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Ultrafast Dynamics of Solvation: the Story so far
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A presenca de moléculas de solvente na vizinhanga de um soluto afeta uma variedade de
processos em quimica e biologia, e por isso € interessante obter uma descricio fisica de como
funciona a solvatacdo. Embora existam muitas ferramentas espectroscépicas estruturalmente
sensiveis para a investigacio do papel de moléculas de solvente em processos quimicos, a medida
em tempo real da dinamica de solvatacdo somente tornou-se possivel apds o desenvolvimento de
espectroscopias a laser pulsado com resolugdo temporal de femtossegundos. Esta revisdo descreve
aplicacdes da espectroscopia ultra-rdpida ao estudo da dinamica de solvatagdo. A nivel de terceira
ordem, discutimos a dindmica de solvata¢do com técnicas ressonantes e ndo-ressonantes, com um
foco no estudo de liquidos simples e complexos. Espectroscopias Raman de quinta ordem também
sdo apresentadas, sendo que o enfoque dd-se no novo entendimento que estas técnicas fornecem
com relacd@o ao papel do solvente em reagdes quimicas e a natureza anarmonica do estado liquido.

The presence of solvent molecules in the vicinity of a solute affects a variety of processes
in chemistry and biology, and thus one would like to have a physical picture of how solvation
works. Although there are many structurally sensitive spectroscopic tools to investigate the role
of solvent molecules in chemical processes, real time measurements of the dynamics of solvation
had to wait for the development of pulsed laser spectroscopies with femtosecond time-resolution.
This review describes applications of ultrafast spectroscopy to the study of solvation dynamics.
At third order, we review resonant and non-resonant probes of solvation dynamics, with a focus
on the study of simple and complex liquids. Fifth-order Raman spectroscopies are also reviewed,
focusing on the insights these techniques give into the role of the solvent in chemical reactions
and the anharmonic nature of the liquid state.
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1. Introduction

Reasons for studying liquids abound. Water is essential
for life and covers most of the surface of our planet. Liquids
constitute a large fraction of the mass of living organisms. The
volatility of most molecules is low and as a result laboratory
chemical synthesis is usually performed in solutions. The rate
and outcome of chemical reactions are greatly affected by the
solvent."? Clearly, a detailed description of the liquid state
is attractive from the standpoint of intellectual edification.
Effectively, knowledge of condensed phase chemical
reactions based on microscopic concepts may drive new
technology in drug design and bioengineering.

Not surprisingly, liquids have been studied extensively.
Some of the first experimental studies were performed
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by the biologist Robert Brown, who observed irregular
motion of pollen particles floating in water.* Since then
we have discovered that liquids are wonderfully complex.’
Unlike crystals, the liquid phase is characterized by local
order and long-range disorder. Its dynamic nature leads to
arange of local microscopic environments. Furthermore,
liquids are also dense. Therefore, approximations that
are used to model gases and crystals are not easily
extrapolated.

The main conceptual difficulty in dealing with liquids
is that molecular processes in condensed phases are
inherently subject to many-body phenomena occurring
on multiple timescales. Designing an experimental tool
capable of obtaining both structural and dynamical
information about liquids is a major challenge in condensed
phase spectroscopy. Structurally sensitive spectroscopic
techniques have been, for a long time, the primary tool in
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studying mechanisms of molecular dynamics. Remarkably
efficient techniques for studying molecular structure
are available, such as X-ray crystallography, vibrational
techniques (infrared and Raman spectroscopy), and the
various implementations of nuclear magnetic resonance
(NMR).%® By the same token, the dynamics of molecular
liquids have been probed by a number of spectroscopic
techniques. NMR spectroscopy has been used to study
rotational and translation diffusion of molecules in liquids.’
Frequency-domain approaches such as low-frequency
Raman spectroscopy and dielectric relaxation spectroscopy,
together with lineshape analysis in mid-infrared and Raman
spectra, have also been used to study molecular dynamics
in liquids.'*"

Chemical reactions occur on a variety of timescales,
and accordingly many spectroscopic techniques have
been developed to study these dynamical processes. At
the macroscopic level, chemical reactions are described in
terms of concentrations of reactant and product molecules.
Each time a reactive collision occurs, the number of reactant
and product molecules present in the system changes
abruptly. The time intervals between successive reactive
collisions can extend over a wide range of time scales - from
Us (microseconds) to years - depending upon factors such
as temperature, rate constant and concentration of chemical
species involved in a given reaction.

At the molecular level, reactive encounters lead to
the formation of an “activated complex” or “transition-
sate”, which then dissociates into product molecules. For
example, charge transfer reactions are a special class of
chemical reactions in which the transition occurs only in a
nuclear configuration where the electronic energies of the
reactant and product states are degenerate. This follows
from the requirement that (i) the reaction conserves energy
and (ii) that a separation of time-scales for electronic
and nuclear motion exists (i.e., Born-Oppenheimer
approximation).'* On the other hand, many reactive events
can be described by nuclear motion on the potential energy
surface of a single electronic state.'* The same potential
energy surface also governs harmonic motions (normal
modes) commonly measured by infrared and Raman
spectroscopies. Given the weights of atoms and common
bond energies, these vibrational motions occur on the time
scale of femtoseconds (fs) to picoseconds (ps). Therefore,
the experimental challenge of designing a spectroscopic
tool that probes dynamical molecular information in real
time requires the access to femtosecond time scales.

Several advances in laser technology over the last few
decades have made the generation of stable femtosecond
pulses across the visible and infrared spectral regions a
routine effort.’> Femtosecond or ultrafast spectroscopy
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allows induced molecular motions to be observed directly,'®
thus providing insightful information which adds to the
large body of knowledge of reaction mechanisms obtained
by conventional chemical kinetics techniques. Incidentally,
the connection between femtosecond spectroscopy
and chemical kinetics is clear: ultrafast spectroscopy
experiments that probe the time-evolution of diagonal
elements of the system Hamiltonian measure kinetics in
much the same way as conventional chemical kinetics
experiments. Therefore, the chemistry principles that we
learn are transferable, and we can use knowledge gained
from one approach to understand the other. The techniques
used in each case are nonetheless different: whereas a laser
pulse triggers synchronization of the system that ultimately
allows the realization of an ultrafast time-resolved
detection, chemical kinetics experiments do not require
synchronization, and the dynamics are correspondingly
much slower.

