hydrogen-bond flip-flop. It would be interesting to explore
the dependence of the adiabatic ground state and the excited
COH bending states on these two torsional degrees of
freedom to test whether or not additional conical intersec-
tions can ultimately funnel the initial OH stretching vibra-
tional energy fully into kinetic energy of the low-frequency
modes. Hamm and Stock have derived model parameters for
malonaldehyde as a model system featuring a single hydro-
gen-bonded hydroxy group only and have shown that sub-
picosecond OH stretching vibrational lifetimes are indeed
made possible by conical intersections. It remains to be seen
whether or not such non-adiabatic wave packet dynamics are
indeed responsible for the ultrafast vibrational relaxation
seen in the extended hydrogen-bond networks discussed
above. We are currently in the process of constructing
adiabatic potential energy surfaces for the simple diols in an
effort to identify the low-frequency coordinates that bring
about vibrational conical intersections that bring about
vibrational conical intersections serving as efficient mid-
infrared photochemical funnels for vibrational energy.

7. Summary and Prospects

This Review has focused mostly on the 2DIR method and
applications to very simple hydrogen-bonded systems. We
started out from a simple diol featuring a single hydrogen
bond between two weakly coupled hydroxy groups and a diol
having its two OH groups fully decoupled. We have seen that
the 2DIR spectra can reveal not only the couplings between
the two interacting groups but also their individual anharmo-
nicities. These are important quantities that can be used, for
example, for testing or even benchmarking high-level elec-
tronic structure calculations on systems containing hydrogen
bonds. We have also come across highly complex molecular
dynamical processes, in particular structural rearrangements
occurring at thermal equilibrium, that are revealed as
chemical exchange in the time-dependent 2DIR spectra.
Furthermore, structural fluctuations within a continuous dis-
tribution of hydrogen-bonded configurations lead to spectral
diffusion and are seen in the dynamic evolution of 2DIR peak
shapes. We closed with extended but finite size hydrogen-
bond networks whose dynamics were controlled by chemical
means. Depending on the strength of the couplings between
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neighboring groups and the structural disorder of the net-
work, vibrational excitations can be fully delocalized or they
can incoherently hop between the structural units. Excitation
transfer may compete efficiently with energy relaxation, thus
giving rise to a distribution of vibrational lifetimes across the
linear absorption band. All of these highly diverse phenom-
ena will of course also occur in the random network of liquid
water. Some of these have indeed been discovered, others
remain obscured because of the infinite size of the liquid�s
network. Our understanding of the molecular dynamics in
liquid water has tremendously advanced during the last few
years thanks to fs-2DIR spectroscopy. In the context of
hydrogen bonding, the technique continues to be pushed
forward both in terms of methodology and in terms of
applications. As examples we mention only briefly the
development of surface-sensitive 2DIR spectroscopy through
sum-frequency generation and its application to aqueous
lipid-membrane interfaces[65] or higher-order multidimen-
sional spectroscopy with sequences of ultrafast IR laser
pulses to reveal heterogeneous dynamics in bulk liquid
water.[66] Hydrogen-bond networks are ubiquitous and play
a fundamental role in biochemical systems and in systems of
technological relevance. There is still a wide range of open
questions related to hydrogen bonding, where 2DIR spec-
troscopy will leave its important footprints.
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