This brief review chronicles the remarkable technical
and conceptual developments in femtosecond time-
resolved spectroscopy that are providing insights into
the basic molecular motions that characterize the liquid
state. Solvent and solvation dynamics of small polar
molecules, as measured by third-order resonant and non-
resonant spectroscopies, are reviewed in sections 2 and 3,
respectively. Applications to more complex solvents are
reviewed in section 4. Fifth-order spectroscopies are then
discussed together with their application to the study of pure
liquids and the role of the solvent during chemical reactions
in solution. In order to introduce the reader to the subject,
the supplementary information briefly reviews concepts
and methods in time-resolved nonlinear spectroscopy. The
structure of the review is idiosyncratic to the author yet
many recent achievements are also discussed. Hopefully,
this format will help those who want to be introduced to
the field while providing up-to-date information.

2. Polar Solvation Dynamics from the Solute
Perspective

The free energy difference that results when a solute
is transferred from the gas phase or vacuum to a solvent is
termed solvation energy. From a microscopic perspective,
this energy originates from intermolecular solute-solvent
interactions, both attractive and repulsive. Most of the early
experimental work on solvation entailed solvatochromic
studies of differential solvation energies in which absorption
and emission (Stokes shift) electronic transition frequencies
in a given chromophore were probed as a function of solvent
type. The resulting spectroscopic information has been
used to derive so-called solvent polarity scales.” These
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scales are extremely useful in practice, and solvent polarity
tables are commonly used as a reference when a chemist
chooses a solvent, for instance, for chemical reactions or
chromatographic separations.

2.1. TRFS

More recently, solute-solvent interactions have been
studied with high time resolution, particularly after the
development of mode-locked femtosecond lasers. For
example, time-resolved fluorescence spectroscopy (TRFS)
has provided insights on solvation dynamics as well as
solvent polarity scales.'® Figures la and 1b illustrate the
basic idea and raw data behind TRFS studies of solvation
dynamics. Upon absorption of a photon, electronic
excitation of a suitable dipolar solvation probe leads to
a nearly instantaneous change in both magnitude and
direction of the probe’s dipole moment. For example, in
the case of coumarin dye C153, which is a commonly used
solvation dynamics probe, both magnitude and direction
of its dipole moment change upon electronic excitation
(8 D calculated, ca. 7 D observed)." By contrast, the
solvent molecules in the vicinity of the solute remain
‘frozen’ in their initial configurations immediately after
this significant charge redistribution in the excited state
(Born-Oppenheimer approximation), thereby leading to an
increase in the solvation energy of the probe (Figure 1a).
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In the TREFS technique one probes the emission
spectrum shortly after electronic excitation by a “pump”
pulse. Typically, emission is probed at various wavelengths
across the fluorescence spectrum;? alternatively, the entire
emission spectrum has been collected in a single shot by
broadband up-conversion methods.?*® Figure 1b shows
a solvation dynamics experimental result, in which the
time-resolved emission spectra of C153 in formamide
shift to longer wavelengths as a function of time after
chromophore photo-excitation. Therefore, TRFS measures
the time-evolution of spectral shifts that occur as the solute
relaxes on the excited state potential energy surface. A
quantitative analysis of time-dependent spectral shifts
yields the solvation dynamics function, which informs
us on how the solvent responds to changes in the solute’s
electronic structure.?*

The large body of ultrafast TRFS work performed with a
variety of solvents shed light on the fundamental timescales
of solvation dynamics.'® A qualitative inspection of this rich
data set already indicates that polar solvation dynamics is
essentially biphasic in nature (Figure 1c). Typically, the early
time response decays within a few hundred femtoseconds,
whereas the slow component decays on a picosecond-
nanosecond time scale. The fast component is pronounced
in many solvents, and as a result, solvation is essentially
complete a few picoseconds after electronic excitation of
the dye used as a solvation dynamics probe. The second
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Figure 1. Ultrafast solvation dynamics probed by time-resolved fluorescence spectroscopy (TRES). (a) Cartoon depicting how solvent molecules respond
to a light-induced perturbation in the electronic structure of the solute; (b) Time-resolved emission spectra of C153 in formamide; (c) Solvation response
function obtained from TRFS for C153 in various solvents; (d) Solvation time scales from TRFS measurements and dielectric continuum modeling.

Adapted from reference 18.
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component, on the other hand, is solvent dependent: the
characteristic timescale for this component is on the order of
1-10 ps for aprotic solvents, although it reaches much longer
values as the solvent viscosity increases.

Our knowledge of solvation dynamics has been
significantly augmented by theoretical and computational
work. Interestingly, the essential features of the experimental
data described in the previous paragraph are captured by
dielectric models (Figure 1d)."*'7® In such models, the
solute is described by a point-dipole, whereas the solvent
is described by a frequency-dependent dielectric constant
€(w) (or, more generally, &(r, ®)),” where the solvent
response is parameterized with dielectric relaxation
experimental data* that now extends into the terahertz
(THz) range.?”*® These models fit experimental solvation
dynamics data surprisingly well, thus highlighting the
intrinsically dipolar nature of solute-solvent interactions.

In addition to phenomenological models and
microscopic theories, molecular dynamics simulations have
been very useful in providing a “solvation mechanism”,
that is, a microscopic picture of the fundamental molecular
motions that lead to the measured response times.? As in
the experiments, the calculated solvent relaxation also
shows a biphasic character, with a fast and prominent decay
followed by slower relaxation. The fast, so-called “inertial”,
component is associated with the frictionless librational
motion of solvent molecules. This collective motion was
found to be faster in acetonitrile than in methanol and
butanol due to hydrogen bonding in the alcohols, although
the solvent-dependence is weak and the decay occurs within
apicosecond. By contrast, in water the inertial is dynamics
much faster than in aprotic solvents. This is expected since
any inertial libration of a hydroxyl (OH) group ought to be
faster than any inertial motion of an aprotic group due to
the small mass of hydrogen (H). Moreover, given the short
time associated with the fast component, the amplitudes of
solvent rotations are correspondingly small. On the other
hand, the slowest component, often referred to as “the
second phase of solvation”, is associated with diffusive
molecular motion and is thus solvent-dependent.

2.2. PE spectroscopies

In parallel with the TRFS studies described above,
solvation dynamics also began to be studied with a
general class of coherence spectroscopy techniques, most
notably with photon-echo (PE) spectroscopy. Some of the
contributions of PE spectroscopy to solvation dynamics
include:**3! (i) insights into the relationship between
optical dynamics and solvation, (ii) the experimental
determination of solute-solvent interactions (spectral
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density), (iii) fundamental solvation timescales, and
(iv) the connection between various spectroscopic probes
of solvation dynamics.

In analogy with work performed in the radio frequency
range,” PE spectroscopy® was originally developed to
distinguish homogeneous and inhomogeneous broadening
mechanisms (fast and slow processes, respectively)
that underlie the absorption linewidth. Photon-echo
spectroscopy can be thought of as a “pump and probe”
experiment in which the pump pulses modulate the
absorption spectrum of the chromophore, and a constructive
interference induced by the probe pulse is then measured
to give the echo signal.** The amplitude and contrast of
the fringe pattern created by the pump pulses diminish
with time due to solute-solvent interactions thus leading
to a decrease in the amplitude of the emitted echo signal.

Experimentally, the spectral-interferometry PE design
uses the “pump and probe” configuration described above,
with a detection scheme that measures the frequency domain
interference between probe and echo signals.** Other
commonly used implementations employ a noncollinear
geometry for all three pulses in order to enhance the echo
signal-to-noise ratio by reducing background signals,
utilizing different detection schemes: time-integrated,
time-gated,*”*® and heterodyne-detected PE.***° More
recently, field-resolved PE measurements allowed a full
analysis of the optical dynamics analogous to 2D NMR
techniques.*' Diffractive-optic elements were particularly
helpful in the design of phase-stable, two-dimensional PE
interferometers, >4

The connection between solvation dynamics and the
time-dependent PE signal is based on the fluctuation-
dissipation theorem as derived by Kubo,*” which relates
solvent-induced shifts in the solute’s electronic energy
spectrum to equilibrium solvent fluctuations. The
fluctuation-dissipation theorem formed the basis for the
correlation function description of spectroscopy, a powerful
formalism connecting fundamental timescales of molecular
motion to spectroscopic observables. Nonetheless, a more
complete picture of solute-solvent interactions includes - in
addition to solvent effects on the solute - an analysis of how
the perturbed solute affects the solvent. This is the physical
basis of the Multimode Brownian Oscillator (MBO) model
for bath (solvent) fluctuations.*® This model is particularly
important in the description of optical processes that
involve large shifts in the solute’s electron density and
electronic state.* Remarkably, application of the MBO
model to nonlinear optical spectroscopy has revealed
that PE signals are directly proportional to the solvent
fluctuation correlation function, thus formally connecting
PE spectroscopy to solvation dynamics. Typically, the MBO
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model is used to analyze experimental solvation correlation
functions by representing intramolecular vibrations and
solvent motions in terms of under- and overdamped
Brownian oscillators, respectively.*> This model has been
applied to a number of systems, capturing essential features
of solvation dynamics of liquids that can be represented
as harmonic baths.” Despite its success, variants of the
formalism that consider anharmonicity of the liquid
state potential®’>* and additional electronic resonances
in-/outside the laser bandwidth have been discussed.**>

Figure 2 shows 3-pulse PE peak shift (3 PEPS) vs.
population time 7 data from IR 144 for several different polar
solvents: methanol, ethanol, butanol, and ethylene glycol. The
3PEPS data from IR144 in different solvents have common
features. First, the 3PEPS decays with several well-separated
time scales. Second, the 3 PE peak shifts for different solvents
are almost identical, and thus solvent-independent, for 7 up
to ca. 500 fs (Figure 2, bottom) although the amplitudes of
this ultrafast component are solvent-dependent. Third, the
oscillatory component at short times (Figure 2, bottom)
is solvent-independent and attributed to intramolecular
vibrations in IR144. Fourth, the 3PE peak shifts for different
solvents are clearly different at longer population times
(Figure 2, top). The picosecond processes are in the slow
modulation limit and constitute Gaussian inhomogeneous
broadening in the absorption spectrum.
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Figure 2. Photon-echo peak shift time-resolved measurements of dye
IR44 in polar at femtosecond (bottom) and picosecond (top) timescales.
Solvents investigated: methanol(solid line), ethanol (dashed), butanol,
(dot dashed), and ethylene glycol (dotted).>® Reprinted with permission
from Joo, T.; Jia, Y.; Yu, J. -Y.; Lang, M. J.; Fleming, G. R.; J. Chem.
Phys. 1996, 104, 6089. Copyright 2010, American Institute of Physics.

400 500 600

Nome

2193

More generally, solvation dynamics studies with PE
spectroscopy have been performed with a variety of small
polar solvents.**3!5¢ The broad picture revealed by this
class of measurements is that, for small polar liquids,
solvation dynamics occurs in a bimodal fashion with two
characteristic time scales. The ultrafast component decays
on a ca. 100 fs time scale; interestingly, this early-time
response was observed in a variety of solvents. The ultrafast
response is followed by a slower component decaying on
a picosecond-nanosecond time scale. Therefore, the PE
results are consistent with the time-resolved fluorescence
observations, thus indicating that PE spectroscopy
was useful in providing an independent measure of the
fundamental timescales associated with the bimodal
solvation model described in the previous section. In fact,
a formal connection was established between TRFS and
PE observables (solvation function and solvent equilibrium
correlation function, respectively).’®*! Taken together,
the experimental and theoretical work enabled flexibility
in the design of solvation dynamics experiments. For
example, TRFS can be studied with commercially available
instruments, and is generally considered to be simpler to
implement. On the other hand, the early-time solvation
response, studies of equilibrium solvent fluctuations, and
systems displaying small Stokes shifts are best studied with
PE spectroscopy.

Another attractive feature of PE spectroscopic studies of
solvation dynamics is that a Fourier transformation of the
measured solvent fluctuation correlation function directly
yields the spectral density. The spectral density describes
the spectrum of solvent motions coupled to the perturbed
solute, and therefore provides insights on the nature of
solute-solvent interactions in solvation (see below). PE
spectroscopy thus provides a direct experimental test bed
for microscopic mechanisms of solvation inferred from
molecular dynamics simulations.

3. The Solvent’s Perspective

Fluorescence and PE spectroscopies, together with
theory and molecular dynamics simulations, have provided
a fairly comprehensive description of the “mechanism” of
polar solvation dynamics. Nonetheless, these experimental
approaches provide an indirect view of fundamental
molecular motions of the solvent. That is, in both
experimental techniques, a “reporter” solute is used to
extract the response of the solvent to a perturbation in the
solute’s electronic structure. Linear response theory is then
used to infer the fundamental motions and fluctuations of
liquids in the absence of the solute, which is regarded as a
small perturbation to the solvent structure.
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Two other commonly used tools to study dynamics
of the liquid state have provided complementary
perspectives on solvation dynamics: ultrafast terahertz
and vibrational spectrocopies. These two approaches
probe the ca. 0-500 cm™ spectral window, which is also
accessible by fluorescence and echo spectroscopies
upon Fourier transformation of the time-domain data.
The importance of this spectral region for solvation
dynamics is that continuous changes in local density
at room temperature are associated with excitation
of low-frequency intermolecular motions of liquids.
Therefore, terahertz and vibrational spectroscopies
provide a direct view of solvent and solvation dynamics
from the perspective of the solvent, thus complementing
the insights based on fluorescence and echo techniques.
In order to study directly the vibrational motions of the
solvent, long wavelength sources are required. Nonlinear
mid-infrared spectroscopy is an ideal technique for
studying intramolecular motion of aqueous solvation
shells.”™% On the other hand, low-frequency nuclear
motion of liquids and solutions has been interrogated
directly with THz>**'and Raman probes.®*%

3.1. OKE spectroscopy

In parallel with work on resonant probes of solvent
dynamics (TRFS and PE), non-resonant probes were
developed to give information about solvent dynamics
from the solvent’s perspective. Time-resolved optical
Kerr effect spectroscopy (OKE) has been particularly
successful for the interrogation of ultrafast molecular
dynamics of liquids.®*” The main contributions of OKE
spectroscopy to solvation dynamics can be summarized
as follows: (i) experimental determination of the solvent
spectral density, the spectrum of solvent motions in pure
solvents and solutions, (ii) fundamental timescales of
solvent dynamics from the perspective of the solvent,
(iii) role of polarizability in solvation, (iv) the connection
between various probes of solvent dynamics.

The technical implementation of OKE spectroscopy
is continually evolving®% but the basic design can also
be described as a pump and probe measurement whereby
linearly polarized pump pulses induce a transient change
in the solvent’s refractive index (birefringence), while
the probe pulse monitors the decay of the real part of
material’s polarization response.”>’™ OKE spectroscopy
is thus essentially a time-domain Raman experiment
probing the anisotropic component of the polarizability
time correlation function. Upon Fourier transformation,
the OKE response gives the spectral density of the liquid
in the 0-500 cm™ window, which contains information
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about solvent molecular motions that can be excited at
room temperature. In that sense, solvent dynamics probed
by OKE provides complementary insights into solvation
dynamics probed by other techniques. Low-frequency
solvent motions couple to the solute molecules that are
probed by fluorescent and echo spectroscopies, which thus
infer solvent dynamics from the perspective of the solute.
On the other hand, the spectrum of intermolecular motions
of the solvent can be probed directly with non-resonant
techniques such as OKE. A formal connection between
these various third-order nonlinear probes of ultrafast
solvation dynamics has been forged.”’¢

Figure 3 shows time-resolved OKE spectroscopy
results for sulfur dioxide and chloroform.% The
experimental results shown in Figure 3 have three
characteristic features: (i) an electronic response
associated with the instantaneous nonlinearity of the
liquid, (ii) a prominent sub-picosecond component, and
(i) a slower component that decays on the picosecond
timescale. Since most solvation dynamics studies focus on
molecular (rather than electronic) motions of the liquid,
contributions (if) and (iii) are typically deconvoluted from
(i) and subject to further data analysis. MD calculations
show that the fast component is associated with single-
molecule (e.g., rotational) relaxation together with
collective (translational or rotational) molecular motion,
which is commonly referred to as ‘interaction-induced’
solvent motion. The slow component of the OKE
response, in turn, corresponds to the diffusive molecular
reorientation of the solvent, as evidenced from its
viscosity dependence. Therefore, as in solvation dynamics
studies probed by fluorescence and echo spectroscopies,
the solvent response probed by OKE is largely biphasic,
with a prominent fast contribution and a slower diffusive
component. Moreover, the polarizability response of the
solvent probed by OKE spectroscopy, in conjunction
with MD simulations and data analysis, reveals that many
solvent motions contribute to the early-time response.

Figure 3 also shows the Raman spectral density
of nuclear motion obtained from Fourier-transform
deconvolution of the time-domain OKE data. The oscillatory
component observed in the time-domain is assigned to the
260 cm™! intramolecular mode of liquid chloroform, thus
showing that the OKE method is capable of measuring
low-frequency modes. The slowest component observed
in the time-domain OKE data corresponds to the peak
near zero frequency in the time-domain, which originates
in diffusive molecular reorientation. Subtraction of this
component yields Im D’ (), the so-called reduced spectral
density, which informs on the molecular motions occurring
on sub-picosecond timescales.
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Figure 3. Ultrafast OKE measurements for two liquids. Left panel: raw OKE data for sulfur dioxide (top) and chloroform (bottom), at the indicated
temperatures. Right panel: solvent spectral densities for the data in the left panel. (a) chloroform; (b) sulfur dioxide; (c) sulfur dioxide, after subtraction

of contribution from diffusive reorientation. Adapted from reference 65.

4. Applications of Ultrafast Spectroscopy to
Solvation Dynamics in other Systems

In addition to studies on polar solvation dynamics, there
is an ample variety of systems, ranging from the simple to
the complex, that have been the focus of solvation dynamics
investigations using TRES, PE and OKE spectroscopies,
among others. In a sense, these studies indicate our interest
in, and importance of, the dynamics of solvation. The
subject of ultrafast solvation dynamics in solvents other
than small polar molecules is very extensive and cannot be
covered adequately in a single review. Therefore, we will
use our knowledge gained from work on polar solvation
dynamics as a starting point to try to rationalize results
obtained for other classes of solvents. The focus will be
on assessing whether the lessons learned from studies with
polar solvents are transferable to other systems, and how
much so.

4.1. Nonpolar solvents

Studies of nonpolar solvation dynamics have been
performed for several aromatic and aliphatic hydrocarbon
solvents, and with several ultrafast techniques such as
transient hole-burning,”” fluorescence,”®” THz,*° and
PE.2!82 This body of work showed that solvation dynamics

is non-exponential in nonpolar solvents. The time-domain
data is typically described by a model with two predominant
timescales, with the fast and slow components describing
inertial and diffusive dynamics, respectively. In that sense,
experimental work on ultrafast nonpolar and polar solvation
dynamics share many similarities.

On the other hand, continuum® and microscopic®
models as well as simulations®>#¢ indicate that very different
mechanisms underlie the similar-looking temporal profiles
of polar and non-polar solvation dynamics. For example,
dielectric continuum models used to successfully describe
polar solvation dynamics are based on dipole-dipole
interactions between solvent molecules. Therefore, such
models cannot describe nonpolar/nondipolar interactions
and dynamics adequately. A hydrodynamic model based
on mechanical, rather than dielectric, relaxation formed the
basis for a viscoelastic theory of nonpolar solvation.?” The
microscopic picture of this model describes the early-time
dynamics by a change in the solvent cavity, and the slower
component is described in terms of diffusion. The model
has successfully described experimental results at high
viscosities but not at low viscosities. On the experimental
side, novel fifth-order spectroscopic techniques have been
proposed to test the hypothesis that the inertial phase of
solvation in nonpolar solvents is associated with changes
in solvent cavity/size (see below).
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4.2. Mixtures of simple liquids

Solvation dynamics in binary mixtures of small solvent
molecules has been studied by a number of groups.
The studies reported so far span polar-polar®®*° polar-
nonpolar®* and nonpolar-nonpolar®® binary mixtures.
The experimental results for solvation dynamics in
binary mixtures are similar to those obtained for the pure
liquids separately. That is, the solvation response is non-
exponential, with basic features of the data being described
by a prominent sub-picosecond fast component followed
by a small amplitude, slower (several picoseconds)
component. A mechanistic description of these processes,
based largely on molecular dynamics simulations, identifies
the fast component as reorientation of solvent molecules
in the vicinity of the solute, whereas diffusive motion
across the solvation shell takes place at longer times.
When two solvents of very different polarities are used,
the phenomenon of preferential solvation is useful for
understanding more mechanistic details. For example,
solvation dynamics of C153 in acetonitrile:benzene
mixtures involves inertial reorientation of acetonitrile
(MeCN) molecules in the solvation shell, whereas the
slower component is associated with diffusion of the more
polar acetonitrile into the solvation shell.”®

4.3. Ionic liquids

Ionic liquids have received much attention from the
scientific community in the past few decades.”” Ionic
liquids are highly polar and highly polarizable as well, thus
being uniquely suited to dissolve a variety of chemicals
having different stereo-electronic properties. These types
of liquids have been regarded as “green” solvents since
they are enabling synthetic chemistry without the need
for organic solvents that contaminate the environment.'®
Clearly, the key physico-chemical property of ionic liquids
is their solvation free-energy, and thus solvation dynamics
studies have increased tremendously in the past few years. %!

Utilizing OKE and TRFS ultrafast spectroscopy
techniques, the fundamental solvation timescales have been
characterized for many ionic liquids (e.g., imidazolium- and
phosphonium- based ionic liquids), and a few trends are
beginning to be observed.'**'” First, solvation dynamics
in room-temperature ionic liquids are much slower than
observed for conventional liquids due to the high viscosity
of ionic liquids (Figure 4). Second, temporal profiles are
highly non-exponential. Interestingly, the discussion on the
number of components underlying solvation dynamics in
ionic liquids is ongoing. Nonetheless, the biphasic character
of solvation dynamics in simple liquids forms the basis of
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mechanisms proposed for solvation in ionic liquids. That
is, a fast component associated with free motion of solvent
molecules in the vicinity of the solute, and slow motion due
to diffusive transport. Data fitting including three or more
parameters point to a more complex mechanism whereby
coupled inertial-diffusive motions may also contribute to the
observed dynamics. The fastest component occurs on a sub-
picosecond timescale, as observed in solvation dynamics
studies of simple liquids, whereas the slow component is
much slower than that observed in conventional solvents.
The second phase of solvation commonly observed in small
polar solvents is diffusive in nature and thus depends on
the solvent viscosity. Ionic liquids are much more viscous
than conventional solvents, thus suggesting that diffusion
may be relevant at long times during solvation dynamics in
ionic liquids. On the other hand, it is somewhat surprising
to see that ionic liquids have an ultrafast, sub-picosecond
component, which is commonly seen in conventional
liquids. A detailed mechanistic understanding of this
contribution to solvation dynamics will likely be pursued
in the near future. Based on previous ultrafast spectroscopic
studies of solvation in polar and non-polar liquids, it has
been suggested that the ultrafast component is associated
with inertial motion of solvent molecules in the vicinity
of the solute. Given the ionic nature of these ubiquitous
liquids, translational inertial motion may play a major
role, although a more accurate picture including the non-
spherical shape of ionic liquid constituents may reveal that
a coupled translation-rotation inertial motion is effected at
the shortest solvation timescales.

A direct comparative analysis of ultrafast dynamics
of solvation in ionic liquids versus neutral binary organic
solution homologues has been made (Figure 4).'2 This
work has provided significant chemical insights into the
difference between ionic liquids and their homologues.
Castner et al.,'"” have compared N-methoxyethylpyridinium
dicyanoamide (MOEPy*/DCA") with the isoelectronic
and nearly isomorphic equimolar mixture of methoxy-
ethylbenzene and dicyanomethane (MOEBz/DCM),
shown in Figure 4a. Figures 4b and 4c respectively show
picosecond and femtosecond dynamics for these two liquids,
whereas Figure 4d shows the spectra obtained after Fourier
transform deconvolution of the data shown in Figure 4b. The
authors have found that the longest time reorientation time
constants for ionic liquids are similar to those for neutral
binary solutions, and that this behavior is consistent with
the predictions of Stokes-Einstein-Debye hydrodynamics.
By contrast, Figure 4c¢ shows that the peak and first moment
of the intermolecular spectrum of MOEPy*/DCA™ are
higher frequency than that of MOEBz/DCA. That is, the
intermolecular vibrational dynamics are different when these
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Figure 4. Ultrafast OKE measurements for two liquids. (a) Structure of the liquids involved: an ionic liquid and the homologous neutral binary liquid;
(b,c) Measured OKE response for the ionic liquid (red) and the corresponding binary liquid (blue); (d) Solvent spectral density for both liquids. Adapted

from reference 102.

two liquids are compared, presumably due to differences in
intermolecular interactions for the ionic liquid relative to the
homologous neutral binary solution.

On the theoretical/computational front, there have
already been a number of simulation studies that have
sought to interpret the solvation dynamics observed in
ionic liquids."'®!"! Shim et al.,'"'” have performed molecular
dynamics simulations of 1-ethyl-3-methylimidazolium
chloride (EMI*CI") and I-ethyl-methylimidazolium
hexafluorophosphate (EMI* PF") using probe solute
molecules. The authors have found that solvation
dynamics in EMI*CIl- and EMI*PF_" is biphasic, with
a sub-picosecond inertial regime followed by a slow
diffusive regime. The specific location of ions involved
in subpicosecond solvation dynamics were found to be
dependent on the solvent density. Ions in the vicinity
of the solute governed solvent dynamics especially at
higher densities, whereas at low densities ions farther
away from the solute also participated in the solvation
process. Kobrak has characterized the solvation dynamics
of 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIM PF6) in response to photoexcitation of C153
via molecular dynamics simulations.""! This study has
shown that the short-time solvation dynamics of BMIM
PF6 is largely collective on all time scales, in contrast
with solvation dynamics in small polar solvents where
independent motions of solvent molecules also contribute
to solvent dynamics. Moreover, the fastest solvent response

is characterized by rovibrational motion followed by ionic
translation which is the dominant signal contribution at
short times. Again, a contrast is observed when solvation
dynamics of ionic liquids and polar liquids are compared,
as the dynamics of polar solvent molecules are largely
characterized by rotational motion.

4.4. Surfactant assemblies

Solvation dynamics in surfactant assemblies have
proven to be particularly challenging to rationalize on the
ultrafast time-scale.!'>'"® The systems (micelles, reverse
micelles, vesicles) studied so far with ultrafast spectroscopy
share at least three features: these are large, charged and
flexible systems. Since these properties are in contrast
with those of commonly used solvents, new solute/solvent
effects are seen: (i) some of the solvent degrees of freedom
are frozen at the solute/solvent interface, (if) counter-ions
may be present near the interface, and (iii) the flexibility
of the solvent molecules leads to an ill-defined, “dynamic”
interface. Interestingly, a connection between solvation
dynamics and these new effects has proven difficult to
forge, despite the enormous amount of work in this area
in the past decade.

Most of the work on ultrafast dynamics of surfactant
assemblies has been carried out in aqueous solutions.
Although it is difficult to disentangle the role of these
“novel” effects described in the previous paragraph, much
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progress has been made. Several studies have revealed the
role of effect (i) above on solvation dynamics. Using 3PEPS
as a tool to probe solvation dynamics near lecithin vesicles,
Vohringer and co-workers!'* have reported a two-time scale
decay (prominent and fast inertial component followed
by a slow diffusive component), which was attributed to
perturbed water structure with reduced hydrogen bonding
between water molecules.

The body of work in this area, taken collectively,
indicates that effects (i7) and (iii) give rise to complicated
dynamics, possibly due to heterogeneity in water structure
near the charged, flexible interfaces. The dynamic nature
of the intermolecular interactions in reverse micelle
implies, for instance, that the Stern layer containing
surfactant head groups, counter-ions, and water will
have properties intermediate between those of water
and hydrocarbon.'"> Moreover, the diffuse electrical
double-layer that is formed extends into the aqueous
phase, leading to spatial heterogeneity. Thus, the major
problem in understanding solvation dynamics in reverse
micelles is properly describing interfacial concentrations
and distributions. Recent MD simulations and ultrafast
infrared spectroscopy measurements have indeed shown
position-dependent water dynamics as water molecules
were distributed in different parts of reverse micelles.'!6-!"8

5. Fifth-Order Spectroscopies: Why and How

In spite of the enormous success in tackling long-
standing challenges to our understanding of liquid-
state dynamics, third-order ultrafast time-resolved
spectroscopies suffered from a difficulty which is also
faced by frequency-domain approaches designed to study
dynamical aspects of the liquid state: these measurements
involve a single variable - time or frequency - and thus
are incapable of uniquely identifying line broadening
mechanisms (see below).

It is possible to gather information about rapid motion
and dynamics by working in the frequency domain. The
low-frequency motions of liquids are excited at room
temperature thereby leading to continuous changes in
local density. Even before the discovery of the laser,
optical techniques such as dynamic light scattering (DLS)
were developed to measure these fluctuations of liquid
density.!" The depolarized DLS technique accesses the
same dynamics as OKE spectroscopy. Thus, in principle,
the information content of OKE and dynamic light
scattering measurements is the same and connected by a
Fourier transformation.'?*!2!

In practice, however, time- and frequency-domain
spectroscopies contain complementary information, and
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each technique has advantages and disadvantages. For
example, Kinoshita et al.,'” have performed systematic
comparisons of OKE and DLS measurements for
supercooled liquids. More recently, Brodin and Réssler
have also directly compared OKE, DLS and dielectric
spectroscopy data for glass-forming and liquid-crystal-
forming systems. Good agreement was found in the
mesoscopic dynamic range (ca. > 100 ps),'?® in which an
intermediate power law of the OKE response functions
was shown to be equivalent to excess wings in the
frequency-domain measurements, with subtle differences
observed at frequencies > 10 GHz.'* This body of work
showed that femtosecond time-resolved spectroscopy is
suited to study the earliest events in solvent and solvation
dynamics, whereas frequency-domain approaches were
most useful at higher frequencies. As shown above,
essentially the same conclusion was arrived at when
comparing time-resolved fluorescence spectroscopy and
dielectric spectroscopy. Though the information content
of these time- and frequency-domain spectroscopies is the
same, systematic comparisons lead to a richer data set for
understanding liquid state dynamics than any technique
could provide alone.

As mentioned previously, the relationship between
these time- and frequency-measurements is given by a
Fourier transform. More generally, Loring and Mukamel
have shown that techniques involving only a single time
or frequency variable give insights into the total response
due to all broadening mechanisms.'?’ Alas, experimentally
measured responses may be caused by different physical
phenomena, such as lifetime broadening, dephasing,
and inhomogeneous broadening.'?® The determination
of line broadening mechanisms in optical spectroscopy
was accomplished by the development of resonant two-
dimensional ultrafast spectroscopies, such as three-pulse
PE measurements, analogous to multi-dimensional
approaches in NMR (section 2.2). Thus, two-dimensional
ultrafast spectroscopies intrinsically possess more
information than their one-dimensional counterparts.
Recent linear pulse propagation measurements were also
best understood in a joint time-frequency representation.'?
Ultrafast 2D visible and infrared spectroscopies are third-
order techniques that allow the direct measurement of
electronic and vibrational couplings in small molecules
and complex systems.

5.1. 2D Raman spectroscopy
In a prescient article, Tanimura and Mukamel have

shown that two-dimensional (2D) fifth-order Raman
spectroscopy is in principle capable of probing anharmonic
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motions and intermolecular couplings in the liquid state.'?
In that sense, the proposed experiment was similar to
resonant third-order 2D IR and PE spectroscopies, the
important difference being that 2D Raman is an off-
resonant, fifth-order measurement. An oversimplified but
perhaps useful description of the 2D Raman experiment
can be obtained by regarding it as a “pump-pump-probe”
measurement. In this picture, the first two Raman “pump”
pulses generate a vibrational coherence between ground
and excited states, the second pair of Raman “pump”
pulses generate a coherence between ground and Raman
overtone states, and finally the “probe” pulse induces
the signal arising from the nested fifth-order material
response. By designing a pulse sequence that enables
population of Raman overtone frequencies, one can in
principle probe anharmonic motions relevant to liquid
state dynamics. This description hopefully serves to
illustrate the connection between utrafast 2D Raman
signals, anharmonicity of the liquid state potential, and
the fifth-order nonlinear polarizability.

So far, three liquids have been studied with fifth-order
2D Raman spectroscopy, namely, carbon disulfide,'?”!?°
benzene,"° 131 The homodyne-detected
fifth-order Raman signal of formamide for the R®
tensor element is shown in Figure 5."3' The experimental
results shown in Figure 5 have three distinctive features:
(i) an absence of signal along 1,, the time delay between
the two “pump” pulses (four Raman pulses). Previously,
it had been shown that four-wave mixing signals along
T, may dominate the overall response of the 2D Raman
experiment on carbon disulfide thereby masking the
information content of the fifth-order data.'** In contrast,
the results shown in Figure 5 provide clear signatures
of the Raman echo. (i) A dominant signal parallel to
the time delay axis between the second set of Raman
“pump” pulses and the “probe” pulse. (iii) A smaller,
short-lived signal along the diagonal. By comparing
the results with previous work and molecular dynamics
calculations, these observables have been interpreted
respectively as (i) absence of lower-order cascade
signal contributions, (ii) vibrational anharmonicity, and
(ii7) nuclear rephasing ability of the solvent indicating
the separation of homogeneous and inhomogeneous
contributions to the signal. Interestingly, the overall
fifth-order response is qualitatively similar in the three
solvents studied thus far (carbon disulfide, benzene,
and formamide). A more quantitative comparison of the
2D Raman data from different solvents indicates that
stronger intermolecular interactions, and hence more
structured liquids, lead to longer-lived Raman echoes
as well as larger fifth-order signals.

and formamide.
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Figure 5. Homodyne-detected fifth-order Raman signal of formamide
for the R®__ tensor element.*! Reprinted with permission from Li, Y.
L.; Huang, L.; Miller, R. J. D.; Hasegawa, T.; Tanimura, Y.; J. Chem.
Phys. 2008, 128,234507. Copyright 2010, American Institute of Physics.

5.2. PORS and RAPTORS

In addition to the characterization of fundamental
anharmonic motions of the liquid state by fifth-order 2D
Raman spectroscopy, fifth-order probes of solvent dynamics
in solvation and chemical reactions have been recently
developed, such as polarizability response spectroscopy
(PORS),'** and resonant-pump third-order Raman probe
spectroscopy (RAPTORS).* While the large body of work on
time-resolved fluorescence and PE spectroscopy has provided
insights into solvation dynamics from the perspective of the
solute, OKE spectroscopy gave much insight on the spectral
density of pure liquids. PORS and RAPTORS, in turn,
measure spectral densities of liquids during solvation/reaction
by selectively measuring the solvent response in the vicinity of
the solute/reactant. Therefore, PORS and RAPTORS provide
adirect view of the intermolecular spectrum of solvent modes
that couple to solvation and chemical reaction dynamics. Also,
femtosecond stimulated Raman spectroscopy (FSRS)'** is
a recently developed technique that has been applied to the
study of high frequency (> 200 cm™) vibrational resonances.'*
In principle, FSRS can also measure the same polarization
response as in PORS and RAPTORS; in practice, FSRS
signals have been recently interpreted as arising from four-
wave mixing processes.'**13” We also note another recently
developed fifth-order spectroscopy MUPPETS (Multiple
Population-Period Transient Spectroscopy) which allows
quantitative analysis of heterogeneous and homogeneous
dynamics characterized by nonexponential relaxations.'*

Both PORS and RAPTORS can be thought of as “pump
and probe” experiments in which electronically resonant
pump pulses induce charge redistribution in the excited
state of a given solute/reactant, while “probe” pulses
measure the coherent Raman response of low-frequency
solvent motions perturbed by the pump-induced charge
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redistribution. Although the experimental implementation of
PORS and RAPTORS differ, a formal connection between
the two techniques has been described recently.!** Within the
“pump and probe” picture described above, the pump pulses
induce electronic excitation of the solute/reactant. Therefore,
ground- and excited-state polarizations are 180° out-of-phase
with respect to each other; these phase changes of 7 in the
electric field, in turn, cause the polarization envelopes to
change sign. As a result, after a time delay T the “probe”
pulses measure the difference in Raman spectra of the solvent
in the vicinity of reactive and unreactive solute molecules.
Therefore, PORS/RAPTORS are only sensitive to solvent
motions occurring in the vicinity of the solute/reactant.

Recently, Blank and co-workers® have studied
excited state hydrogen bond dynamics of Coumarin
102 (C102) laser dye in pure acetonitrile as well as
acetonitrile:water binary mixtures from the perspective
of the solvent, using RAPTORS.* The measurements
of C102 in acetonitrile:water mixtures performed at a
range of concentrations Kypeen = 0, 0.25, 0.5, 0.75, 1)
revealed an initial fast rise of the signal followed by an
exponential decay.'* The initial negative change seen at
all molar fractions studied reflects the dipolar solvation
component of the solvent response. The increase in
C102’s dipole moment upon photoexcitation increases
the intermolecular solute-solvent interactions, thereby
tightening the local solvent structure in the vicinity of
the solute and thus decreasing the Raman response of
the solvent. Moreover, additional dynamics is seen in
solutions with higher water content (x, . = 0.50 and 25).
The increase in the intermolecular solvent response seen
for these two solutions was associated with a loosening of
the solvent environment,'*! which in turns reflects excited-
state hydrogen bond breaking dynamics. Monte Carlo
simulations of the C102:binary mixture indicated that the
carbonyl site of C102 likely participates as a donor in two
hydrogen bonding interactions with water.

Scherer and co-workers'#? have recently applied field-
resolved PORS to the study of solvent dynamics coupled to
a photo-induced electron transfer reaction in two solvents:
acetonitrile and methanol (MeOH) (Figure 6). This work
followed a previous PORS study of solvation dynamics
in C153,'3? with a new design based on previous work on
electric-field resolved transient gradient spectroscopy and
coherent Raman Stokes spectroscopies.!*** The solute,
1-ethyl-4-(carbomethoxy)pyridinium iodide (ECMPI),
was chosen because the electron-transfer reaction can
be photo-induced in this system. Solute dynamics of
ECMPI in methanol and acetonitrile have been previously
characterized, where the electron-transfer rates were found
to correlate with the acceptor-donor distance, and the charge
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transfer reaction was found to be nearly a factor of ten times
faster in acetonitrile than in methanol.>

Raman shift/cm’

Raman shift/cm™’

025 000 025 050 075
T/ps

Figure 6. Experimental real PORS signal components for ECMPI in
mehanol (left) and acetonitrile. Adapted from reference 138.

Interestingly, PORS spectra for ECMPI in acetonitrile
and methanol revealed that the polarizability spectral
density was time-dependent (Figure 6). The general trend
observed in both solvents was that of an initial broadband
inertial response followed by a decrease in the spectral
density linewidth. The peak of the Raman band shifts
to lower frequencies in both solutions with increasing
population time 7. However, the signal amplitude
of ECMPI/MeCN decays more rapidly than that of
ECMPI/MeOH. At T > 200 fs, higher frequency spectral
content persists in ECMPI/MeCN, whereas it issentially
vanishes in ECMPI/MeOH at frequencies greater than
150 cm™. Interestingly, the reaction-induced PORS spectra
for ECMPI exhibit amplitude at higher frequencies than the
Raman spectrum of the pure liquids, which indicates that
the solvent structure local to ECMPI differs significantly
from that of neat MeCN. By contrast, the spectral density
obtained from third-order spectroscopies reveals the
spectrum of solvent modes that are excited at room
temperature. Assuming linear response theory holds, third-
order spectroscopies such as time-resolved fluorescence, PE
and OKE spectroscopies provide insights into equilibrium
fluctuations of the solvent. From that perspective, the time-
dependence of PORS spectra indicated that non-equilibrium
solvent fluctuations were coupled to the reaction coordinate,
a sign of breakdown of linear response theory that has also
been reported in other systems.3% 131143
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6. Conclusions

The present work reviewed advances in ultrafast solvation
dynamics as described by a number of third- and fifth-order
spectroscopic techniques. These advances, which have
occurred mainly in the past two/three decades, add much
sought after experimental evidence to our understanding
of solvation that originates in building and playing with
molecular models and physical theories.

Third-order ultrafast solvation dynamics of small
polar molecules has been studied intensively in the past
two decades, revealing the fundamental timescales and
interactions of solvent molecules in the vicinity of a
solute probe and in the pure liquid state. A biphasic model
consisting of a fast and prominent inertial component
followed by a smaller and slower diffusive component is
useful for describing solvation dynamics in a variety of polar
solvents. Biphasic solvent responses are also observed for a
variety of non-polar and more complex solvents, although
specific solvation “mechanisms” differ.

Fifth-order time-domain spectroscopies are remarkable
approaches to study dynamics of liquids and chemical
reactions. Fifth-order two dimensional Raman spectroscopy
is being used to unveil the anharmonic character of the
liquid state, whereas PORS and RAPTORS are providing
many insights on the role of the solvent in chemical reaction
dynamics.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br, as pdf file.
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